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a  b  s  t  r  a  c  t

We  present  a review  of the  analogue  modelling  method,  which  has  been  used  for  200  years,  and  continues
to be  used,  to investigate  geological  phenomena  and  geodynamic  processes.  We particularly  focus  on  the
following  four  components:  (1)  the  different  fundamental  modelling  approaches  that  exist  in  analogue
modelling;  (2)  the  scaling  theory  and  scaling  of topography;  (3)  the  different  materials  and  rheologies
that  are  used  to simulate  the  complex  behaviour  of rocks;  and  (4)  a range  of  recording  techniques  that  are
used  for  qualitative  and  quantitative  analyses  and  interpretations  of  analogue  models.  Furthermore,  we
apply  these  four  components  to  laboratory-based  subduction  models  and  describe  some  of  the  issues  at
hand with  modelling  such  systems.  Over  the  last  200  years,  a wide  variety  of analogue  materials  have  been
used  with  different  rheologies,  including  viscous  materials  (e.g.  syrups,  silicones,  water),  brittle  materials
(e.g.  granular  materials  such  as  sand,  microspheres  and  sugar),  plastic  materials  (e.g. plasticine),  visco-
plastic  materials  (e.g.  paraffin,  waxes,  petrolatum)  and visco-elasto-plastic  materials  (e.g.  hydrocarbon
compounds  and  gelatins).  These  materials  have  been  used  in  many  different  set-ups  to  study  processes
from  the  microscale,  such  as  porphyroclast  rotation,  to  the  mantle  scale,  such  as  subduction  and  mantle
convection.  Despite  the wide  variety  of  modelling  materials  and  great  diversity  in  model  set-ups  and
processes  investigated,  all  laboratory  experiments  can  be classified  into  one  of three  different  categories
based  on  three  fundamental  modelling  approaches  that  have  been  used  in  analogue  modelling:  (1)  The
external  approach,  (2)  the combined  (external  +  internal)  approach,  and  (3)  the  internal  approach.  In
the  external  approach  and  combined  approach,  energy  is  added  to the  experimental  system  through  the
external  application  of a  velocity,  temperature  gradient  or a material  influx  (or a combination  thereof),  and
so the  system  is  open.  In the  external  approach,  all deformation  in the  system  is  driven  by  the  externally
imposed  condition,  while  in the  combined  approach,  part of the  deformation  is  driven  by  buoyancy  forces
internal  to the  system.  In the  internal  approach,  all deformation  is driven  by  buoyancy  forces  internal  to
the  system  and so  the  system  is  closed  and  no energy  is added during  an  experimental  run.  In the  com-
bined  approach,  the  externally  imposed  force  or  added  energy  is  generally  not  quantified  nor  compared  to
the  internal  buoyancy  force  or potential  energy  of  the  system,  and so it is  not  known  if these  experiments

are  properly  scaled  with respect  to nature.  The  scaling  theory  requires  that  analogue  models  are  geomet-
rically, kinematically  and  dynamically  similar  to  the  natural  prototype.  Direct  scaling  of  topography  in
laboratory  models  indicates  that it is  often  significantly  exaggerated.  This  can  be  ascribed  to  (1) The  lack
of  isostatic  compensation,  which  causes  topography  to  be  too  high.  (2)  The  lack  of  erosion,  which  causes
topography  to  be  too high.  (3)  The  incorrect  scaling  of topography  when  density  contrasts  are  scaled
(rather  than  densities);  In isostatically  supported  models,  scaling  of  density  contrasts  requires  an adjust-

ment  of the  scaled  topography  by applying  a topographic  correction  factor.  (4) The  incorrect  scaling  of
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externally  imposed  boundary  conditions  in  isostatically  supported  experiments  using  the  combined
approach; When  externally  imposed  forces  are  too  high,  this  creates  topography  that  is too  high.  Other
processes  that  also  affect  surface  topography  in laboratory  models  but  not  in  nature  (or  only  in a  negligible
way) include  surface  tension  (for  models  using  fluids)  and shear  zone  dilatation  (for  models  using  granular
material),  but  these  will generally  only  affect  the  model  surface  topography  on relatively  short  horizontal
length scales  of the  order  of  several  mm  across  material  boundaries  and shear  zones,  respectively.
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. Introduction

Analogue modelling (also referred to as laboratory modelling
r physical modelling) is an experimental approach that is used in
he Earth Sciences to investigate geological phenomena and geo-
ynamic processes in a laboratory at convenient time scales and

ength scales. Analogue models are simplified representations of a
articular component of the Earth’s system (the natural prototype)
sing simplified geometries, rheologies and boundary conditions.
nalogue models are useful because they overcome some inherent

imitations that exist when studying the Earth directly. In particu-
ar, the study of geodynamic processes in nature is difficult because:
1) only the present state of the Earth is known; (2) Many geo-
ynamic processes occur at geological time scales of millions of
ears, which far exceed the human life span; (3) Many geodynamic
rocesses occur at large spatial scales and deep inside the Earth,
aking direct observation difficult or impossible. Analogue models

llow one to investigate the progressive development of a particu-
ar geodynamic process or geological phenomenon from start to
nish, providing a complete evolutionary picture of the process
nder investigation. Furthermore, such processes can be investi-
ated in a controlled environment of the laboratory at convenient
ime scales (seconds to hours) and length scales (millimetres to

eters). Additionally, analogue models allow the experimenter to
ystematically investigate and quantify the influence of a particu-
ar physical parameter on a particular geodynamic process. Finally,
n case the model is properly scaled, then the experimental results
an be directly applied to the natural prototype, providing insight
nto the natural system.

Analogue modelling has a long history, starting 200 years ago
ith the first analogue experiments conducted by Sir James Hall

Hall, 1815), who  developed models to investigate the folding of
ayered sedimentary rocks. Other modellers followed in the late
800s studying geological structures such as fractures, folds and
hrust faults (e.g. Favre, 1878a,b; Daubre, 1879; Schardt, 1884;
adell, 1889; Willis, 1893). An increase in analogue modelling
tudies occurred in the 1900s, as a larger diversity of geodynamic
rocesses and geological phenomena were investigated, including
alt dome formation (e.g. Escher and Kuenen, 1929; Link, 1930;
arker and McDowell, 1955), folding (e.g. Mead, 1920; Kuenen
nd de Sitter, 1938), thrust faulting (Hubbert, 1951), normal fault-
ng (e.g. Hubbert, 1951), fracturing (e.g. Mead, 1920; Cloos, 1955;
ertel, 1962), proto-subduction (Kuenen, 1936), mantle flow (e.g.
riggs, 1939), orogeny (e.g. Kuenen, 1936; Griggs, 1939), boudinage

e.g. Ramberg, 1955), plutonism (e.g. Ramberg, 1970) and plume
ormation (e.g. Whitehead and Luther, 1975). As the theory of plate
ectonics was developed in the 1960s, analogue models of plate
ectonic processes followed, including the first analogue models
f subduction (e.g. Jacoby, 1973, 1976; Kincaid and Olson, 1987),
ithospheric rifting (e.g. Shemenda and Grocholsky, 1994; Benes
nd Davy, 1996; Brune and Ellis, 1997), collision-indenter tectonics

e.g. Tapponnier et al., 1982; Davy and Cobbold, 1988; Ratschbacher
t al., 1991), and lithospheric shortening (e.g. Davy and Cobbold,
991).
hed  by  Elsevier  Ltd.  This  is  an open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

During the 1900s, analogue modelling changed from being a
qualitative and descriptive tool to a quantitative technique due to
the formulation of the scaling theory, which was  first introduced
by Hubbert (1937) and further developed by many others (e.g.
Hubbert, 1951; Ramberg, 1967, 1981; Horsfield, 1977; Shemenda,
1983; Weijermars and Schmeling, 1986; Richard, 1991; Davy and
Cobbold, 1991; Ribe and Davaille, 2013). The scaling theory, which
requires geometric, kinematic and dynamic similarity between
analogue model and natural prototype, allows the experimenter
to scale quantitative model results such as lengths, geometries,
velocities, forces, stresses and strains to values in nature, allow-
ing for a quantitative and deeper understanding of the geological
phenomenon or geodynamic process under investigation.

The analogue modelling technique has come a long way  in the
last 200 years, and has provided many novel insights into a wide
variety of geological phenomena and geodynamic processes. In the
last decade, the reproducibility of analogue models has been under
investigation with benchmark studies of upper crustal shortening
and extension (Schreurs et al., 2006), and upper crustal short-
ening (Schreurs et al., 2016). Such studies provide new insight
into the influence of a variety of conditions (e.g. lab environment,
experimental apparatus, analogue materials, model preparation
techniques, the human factor) on the experimental outcomes and
reproducibility of analogue experiments.

In the last three decades a number of reviews have been writ-
ten on analogue modelling of particular geodynamic settings and
processes, including extensional fault systems (McClay, 1990),
continental extension (Corti et al., 2003), accretionary wedges
(Graveleau et al., 2012), strike-slip zones (Dooley and Schreurs,
2012) and mantle convection (Davaille and Limare, 2007). In addi-
tion, a number of reviews exist on the history of analogue modelling
(e.g. Koyi, 1997; Ranalli, 2001; Schellart, 2002).

This review work on analogue modelling is more general than
the above-mentioned reviews, although it does provide an applica-
tion to analogue modelling of subduction. Note that this review will
only focus on analogue modelling performed in the normal field of
gravity. So far, most analogue models have been performed in the
normal (Earth’s) field of gravity, although a considerable number
of models have also been performed in an artificial gravity field,
such as induced by a centrifuge (e.g. Ramberg, 1967; Dixon and
Summers, 1985; Peltzer, 1988; Bonini et al., 2001; Harris and Koyi,
2002; Mart et al., 2005; Corti et al., 2010; Dietl and Koyi, 2011;
Noble and Dixon, 2011; Godin et al., 2011).

The review has four main aims. The first is to provide a fun-
damental physical classification scheme for the three different
analogue modelling approaches that exist, to discuss for which geo-
dynamic problem each of these approaches might be justified or
not, and to discuss potential problems and limitations with these
different approaches. The second aim is to provide a discussion
and new insight into the scaling of topography in analogue mod-
els. It will be shown, using the scaling theory, that topography in

analogue experiments needs to be scaled differently in case the
experiments are scaled for density contrasts instead of densities.
The third aim is to provide an overview of the different rheological
approaches that have been used in analogue modelling to represent

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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he rheological layering of the Earth, and to discuss the advantages
nd inherent limitations of each of these rheological approaches.
he fourth and final aim is to provide an overview of the differ-
nt recording and visualisation techniques that have been used in
nalogue modelling to provide qualitative and quantitative insight
nto geodynamic processes on Earth.

. Analogue modelling approaches

In analogue modelling of geodynamic processes, three funda-
ental approaches exist, depending on how deformation in the

ystem is driven: externally (open system), internally (closed sys-
em), and both externally and internally (open system) (Fig. 1).
elow we will describe these three different approaches, explain
he reasons for using them, and discuss how they are suited (or
ot) to different research questions.

.1. External approach

In the first approach, deformation in the model is driven entirely
y externally applied boundary conditions. This means that during
he course of an experiment, energy is added to the experimental
ystem, and so the system is open. Thus, the experimenter imposes
he experimental conditions both initially and continuously. It
s this externally added energy that is the driver of deforma-
ion or flow in the experiment. We  will refer to this approach
s the external approach and to models that use this approach
s externally-driven models. The most commonly used external
oundary conditions are velocity boundary conditions (kinematic
xternal approach), thermal boundary conditions (thermal external
pproach), and material influx conditions (material influx external
pproach).

In the kinematic external approach, internal buoyancy forces
lay no (or at most a negligible) role in driving deformation or
ow in the model. Examples of this type of approach include sand-
ox experiments that focus on upper crustal deformation, in which
hearing and faulting of frictional-plastic granular material such as
and and glass microspheres are driven entirely by the externally
mposed velocity boundary conditions. Such experiments investi-
ated strike-slip deformation (e.g. Naylor et al., 1986; McClay and
ooley, 1995; Schellart and Nieuwland, 2003; Dufréchou et al.,
011; Dooley and Schreurs, 2012), extension (e.g. McClay, 1990;
eep and McClay, 1997), thrust and accretionary wedge forma-

ion (e.g. Lallemand et al., 1992; Koyi, 1995; Gutscher et al., 1998;
ominguez et al., 1998; Storti et al., 2000; Kukowski et al., 2002;
ampel et al., 2004; Schreurs et al., 2006; Bose et al., 2015), trans-
ression (e.g. Leever et al., 2011), and thrust-strike-slip interference
e.g. Duarte et al., 2011; Rosas et al., 2012, 2015). Examples of
ithospheric scale experiments using a kinematic external approach
nclude indenter-extrusion experiments (e.g. Tapponnier et al.,
982), while examples of mantle-scale experiments include a num-
er of subduction experiments in which slab motion is externally
ontrolled (e.g. Buttles and Olson, 1998; Kincaid and Griffiths, 2003,
004; Druken et al., 2011; MacDougall et al., 2014). There are also
any experiments that focus on microscale or mesoscale (outcrop

cale) processes that use the kinematic external approach, such
s experiments that focus on shear zone formation (e.g. Ildefonse
t al., 1992; Grujic and Mancktelow, 1998; Mancktelow et al., 2002),
orphyroclast rotation (e.g. Passchier and Sokoutis, 1993), folding
e.g. Abbassi and Mancktelow, 1992; Rosas et al., 2002; Marques
t al., 2008; Dell’Ertole and Schellart, 2013; Ramón et al., 2013),

nd boudinage (e.g. Zulauf et al., 2011; Marques et al., 2012).

In the thermal external approach, a temperature gradient (usu-
lly vertical) is externally imposed on (part of) one or more of the
xperimental box boundaries, which imposes a density gradient in
eodynamics 100 (2016) 7–32 9

the experimental material. Such a density gradient can then lead to
convection with the formation of convective rolls and/or plume for-
mation (e.g. Busse and Whitehead, 1971; White, 1988; Weinstein
and Olson, 1990; Weinstein and Christensen, 1991; Davaille and
Jaupart, 1993; Weeraratne and Manga, 1998) or subduction (e.g.
Jacoby, 1976). In such experiments, buoyancy forces drive all the
deformation and flow, but the buoyancy forces are generated by
externally imposed conditions during the experiment.

In the material influx external approach, material is pro-
gressively added to the experimental domain, which drives the
deformation or flow. Examples of this approach are magma  intru-
sion and dike formation experiments (e.g. Donnadieu and Merle,
1998; Mathieu et al., 2008; Kervyn et al., 2009; Galland et al., 2009;
Norini and Acocella, 2011; Rivalta et al., 2015), volcano inflation
and/or deflation experiments (e.g. Acocella et al., 2000; Tibaldi et al.,
2008), and mantle plume experiments in which a compositionally
buoyant fluid is progressively injected into the base of a tank con-
taining a higher-density fluid (e.g. Whitehead and Luther, 1975). In
these experiments, buoyancy forces originating from the density
contrast between the injected fluid and the ambient material, as
well as the pressure gradient at the injection point, drive deforma-
tion and flow in the experimental box.

Different combinations of two  of the above-mentioned three
approaches exist as well. These include experiments that com-
bine the thermal and material influx external approaches, in which
a cold (negatively buoyant) slab-like fluid or a hot (positively
buoyant) plume-like fluid is injected in the experimental tank
(e.g. Griffiths et al., 1995; Guillou-Frottier et al., 1995; Griffiths,
1986; Griffiths and Campbell, 1990). Other experiments exist that
combine the kinematic and thermal external approaches, with
externally imposed motion at the top and/or bottom of a tank
causing mantle shearing and heating/cooling at the base/top of
the tank inducing mantle convection and/or plume formation (e.g.
Richter and Parsons, 1975; Jellinek et al., 2003; Kerr and Mériaux,
2004). Experiments that combine the kinematic and material influx
external approaches include kinematically-driven thrust wedge
experiments in which a fluid is injected at the base to simu-
late magma  intrusion during thrusting (e.g. Galland et al., 2003;
Montanari et al., 2010), and models of subduction-induced man-
tle plume deflection in which a rigid kinematically-controlled slab
deflects a mantle plume injected at the base of the tank (e.g. Druken
et al., 2014).

2.2. Combined (external + internal) approach

In the second approach, deformation in the model is driven
partly by externally imposed boundary conditions and partly by
internal buoyancy forces. As with the first approach, this means
that during the course of an experiment, energy is added to
the experimental system, and so the system is open, and the
experimenter imposes the experimental conditions both initially
and continuously. However for the second approach, deforma-
tion and flow in the experiment is driven both by the externally
added energy and by the energy internal to the system (poten-
tial energy). We  will refer to this approach as the combined (or
external + internal) approach and to models that use this approach
as externally + internally-driven models. The most commonly used
external boundary conditions for the combined approach are
velocity boundary conditions (kinematic combined approach) and
material influx conditions (material influx combined approach).
Examples of upper crustal-scale experiments that use the com-
bined approach include delta collapse experiments (e.g. McClay

et al., 1998; Mourgues et al., 2009; Brun and Fort, 2011) and
salt diapirism experiments (e.g. Warsitzka et al., 2013) that have
internal buoyancy forces and include differential loading due to
local syn-experimental sedimentation. Other upper crustal experi-
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Fig. 1. Classification scheme illustrating the three fundamental approaches in analogue modelling of geological and geodynamic processes: The external approach (in which
all  deformation in the experimental system is driven by externally imposed boundary conditions), the combined approach (in which deformation in the experimental system
is  driven by both externally imposed boundary conditions and internal buoyancy forces) and the internal approach (in which all deformation in the experimental system is
driven  by internal buoyancy forces). The external and combined approaches each have three sub-approaches: the thermal approach, the kinematic approach and the material
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nflux  approach. Combinations of these sub-approaches exist as well. Numerous exa
hereof. See section 2 for a thorough discussion.

ents include kinematically-driven thrust experiments, extension
xperiment and transpression experiments with internal buoy-
ncy forces due to inclusion of buoyant viscous layers below
ore dense brittle layers (e.g. Keep and McClay, 1997; Benn

t al., 1998; Casas et al., 2001; Bahroudi and Koyi, 2003; Luján
t al., 2006; Storti et al., 2007; Bonini, 2007; Nilforoushan and
oyi, 2007), as well as kinematically-driven extension experi-
ents investigating salt diapirs (e.g. Vendeville and Jackson, 1992).

ithospheric-scale examples of this type of approach include a large
umber of experiments that combine externally-imposed kine-
atic boundary conditions and internal buoyancy forces, such as

ndentation-extrusion experiments (e.g. Davy and Cobbold, 1988;
atschbacher et al., 1991; Martinod et al., 2000; Fournier et al.,
004; Regard et al., 2005), lithospheric shortening experiments (e.g.
avy and Cobbold, 1991; Buck and Sokoutis, 1994; Keep, 2000,
003; Moore et al., 2005a,b; Marques, 2008; Willingshofer and
okoutis, 2009; Luth et al., 2013a; Calignano et al., 2015), litho-
pheric extension experiments (e.g. Benes and Davy, 1996; Brune
nd Ellis, 1997; Corti, 2008; Autin et al., 2010), and backarc exten-
ion experiments (e.g. Schellart et al., 2002a,b; Schellart et al.,
003). Examples of mantle-scale experiments include a variety of

ubduction experiments with negatively buoyant slabs in which
he rate of plate motion is externally controlled by one or more
istons (e.g. Shemenda, 1992, 1993; Faccenna et al., 1999; Regard
t al., 2003; Boutelier et al., 2003; Schellart, 2005; Heuret et al.,
s are given for each of the main approaches, the sub-approaches, and combinations

2007; Guillaume et al., 2009; Göğüş et al., 2011; Martinod et al.,
2013; Bajolet et al., 2013; Agard et al., 2014), experiments that
include buoyancy-driven subduction and externally-controlled
plume injection (e.g. Mériaux et al., 2015a, 2015b), and thermo-
chemical convection and plume formation experiments, where
motions in the system are driven by temperature gradients applied
externally and by internal density heterogeneities of chemical ori-
gin (Davaille et al., 2002; Le Bars and Davaille, 2004; Kumagai et al.,
2007).

2.3. Internal approach

In the third approach, internal buoyancy forces that are present
in the experiment itself drive all the deformation and motion.
We will refer to this approach as the internal approach, and
models using this approach as internally-driven models. Thus, in
internally-driven models the experimenter imposes the experi-
mental conditions only initially. Internally-driven models are often
referred to as either fully dynamic models, self-consistent models
or buoyancy-driven models (but note that there are also buoyancy-
driven models that use the thermal external approach or combined

approach, see Section 2.1 and Section 2.2). In internally-driven
models, no external (non-zero) velocities, forces or temperature
gradients are applied and no materials are added to the experi-
mental system. As such, no energy is added to the system during
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he experiment, meaning that energy is conserved and the system
s closed. Examples of internally-driven models include crustal and
ithospheric gravitational collapse/spreading models (e.g. Merle,
989; Hatzfeld et al., 1997; Gautier et al., 1999; Schellart and
ister, 2005), gravitational lava flow models (e.g. Lyman et al.,
005; Applegarth et al., 2010), volcano collapse models (e.g. Platz
t al., 2011), buoyancy-driven subduction initiation experiments
e.g. Goren et al., 2008), buoyancy-driven subduction models (e.g.
acoby, 1973; Kincaid and Olson, 1987; Funiciello et al., 2003,
006, 2008; Schellart, 2004a, 2008, 2010a,b; Bellahsen et al., 2005;
uillaume et al., 2009, 2010; Duarte et al., 2013; Strak and Schellart,
014; Chen et al., 2015a,b, 2016), buoyancy-driven continental
ubduction experiments (e.g. Edwards et al., 2015), and experi-
ents investigating Rayleigh-Taylor instabilities (e.g. Whitehead

nd Luther, 1975; Bercovici and Kelly, 1997).

.4. Thoughts and remarks on different approaches

The choice of model approach depends on the scientific question
hat the experimenter wants to address. In case the experimenter
ants to investigate the evolution of deformation in a rela-

ively small-scale system, which itself lacks the energy to drive
his deformation (e.g. an upper crustal strike-slip system or a

illimetre-scale shear zone), then an external approach is entirely
ustified. Indeed, in such a system, far-field forces (e.g. plate tec-
onic) are responsible for such deformation and so an externally
mposed driver is essential. If, however, an experimenter wants
o investigate a larger-scale (e.g. upper mantle or whole mantle)
rocess such as slab deformation during subduction, then internal
lab buoyancy forces play a major role in the slab’s own  defor-
ation, and so an external approach is not justified. The question

hen remains, would an internal approach be justified, a combined
pproach, or both. This again depends on the scientific question
hat the experimenter wants to address. For example, if the exper-
menter wishes to investigate whether local subduction can drive
ocal overriding plate deformation, then an internal approach is
equired. However, if the experimenter wishes to investigate one
ubduction system attached to a very large tectonic plate that is
tself attached to several other subduction systems (e.g. Pacific plate

ith Aleutians-Alaska, Kamchatka-Kuril-Japan-Izu-Bonin-Mariana
nd Tonga-Kermadec-Hikurangi subduction zones), then a com-
ined approach would be justified as long as the externally imposed
orce is quantified and scaled with respect to the internal buoyancy
orces of the system. Unfortunately, experimental studies that use
he combined approach generally do not quantify the externally-
mposed force or energy component to see if it properly scales with
he buoyancy force or potential energy internal to the system. Such
uantification, however, is essential for modelling of large-scale
ystems such as subduction systems, where externally + internally-
riven subduction can lead to very different results compared to

nternally-driven subduction, as will be discussed below.

.5. Model approaches in subduction experiments

The first laboratory-based subduction models have been devel-
ped in the 1970s (Jacoby, 1973, 1976), and were preceded by
re-plate tectonics models that contained certain elements of sub-
uction (Kuenen, 1936). The models from Jacoby (1973) were
ntirely buoyancy driven using the internal approach and started
ith a small slab perturbation that progressively grew. The models

xcluded an overriding plate and used relatively simple rheolo-
ies for the slab (rubber) and sub-lithospheric mantle (water). The

odels that followed were buoyancy-driven thermo-mechanical
odels with an externally imposed temperature gradient, which

lso lacked an overriding plate (Jacoby, 1976). Kincaid and Olson
1987) presented subduction experiments excluding an overriding
eodynamics 100 (2016) 7–32 11

plate, but also presented the first subduction experiments with an
overriding plate using a buoyancy-driven internal approach. The
models used viscous sucrose solution materials to model the plates
and the sub-lithospheric mantle, and started with a short initial slab
perturbation to drive subduction. The experiments with an overrid-
ing plate, however, started with a large, 0.5–2.5 cm,  gap between
overriding plate and subducting plate, scaling to ∼50–250 km in
their experiments (using a length scaling where 1 cm in the exper-
iment represents 100 km in nature).

The first laboratory models of subduction in which the subduct-
ing and overriding plates were in physical contact were developed
by Shemenda (1992, 1993) using a combined approach, in which
plate motion was  driven by one or more pistons. Other modellers
followed suite, also using a combined approach (e.g. Faccenna et al.,
1999; Regard et al., 2003; Boutelier et al., 2003). Shemenda (1992)
investigated subduction initiation and progressive subduction evo-
lution using undeformed lithosphere, either laterally homogeneous
or heterogeneous, or pre-cut lithosphere. Faccenna et al. (1999)
and Regard et al. (2003) investigated subduction initiation and
progressive subduction evolution using undeformed, laterally het-
erogeneous, lithosphere. More recently subduction models were
developed that used a geometric set-up comparable to that of
Kincaid and Olson (1987), thus including an overriding plate and
starting with a short subduction perturbation, but that used a com-
bined approach with one or two  external pistons to drive plate
motion (e.g. Heuret et al., 2007; Guillaume et al., 2009; Martinod
et al., 2013; Agard et al., 2014).

Although the combined approach as discussed in the previ-
ous paragraph could be justified in certain cases of subduction
experiments, a major problem is that in such experiments it is gen-
erally never quantified how much energy or force the externally
imposed velocity adds to the experimental system. Consequently,
it is not known if the imposed force and energy are properly
scaled with respect to the internal buoyancy forces and potential
energy in the system. Unfortunately, this problem is generally never
acknowledged nor discussed. For example, if one assumes that the
externally imposed push force from a piston represents a ridge
push force, then, considering that the ridge push force is about an
order of magnitude smaller than the slab negative buoyancy force
(e.g. Forsyth and Uyeda, 1975; Schellart, 2004b), the piston push
force should be about an order of magnitude smaller than the slab
negative buoyancy force in the experimental system.

We can discuss the issue at hand with two examples of subduc-
tion modelling and overriding plate deformation that use a different
approach, namely the combined approach (Heuret et al., 2007) and
the internal approach (Meyer and Schellart, 2013). Both use upper
mantle subduction models with linear-viscous materials for the
plates and the sub-lithospheric mantle. The scaled (trench-parallel)
slab width in Meyer and Schellart (2013) is less (750 km)  than in
Heuret et al. (2007) (1800 km), but both can be considered narrow
(Schellart et al., 2007). We do note that the subducting plate to
sub-lithospheric upper mantle viscosity ratio (�SP/�UM) is lower in
Meyer and Schellart (2013) (2.0 × 102) than in Heuret et al. (2007)
(1.2 × 104). Also, Meyer and Schellart (2013) use a different lubri-
cation layer at the subduction zone interface (honey diluted with
water that has a nearly Newtonian viscosity of ∼6 Pa s) compared
to Heuret et al. (2007), who use Vaseline, which likely has a visco-
plastic rheology (although its rheology is not described in their
paper).

In Heuret et al. (2007), convergence between the subducting
plate and overriding plate is externally controlled with pistons, and
subduction occurs both through the externally imposed velocity

boundary conditions applied to the plates and internal buoyancy
forces of the negatively buoyant slab. It has not been quantified
how the externally imposed forces compare and scale with the
internal buoyancy forces. Heuret et al. (2007) find that with trench-
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ard overriding plate motion and trench retreat the overriding
late shortens, and that with increasing trenchward overriding
late velocity, and increasing trench retreat velocity, the trench-
ormal overriding plate shortening rate increases. In other words,

n their experiments, fast trench retreat corresponds to fast over-
iding plate shortening, while fast trench advance corresponds to
verriding plate extension (their Fig. 5). These results are very much
n contrast with the results of Meyer and Schellart (2013), who
se models in which subduction, plate motion, mantle flow and
verriding plate deformation are driven entirely by the slab neg-
tive buoyancy force (internal approach). These buoyancy-driven
odels show that trench retreat and trenchward overriding plate
otion correspond with trench-normal overriding plate extension,

nd that with increasing trench retreat velocity, the extension rate
n the overriding plate increases (their Fig. 7b).

The example above illustrates how, by using two different mod-
lling approaches, one can reach two opposite (and conflicting)
onclusions. The internal approach implies that overriding plate
eformation is ultimately caused by the slab negative buoyancy
orce, which drives slab rollback, trench migration and mantle flow.
he external approach implies that overriding plate motion drives
ts own deformation. The obvious question that remains then is,

hat drives overriding plate motion? Another important question
hat remains is, are the externally imposed forces that drive the
verriding plate motion realistic in terms of magnitude when com-
ared to the internal buoyancy forces? There is one important line
f evidence that implies that, in general, the externally imposed
orces in laboratory models of subduction, as well as those in mod-
ls of lithospheric shortening and collision, are too high. This line
f evidence is based on the topography observed in these models,
hich is too high. We  will discuss this in more detail in Section 3.2.

. Scaling

.1. General scaling principles

Hubbert (1937) was the first to develop a well-founded scal-
ng theory for analogue modelling of geological phenomena and
eodynamic processes. This theory allowed for the first time to
uantitatively compare laboratory experiments and their natural
ounterpart. Since Hubbert (1937), other papers have been pub-
ished on scaling of analogue models (e.g. Hubbert, 1951; Ramberg,
967, 1981; Horsfield, 1977; Shemenda, 1983; Weijermars and
chmeling, 1986; Davy and Cobbold, 1991; Ribe and Davaille,
013). According to Hubbert (1937), there are three similarity crite-
ia, which have to be fulfilled, in order for the model to be properly
caled. These criteria include geometric similarity, kinematic sim-
larity and dynamic similarity. An analogue model and a natural
rototype are geometrically similar if all the corresponding lengths
ln, with n = 1, 2, 3,. . .)  are proportional and all the correspond-
ng angles (˛n) are equal in the model (superscript m)  and natural
rototype (superscript p):

lm1
lp1

= lm2
lp2

= lm3
lp3

= lmn
lpn

(1a)

˛m
1

˛p
1

= ˛m
2

˛p
2

= ˛m
3

˛p
3

= ˛m
n

˛p
n

= 1 (1b)

For kinematic similarity, the geometrically similar model and
atural prototype have to undergo similar changes of shape and/or
osition, where the time (t) required for any change in the model

s proportional to the corresponding change in the prototype

Ramberg, 1967). This requires that:

tm
1

tp
1

= tm
2

tp
2

= tm
3

tp
3

= tm
n

tp
n

(2)
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Considering that velocity is essentially a length scale divided
by time, then one can scale experimental velocities to the natural
prototype using the following formulation:

vp = vm lptm

lmtp
(3)

Dynamic similarity requires a similar distribution of driving
forces (e.g. gravitational body forces or externally imposed (far-
field) forces) and resistive forces (frictional, viscous). On Earth,
gravitational body forces drive plate tectonics and mantle convec-
tion, and are thus also the main driver of far-field tectonic forces,
which requires the analogue modeller to include mass in the scaling
rules. For the scaling of forces and stresses, analogue modellers have
used scaling rules to either scale densities (e.g. Davy and Cobbold,
1991; Shemenda, 1992, 1993; Boutelier et al., 2003; Boutelier and
Cruden, 2013; Calignano et al., 2015) or density contrasts (e.g.
Jacoby, 1973; Funiciello et al., 2003; Schellart, 2004a; Meyer and
Schellart, 2013; Duarte et al., 2013; Martinod et al., 2013; Chen
et al., 2015a,b). Ribe and Davaille (2013) have shown that both
approaches are valid. However, there are important implications
for the scaling of topography, which indicate that topography scales
differently using either the density approach or the density con-
trast approach (see Section 3.2). Apart from scaling densities or
density contrasts, dynamic similarity also requires the scaling of
rheology to properly scale the resistive forces. The reader is referred
to Section 4 and Weijermars and Schmeling (1986) for a discussion.

To scale forces and stresses using densities one can use Cauchy’s
equation of motion for a continuous medium (Davy and Cobbold,
1991). This equation describes the balance of linear momentum as
follows:

�
D2xi

Dt2
= ∂�ij

∂xj

+ �gi (i, j = 1, 2, 3) (4)

where � is the density, x is the position vector, t is the time, �
is Cauchy’s stress tensor and g is the acceleration due to gravity.
The suffixes refer to Cartesian vector and tensor components in a
fixed spatial frame. For slow motions, as in geological and tectonic
processes, the only forces to be considered are body forces (due
to gravity) and surface forces (stresses). Therefore, inertial forces
are negligible and the second derivative of x to time t in Eq. (4) is
negligible. Rearrangement of Eq. (4) results in:

∂�ij = −�gi∂xj (5)

Integration of Eq. (5), with the boundary condition �ij = 0 at xj = 0
(for scaling of processes at the scale of the upper crust, lithosphere
or mantle, normal and shear stresses at the Earth’s surface are neg-
ligible compared to stresses at depth) leads to:

�ij = −�gixj (6)

Writing Eq. (6) for both the analogue model (superscript m)  and
the natural prototype (superscript p), and dividing the former by
the latter leads to:

�m
ij

�p
ij

=
�mgm

i
xm

j

�pgp
i
xp

j

(7)

When the experiment is executed in a normal field of gravity,
then gravity is the same for both the natural prototype and the
model. For the description of scaling rules for analogue experiments
executed in an artificial field of gravity (e.g. centrifuge experi-
ments), the reader is referred to Ramberg (1967) and Peltzer (1988).
Furthermore, if we  consider that x is simply a length scale, then Eq.

(7) can be simplified to:

�m
ij

�p
ij

= �mlm

�plp
(8)
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Eq. (8) thus illustrates that, in case one scales experiments for
ensities, then stresses scale with the product of density and length.
o scale for forces (F), one can write stress as a force divided by the
quare of a length scale, and thus, using Eq. (8), we get:

Fm

Fp
= �m(lm)3

�p(lp)3
(9)

Thus, in case one scales experiments for densities, forces scale
ith the product of density and the cube of length.

To scale forces and stresses using density contrasts one can use
tokes’ settling law for sinking of a rigid object into an infinite vol-
me  fluid at very low Reynolds number (Jacoby, 1973; Duarte et al.,
013):

∼C
��l2g

�
(10)

here �� is the density contrast between the sinking object and
mbient fluid and C is a constant. Dynamic similarity requires that
riving forces and resistive forces are proportional in the analogue
odel and natural prototype, which requires that:

��m(lm)2gm

�mvm
= ��p(lp)2gp

�pvp
(11)

We can rewrite Eq. (11) in terms of viscosity ratio. Further-
ore, for experiments conducted in the normal field of gravity,

hen gm = gp. Finally, considering that velocity is simply a length
cale over time, we get:

�m

�p
= ��mlmtm

��plptp
(12)

Because viscosity is a measure of stress divided by strain rate,
nd strain rate scales with the inverse of time, we  can write Eq. (12)
n terms of stress, leading to:

�m

�p
= ��mlm

��plp
(13)

Eq. (13) thus illustrates that, in case one scales experiments for
ensity contrasts, then stresses scale with the product of density
ontrast and length. To scale for forces (F), one can write stress as

 force divided by the square of a length scale, and thus, using Eq.
13), we get:

Fm

Fp
= ��m(lm)3

��p(lp)3
(14)

Thus, in case one scales experiments for density contrasts, forces
cale with the product of density contrast and the cube of length.
n addition to scaling of stresses, forces, and viscosities, Eq. (11) can
asily be reorganized to scale for velocities. If we  assume again that
xperiments are conducted in the normal field of gravity (gm = gp),
hen we get:

vm

vp
= ��m(lm)2�p

��p(lp)2�m
(15)

.2. Scaling of topography: why does topography often appear
oo high in analogue models?

The topography in analogue models generally appears too high
nd significantly exaggerated compared to the topography in the
atural prototype. This is the case for upper crustal models such as
hrust and accretionary wedge experiments, lithospheric models
uch as lithospheric shortening models, and mantle-scale mod-

ls such as subduction models with an overriding plate. There are
our main explanations for this topographic exaggeration: (1) The
bsence of isostatic compensation; (2) The scaling of density con-
rasts that requires the introduction of a correction factor for scaling
eodynamics 100 (2016) 7–32 13

of topography; (3) The incorrect scaling of applied external bound-
ary conditions; (4) The absence of erosion. Below we will discuss
these four explanations, as well as several other explanations that
apply to relatively short length scales of topography.

3.2.1. Absence of isostatic compensation
Analogue models of upper crustal processes such as thrust

and accretionary wedge experiments (e.g. Lallemand et al., 1992;
Koyi, 1995; Dominguez et al., 1998; Storti et al., 2000; Hampel
et al., 2004; Schreurs et al., 2006; Bose et al., 2015), transpres-
sion experiments (e.g. Leever et al., 2011), strike-slip experiments
(e.g. Naylor et al., 1986; McClay and Dooley, 1995; Schellart and
Nieuwland, 2003; Dufréchou et al., 2011; Dooley and Schreurs,
2012), extensional experiments (McClay, 1990), and thrust-strike-
slip interference experiments (e.g. Duarte et al., 2011; Rosas et al.,
2012, 2015) generally lack a low-viscosity fluid layer to provide iso-
static compensation to the upper crustal layer. During the course of
an upper crustal experiment, as deformation is externally driven,
topography builds on top of a rigid base that does not subside
(or move upwards) with an increased (or decreased) load of the
deformed material due to thickening (or thinning). For example, in
a typical double-vergent thrust wedge experiment from Storti et al.
(2000) a topographic wedge develops with a maximum height of
5 cm (scaling to 5 km)  and an extent of ∼44 cm (scaling to 44 km)
(measured perpendicular to the strike of the thrusts) after 52 cm
of shortening (scaling to 52 km). Comparison to a natural ana-
logue, the double-vergent Pyrenees mountain range, indicates a
lower topography, with an average elevation of ∼2.5 km in the
highest part of the Eastern Pyrenees. The difference is particularly
noticeable considering that estimates of shortening in the East-
ern Pyrenees are some three times higher, 147–165 km (Muñoz,
1992; Fitzgerald et al., 1999), than the above mentioned analogue
model, and the N-S extent of the orogen is ∼150 km.  The differ-
ence between model and natural prototype can be ascribed mostly
to the lack of isostatic compensation in the upper crustal experi-
ments, although a lack of erosion in most experiments also plays a
role.

3.2.2. Scaling of densities or density contrasts and the
topographic correction factor

In analogue experiments, the scaling of density contrasts or
densities needs to be taken into account (see Section 3.1). In case
an experiment contains different materials to represent different
entities of the natural prototype with different densities, e.g. the
continental crust (with �CC), continental lithospheric mantle (with
�CLM), oceanic lithosphere (with �OL) and sub-lithospheric upper
mantle (with �SLUM), then the ratios of density contrasts need to
be proportional or, alternatively, the density ratios need to be pro-
portional. For example, one could scale all the density contrasts in
relation to �SLUM:
(

�m
SLUM − �m

CC

)
(

�P
SLUM − �P

CC

) =
(

�m
SLUM − �m

CLM

)
(

�P
SLUM − �P

CLM

) =
(

�m
SLUM − �m

OL

)
(

�P
SLUM − �P

OL

) (16)

Or in case one wants to scale densities, then:

�m
CC

�p
CC

= �m
CLM

�p
CLM

= �m
OL

�p
OL

= �m
SLUM

�p
SLUM

(17)

In case one considers the formation of topography in labora-
tory models (and in nature), then this topography develops into
the overlying fluid layer, the air layer. The overlying air layer is
generally considered to provide a free surface boundary condition

to the laboratory experiment (and to nature). In case one wants
to relate the experimental topography to nature, then the density
of air needs to be taken into account when scaling density con-
trasts or densities of the analogue materials. We  can investigate
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Fig. 2. Schematic diagram illustrating the principal of isostacy for a three-layer sys-
tem. �AIR is the density of the air, �CC is the density of the continental crust and
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UM is the density of the upper mantle, with �AIR « �CC < �UM. TCC is the thickness
f  the continental crust and h is the difference in elevation between the top of the
ontinental crustal layer and top of the mantle layer.

ow topography in the experiment scales to nature in case either
ensity contrasts or densities are scaled.

Consider a continental crustal layer with thickness TCC and
ensity �CC that is resting on an upper mantle layer with uni-
orm density �UM (i.e. �UM = �CLM = �SLUM) in isostatic equilibrium
Fig. 2). Because of isostacy, a column of material with a lighter
rustal layer will have an elevation h with respect to a column with
enser mantle material. At the depth equivalent to the base of the
rustal layer the pressure will be equal for a column of crustal mate-
ial and for a column of mantle material + air layer (i.e. the isostatic
ompensation depth):

CCgTCC = �UMg (TCC − h) + �AIRgh (18)

Rearranging to solve for the elevation h, one gets:

 = TCC
(�UM − �CC )
(�UM − �AIR)

(19)

The density of air �AIR is ∼1.20 kg/m3 (at 20 ◦C) and thus some
hree orders of magnitude smaller than �UM, which is generally in
he range 1000–1600 kg/m3 in experiments and 3200–3400 kg/m3

n nature. As such it appears justified to remove this parameter
rom the above equation, which can thus be simplified to:

 = TCC
(�UM − �CC )

�UM
(20)

To investigate how h in the experimental model relates to h in
he natural prototype we can write:

hm

hp
= Tm

CC

Tp
CC

�p
UM

(
�m

UM − �m
CC

)
�m

UM

(
�p

UM − �p
CC

) (21)

If we rearrange this equation in terms of the scaled elevation in
ature hp and if we consider that the ratio for crustal thickness is

ust a length scale ratio lm/lp, then we get:

p = CTopo
lp

lm
hm (22)

with the topographic correction factor:

Topo =
�m

UM

(
�P

UM − �p
CC

)
�p

UM

(
�m

UM − �m
CC

) (23)

In case the density contrasts in the model and natural prototype

re the same, then the topographic correction factor simplifies to:

Topo = �m
UM

�p
UM

(24)
eodynamics 100 (2016) 7–32

The correction factor as shown in Eqs. (23) and (24) thus applies
to experiments that scale density contrasts rather than densities.
The density for model and nature that should be chosen to calculate
CTopo should be the one for the material that is located below the
isostatic compensation depth that provides isostatic support, e.g.
the upper mantle for the example discussed above or the astheno-
sphere or the sub-lithospheric upper mantle in case one considers a
lithospheric layer (rather than just a crustal layer as in the example
above).

For experiments that scale densities rather than density con-
trasts, a topographic correction is not required. This can be
illustrated by rearranging Eq. (20) to:

h = TCC

(
1 − �CC

�UM

)
(25)

For experiments where the density ratios are scaled,
�CC/�UM is the same for experiment and nature, and thus
(1–�CC/�UM)m = (1–�CC/�UM)p. To investigate how h in the ana-
logue model relates to h in the natural prototype we can now
write:

hm

hp
= Tm

CC

TP
CC

(26)

If we consider again that the ratio for crustal thickness is just a
length scale ratio lm/lp, and after rearranging, we get:

hp = lp

lm
hm (27)

If we  compare this equation with Eq. (22) then we  observe that
the topographic correction factor CTopo is missing. Thus, experi-
ments in which the densities are scaled do not require a topographic
correction and the observed topography can be directly scaled to
topography in nature using Eq. (27). For experiments in which the
density contrasts are scaled a topographic correction is required
when scaling the experimental topography to nature and Eq. (22)
should be used.

3.2.3. Quantification and scaling of the applied external boundary
conditions

In isostatically compensated models with a free surface, topog-
raphy develops during progressive deformation. The development
of such topography appears particularly significant in those mod-
els that use the combined approach (e.g. Davy and Cobbold, 1991;
Burg et al., 2002; Moore et al., 2005a,b; Cruden et al., 2006). In
recent times, the recording of analogue models has made a major
step forward through the 3D quantification of surface topogra-
phy. For example, externally+internally-driven laboratory models
of lithospheric deformation (e.g. Willingshofer and Sokoutis, 2009;
Dombrádi et al., 2010; Luth et al., 2013a; Calignano et al., 2015) and
subduction (e.g. Martinod et al., 2013) have been presented, illus-
trating the evolution of the three-dimensional surface topography
with digital elevation models. Such digital elevation models pro-
vide a wealth of new, quantitative, data that can help understand
the geodynamic processes under investigation. Nevertheless, this
new quantitative tool in analogue modelling does highlight a new
challenge for the analogue modelling community. In case the sur-
face topography as illustrated in these digital elevation models is
directly scaled to nature, then it becomes evident that the surface
topography is often significantly exaggerated. Thus the questions
arise as to what might be the origin of such exaggerated topogra-
phy, and what might be the way forward in the analogue modelling
community to produce models with scaled topographies that are

more comparable to nature.

We  will illustrate the above by discussing two  recent exam-
ples of lithosphere-mantle scale experiments in which the surface
topography has been accurately quantified. In the first exam-
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le, Calignano et al. (2015) present intraplate continental orogeny
xperiments that include internal buoyancy forces and externally
mposed velocity boundary conditions (piston) that drive conver-
ence. The authors have quantified the topography, which reaches
2–13 mm in several of their experiments, scaling to 24–26 km
sing their length scale ratio (1 cm represents 20 km,  e.g. see their
igs. 3 and 4). The question arises as to what might drive the forma-
ion of such extreme topography in their experiments, in particular
onsidering that they compare it to the Pyrenees with a topography
hat is an order of magnitude lower?

In the second example, Martinod et al. (2013) present subduc-
ion experiments that include an overriding plate and buoyancy
orces, and for which trenchward overriding plate motion is exter-
ally driven using a velocity boundary condition (piston). The
uthors have quantified the topography of the overriding plate, up
o 6 mm  at the leading edge and −3 mm in the “backarc” region
their Fig. 13). These values scale to topographies in nature of
0 km for the leading edge of the overriding plate and −20 km
or the backarc (in their models 1 cm represents 66 km). The ele-
ated topography is about an order of magnitude higher than that
bserved in nature. Indeed, the South American subduction zone, to
hich the models are applied, has a mountain range at the leading

dge of the overriding South American plate that has a maximum
verage elevation in the Central Andes of ∼4 km (Altiplano). So the
uestion arises again as to what might drive the formation of such
xtreme topography of up to 40 km in these laboratory models?

The above mentioned experiments are all isostatically com-
ensated, and so the extreme topographies cannot be explained
y the lack of such compensation, as discussed in Section 3.2.1.
he exaggerated topography can potentially be reduced by apply-
ng the topographic correction factor as described in Section
.2.2. However, in the experiments of Calignano et al. (2015)
he authors scale densities (not density contrasts), which means
hat Eq. (27) should be used and a topographic correction should
ot be applied. An explanation for the extreme topography in
heir models of 24–26 km should thus be sought elsewhere.

artinod et al. (2013), however, do scale density contrasts (not
ensities), so a topographic correction is required. Martinod
t al. (2013) used a sub-lithospheric upper mantle density of
SLUM = 1416–1434 kg/m3 and a density contrast ratio of ∼0.44.
ith �SLUM = 3200–3300 kg/m3 in nature, then CTopo = ∼0.194, and

o their scaled topography would reduce from −20 km (backarc)
nd 40 km (leading edge overriding plate) to approximately −4 km
nd 8 km,  respectively. The positive topography is still a factor of
2 too high, but evidently more realistic than its uncorrected coun-

erpart. As for the −4 km topography of the backarc region, there
ppears to be no natural counterpart in the Andes, whose backarc
egion is a few hundred meters above sea level.

The possible explanation for the extreme topography in
alignano et al. (2015) (about an order of magnitude too high)
nd the corrected topography in Martinod et al. (2013) that is a
actor of ∼2 too high is that they result from the combined mod-
lling approach, in which the externally applied velocity induces

 force to the system that is too high compared to the internal
uoyancy forces. Indeed, subduction models that use an inter-
al approach generally appear to have lower topographies. For
xample, in Schellart (2008) internally-driven subduction models
roduced maximum topographies at the trench of approximately
2 to −1 mm,  scaling directly to −12 to −6 km (using his length

cale factor where 1 cm corresponds to 60 km). Using a topo-
raphic correction factor of CTopo = ∼0.44 (Eq. (22)), then these
alues reduce to approximately −5.3 to −2.6 km,  which is com-

arable to trench depths (although somewhat on the low side) in
ature.

As illustrated above with the two examples of exaggerated
opography, comparison of scaled (and possibly corrected) topogra-
eodynamics 100 (2016) 7–32 15

phy in models with topography in nature can be used to gauge if, in
an isostatically supported laboratory experiment (e.g. subduction
or lithospheric shortening) that uses the combined approach, the
applied external forces are properly scaled or not. In case the topog-
raphy is too high, then it is very possible that the externally applied
forces are too high when compared to the buoyancy forces internal
to the system. As such, we argue that, when using the combined
approach, externally applied forces need to be quantified system-
atically and compared with buoyancy forces internal to the system
to find out how these forces compare with respect to one another
and to nature.

3.2.4. Absence of erosion
Most analogue models do not include processes of erosion,

although there are a number of studies where such erosion is
implemented, either through removing material from the top (e.g.
Mugnier et al., 1997; Casas et al., 2001; Konstantinovskaia and
Malavieille, 2005; Le Guerroué and Cobbold, 2006) by using, for
example, a vacuum cleaner, or through the precipitation of fine
water droplets, which can coalesce to form small streams, channels
and rivers that generally erode material from the highest parts of
the model and cause sedimentation in the lowest parts of the model
(e.g. Graveleau et al., 2008; Strak et al., 2011; Graveleau et al., 2015).
The absence of erosion in an analogue model causes the topogra-
phy and maximum elevation to be higher than when erosion would
be present. For experiments that are not isostatically supported,
there is a one-to-one correlation between erosion and reduction
in maximum elevation, where, for example, 1 mm of erosion from
the topography would result in a 1 mm reduction in maximum ele-
vation. For experiments that are isostatically supported, isostasy
causes partial rebound of the surface during erosion. Consider again
a crustal layer resting on top of a homogeneous upper mantle layer
in isostatic equilibrium as shown in Fig. 2. Then, using equation
(20), it can be easily shown that the change in elevation �h  of the
topography of the crustal layer due to erosion z of the crustal layer
is:

�h  = −z
(�UM − �CC )

�UM
(28)

For example, in a laboratory experiment with 1 mm of erosion
of the crust, assuming �UM = 1400 kg/m3 and �CC = 1200 kg/m3, the
change in topography �h  is only −0.14 mm.  Considering this iso-
static rebound effect, it is unlikely that the extreme topography
of the isostatically supported experiments as discussed in Section
3.2.3 can be explained by the lack of erosion. As such, we con-
clude again that for those experiments, the exaggerated topography
likely originates from the externally imposed velocity boundary
conditions that impose forces on the experimental layers that are
too high when compared to the internal buoyancy forces of these
experiments and too high when scaled to values in nature.

3.2.5. Other factors that could affect surface topography
There are other processes that affect surface topography in lab-

oratory models but do not affect surface topography in nature (or
only in a negligible way), because they are irrelevant at the length
scale of the natural prototype. These include surface tension and
shear zone dilatation. Surface tension is particularly evident in
laboratory models that use only fluids and a free top surface bound-
ary condition, and has been discussed for subduction experiments
(Jacoby, 1976; Schellart, 2008). For example, the effects of surface
tension have been observed in laboratory subduction models at the

material boundary between silicone (the model plate), syrup (the
model ambient mantle) and air (Schellart, 2008). From such obser-
vations it is evident, however, that surface tension will generally
only affect the model surface topography on a very short horizontal
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ength scale of maximally several mm across the material boundary,
hile in other locations surface topography is not affected.

In laboratory models the brittle upper crust is often simulated
ith granular material. When a shear zone develops in the gran-
lar material, shear zone dilatation takes place, which is generally
uch more pronounced than dilatation in natural shear zones (e.g.
orsfield, 1977; Mandl, 1988). In addition, the scaled values of lab-
ratory granular shear zone width are generally much larger than
hose in nature (see Section 4.1). The high reduction in density of
he sheared granular material, in combination with the relatively
arge width of the shear zone causes laboratory shear zones to pro-
uce a more pronounced topographic signal than what would be
xpected in the natural prototype. As with surface tension, granular
hear zone dilatation will generally only affect the model surface
opography on a relatively short horizontal length scale (compa-
able with the width of the shear zone), while in other locations
urface topography is not affected. The affected area will generally
e of the order of several mm across the shear zone, in particular

n case the shear zone is steep (dipping 60−90◦) as with strike-slip,
ormal and high-angle reverse faults. In case of thrust faults (dip-
ing 30◦ or less), it is evident that the surface topography will be
ffected over a larger area (i.e. the area that lies directly above the
hrust fault).

.3. Scaling of subduction models

In laboratory-based subduction modelling, as in other analogue
odelling, geometric, kinematic and dynamic similarity are essen-

ial. To obtain dynamic similarity it is important that the driving
orces and resistive forces are properly scaled. Depending on if
ne scales for densities or density contrasts, one can use Eqs. (8)
nd (9) or Eqs. (13) and (14) to scale stresses and forces. The most
mportant driving force in most subduction settings is the negative
uoyancy force of the slab, and so in many subduction simula-
ions it is justified to use an internal (buoyancy-driven) modelling
pproach. There are subduction settings where external far-field
ectonic forces also play a role, and so a combined approach would
e justified. However, in order to satisfy dynamic similarity, it is
ssential that the externally-imposed force is quantified and prop-
rly scaled with respect to the internal buoyancy forces of the
ystem. Unfortunately, this is generally never done in analogue
ubduction modelling (see Section 2.2 and Section 2.5). Labora-
ory experiments using a combined approach have been presented
ecently in which horizontal forces related to imposed velocity
oundary conditions have been quantified (Boutelier and Cruden,
013). Such an approach is a step in the right direction to allow for
uantitative scaling of externally imposed forces.

The main resistive forces in subduction systems (and thus the
ain energy sinks) are exerted by the sub-lithospheric upper
antle, the tectonic plates and the subduction zone interface.

o properly scale the distribution of the resistive forces in the
xperimental system, the ratios of the effective viscosities of the
ubducting plate (�SP), overriding plate (�OP) and subduction inter-
ace (�SI) with respect to the sub-lithospheric upper mantle (�SLUM),
eed to be comparable in model and nature:

�m
SP

�m
SLUM

= �p
SP

�p
SLUM

(29a)

�m
OP

�m = �p
OP

�p (29b)

SLUM SLUM

�m
SI

�m
SLUM

= �p
SI

�p
SLUM

(29c)
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Laboratory subduction modelling studies have so far used a
wide variety of viscosity ratios between the subducting plate and
ambient mantle varying some 5 orders of magnitude, from rela-
tively low values, i.e. of the order 2 × 102 (Schellart, 2004a,b; Meyer
and Schellart, 2013; Chen et al., 2015b), 6 × 102 (Mériaux et al.,
2015a,b) and 3.5−10 × 102 (Funiciello et al., 2003), to intermedi-
ate values, i.e. of the order 1.5 × 103 (Bajolet et al., 2013), 6 × 103

(Guillaume et al., 2009), 1.2 × 104 (Heuret et al., 2007) and 1.5 × 104

(Martinod et al., 2013), to relatively high values, i.e. of the order
104–105 (Funiciello et al., 2006) and 106–107 (e.g. Shemenda, 1992,
1993; Chemenda et al., 1995, 1996, 2000; Boutelier et al., 2003;
Boutelier and Chemenda, 2008; Boutelier and Cruden, 2008, 2013).
Using different lines of evidence, a variety of works imply that in
nature the effective viscosity ratio �SP/�SLUM is in the range 50–500
(e.g. Moresi and Gurnis, 1996; Billen et al., 2003; Schellart, 2008;
Funiciello et al., 2008; Loiselet et al., 2009; Ribe, 2010; Li and Ribe,
2012).

The highest effective viscosity ratios in subduction models have
generally been obtained for subduction models that use water
as an analogue for the sub-lithospheric mantle (e.g. Shemenda,
1992, 1993; Chemenda et al., 1995, 1996, 2000; Boutelier et al.,
2003; Boutelier and Chemenda, 2008; Boutelier and Cruden, 2008,
2013). Although water can provide isostatic support to the overly-
ing plates, it provides negligible shear and normal tractions to the
plates and slab. Furthermore, it causes subduction in such experi-
ments to generally occur at a very short timescale and experimental
velocities of the sinking slab to be relatively high, of the order of
mm/s  to cm/s, and thus inertial forces in such experiments are not
negligible. This brings us to another important part of laboratory
subduction modelling, namely, that experiments need to be con-
ducted at very low Reynolds number (Re). The Reynolds number
is a non-dimensional number that represents the ratio of inertial
forces to viscous forces and is defined as:

Re = �dv
�

(30)

where � is the density of the ambient fluid (e.g. sub-lithospheric
upper mantle), d is the characteristic length scale of the sinking
object (e.g. slab for subduction modelling, which can be its length,
width or thickness), v is the characteristic velocity of the object
(for the slab this can be its subduction velocity, rollback velocity
or downdip sinking velocity), and � is the viscosity of the ambi-
ent fluid. The Reynolds number indicates in which flow regime a
particular system is. For sinking slabs in nature Re is extremely
low (Re « 1), and so one can expect flow in the ambient man-
tle to be in the laminar symmetrical flow regime. For example,
with � = 3300 kg/m3, d = 600 km,  v = 5 cm/yr and � = 1020 Pa s, then
Re = 3 × 10−20. Such a low number cannot be achieved in laboratory
experiments, but this is not required. What is required is that in the
experiment the condition Re « 1 is met. In that case, the experiment
is conducted in the same (laminar symmetrical) flow regime for the
sub-lithospheric mantle (Schellart, 2008), without eddy formation
in the wake of the object (Hudson and Dennis, 1985) (e.g. slab) nor
any turbulence.

4. Analogue modelling materials

Scaled laboratory models make use of analogue materials
to simulate the physical behaviour of natural rocks whose
tectonically-induced deformation strongly depends on rheology.
As a consequence, the choice of analogue materials should be
addressed carefully according to rheology-dependent scaling rela-

tionships between the model and the natural prototype, which
makes scaling and the selection of analogue materials intimately
related. Observation-based disciplines such as seismology and
geochemistry have greatly improved our knowledge of the compo-
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itional and physical layering of the Earth. The resulting rheological
tratification imposes strong conditions on how one should build a
heologically scaled analogue model. If the purpose of such model
s to simulate a geodynamic process that occurs at a scale from the
arth’s surface to the core-mantle boundary, then the choice of the
nalogue materials should reflect the observed rheological layer-
ng. Such rheological layering can be complex, for example if one
onsiders a model of a young stable continental lithosphere overly-
ng a sub-lithospheric mantle, which consist of (1) a brittle material
o simulate the upper crust, (2) a ductile material to simulate the
ower crust, (3) a strong brittle or ductile material to simulate the
ppermost lithospheric mantle, (4) a ductile material to simulate
he lowermost lithospheric mantle (e.g. Davy and Cobbold, 1991),
nd (5) a viscous upper and lower mantle with or without a vis-
osity jump at the 660 km discontinuity. Increasingly sophisticated
odels could also include lateral viscosity variations in the mantle,

hrough, for example, incorporating lateral temperature gradients
nd temperature-dependent viscosities.

Historically, the first analogue models were focused on upper
rustal deformation in sedimentary layers and used fabric pieces of
ifferent composition and thickness to simulate strength contrast
e.g. Hall, 1815; Lyell, 1871; Meunier, 1904). The use of natu-
al materials such as clays, soil, gypsum, and sand was quickly
ecognised as effective in experiments since it allowed the sim-
lation of folding concurrently with faulting and fracturing (e.g.
all, 1815; Favre, 1878a,b; Daubre, 1879; Schardt, 1884; Cadell,
889; Willis, 1893; Meunier, 1904). A breakthrough in analogue
odelling occurred with the advent of the scaling theory (Hubbert,

937), which indicated that only those materials could be used
n analogue modelling that would ensure proper geometric, kine-

atic, and dynamic similarity between model and nature (see
ection 3). A direct implication of the scaling theory is the suit-
bility of materials such as granular materials to simulate the
rittle upper crust, since they both deform according to the Mohr-
oulomb failure criterion, which allows one to scale down stresses
nd properties such as cohesion using the dynamic scaling relation-
hip (Hubbert, 1951).

.1. Brittle materials

The dominant brittle materials that are used in analogue mod-
lling of small-scale and large-scale geodynamic processes are
ranular materials. Through the development of the scaling the-
ry, Hubbert (1937) showed that granular materials are appropriate
o simulate the brittle upper crust. Similar to brittle crustal rocks,
ranular materials deform according to the Mohr-Coulomb failure
riterion (Coulomb, 1773), with shear stress increasing approx-
mately linearly with normal stress (Mandl et al., 1977; Krantz,
991; Schellart, 2000; Lohrmann et al., 2003) as follows:

 = ��n + C0 (31)

where � and �n are the shear (tangential) stress and normal
tress applied to the fault plane, respectively, C0 is the apparent
ohesion and � the coefficient of internal friction (with � = tan(ϕ),

 is the angle of internal friction) of the sheared material. Uni-
xial compressive tests and shear tests show that brittle crustal
ocks have an angle of friction ranging between ∼25−45◦ and

 cohesion ranging between ∼5−180 MPa, depending on rock
ype (e.g. Lama and Vutukuri, 1978; Schellart, 2000 and refer-
nces therein). Shear tests on granular materials such as dry glass
icrospheres and quartz sand indicate a similar angle of internal

riction ranging between ∼27−42◦ and an apparent cohesion of

50−250 Pa (McClay, 1990; Cobbold and Castro, 1999; Schellart,
000; Lohrmann et al., 2003; Hampel et al., 2004; Panien et al.,
006; Schreurs et al., 2006; Hoth et al., 2007). This ensures proper
ynamic similarity between nature and model with cohesion scal-
eodynamics 100 (2016) 7–32 17

ing down in the same proportion as stresses following Eq. (8)
or Eq. (13) (Horsfield, 1977; Davy and Cobbold, 1988; Cobbold
and Jackson, 1992). Also, as a result, sand produces shear zones
similar to natural faults to the first order, with the development
of thrust, normal and strike-slip faults, because the control of
principal stresses on dip and dip direction of shear zones in gran-
ular materials is similar as for the Andersonian faults (Anderson,
1905) observed in nature (e.g. Krantz, 1991). Furthermore, shear
stress variation with progressive shear strain for granular mate-
rials is similar as for deformed rock samples (Lohrmann et al.,
2003 and references therein). Shear zones in analogue models
show a phase of strain hardening before failure and a consecutive
phase of strain softening before reaching a state of constant shear
strength allowing the shear zone to remain active (stable-dynamic
shear strength). The phase of strain hardening preceding failure
is due to compaction and associated bulk density increase in the
shear zone. The following phase of strain softening results from
decompaction in the shear zone and associated volume increase
(dilatancy) (Mandl et al., 1977; Panien et al., 2006).

With the progressive increase of analogue modelling studies
focusing on upper crustal deformation, the diversity of granular
materials used in such modelling studies has risen as well, and
consequently the range of physical and mechanical properties has
widened. This increased variety has enlarged the range in den-
sity, size, and shape of the granular materials, thereby impacting
on compaction, friction angle, and apparent cohesion, as shown
by shear test measurements (Mandl et al., 1977; Krantz, 1991;
Schellart, 2000; Lohrmann et al., 2003; Rossi and Storti, 2003;
Panien et al., 2006; Gomes, 2013). Consequently, making use of
various granular materials in analogue modelling can be practical
since they can serve different purposes depending on their phys-
ical and mechanical characteristics (Table 1). It should be noted
that dry granular materials have been used not only to simulate
the brittle upper crust but also the brittle upper lithospheric man-
tle. Dry granular materials commonly used in analogue modelling
include quartz sand (see reviews by Cobbold and Castro, 1999;
Graveleau et al., 2011; Dooley and Schreurs, 2012), feldspar pow-
der (e.g. Sokoutis et al., 2005; Corti and Manetti, 2006; Corti, 2008;
Luth et al., 2013a; Calignano et al., 2015), glass microspheres or
microbeads (e.g. Colletta et al., 1991; Leturmy et al., 2000; Schellart
et al., 2002a,b, 2003; Rossi and Storti, 2003; Koyi and Vendeville,
2003; Konstantinovskaia and Malavieille, 2005; Hoth et al., 2007;
Autin et al., 2010; Malavieille, 2010), silica powder (e.g. Colletta
et al., 1991; Konstantinovskaia and Malavieille, 2005; Galland
et al., 2006; Bonnet et al., 2007), clay powder (e.g. McClay, 1990;
Krantz, 1991; Gartrell, 1997; Sherlock and Evans, 2001; Hampel
et al., 2004), mica flakes (e.g. McClay, 1990; Storti et al., 2000;
Gomes, 2013), and ethyl cellulose powder (e.g. Davy and Cobbold,
1988, 1991; Ratschbacher et al., 1991; Cobbold and Jackson, 1992;
Faccenna et al., 1996; Cagnard et al., 2006; Marques and Cobbold,
2006; Schueller and Davy, 2008; Bajolet et al., 2015). Other dry
granular materials include aluminium microspheres (e.g. Rossi and
Storti, 2003; Autin et al., 2010), walnut shells (e.g. Cruz et al., 2008),
hollow microspheres (Dooley et al., 2009), and sugar powder (e.g.
Keep, 2000; Moore et al., 2005a,b; Zhang et al., 2006).

Analogue modellers have simulated brittle deformation in sedi-
mentary basins and accretionary wedges. Construction of a layered
sequence of granular materials with a different coefficient of inter-
nal friction and apparent cohesion has allowed modellers to study
faulting in a sedimentary sequence consisting of alternating rock
strength such as in the case of interbedded limestones and clays
(e.g. McClay, 1990), or layered sequences with weak detachment

levels (e.g. McClay, 1990; Colletta et al., 1991; Leturmy et al., 2000;
Storti et al., 1997, 2000; Koyi and Vendeville, 2003; Teixell and Koyi,
2003; Konstantinovskaia and Malavieille, 2005; Rossi and Storti,
2003; Hoth et al., 2007; Malavieille, 2010). It has also allowed
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Table 1
A list of granular materials used in analogue modelling, with indication of peculiarity(ies) regarding their physical properties and associated purpose in laboratory models.

Granular material Peculiarity Purpose References

Quartz sand 
 and C consistent for
dynamic scaling

Simulate the brittle upper
crust

Krantz (1991) Cobbold and Castro (1999) Schellart (2000)
Graveleau et al. (2011) Dooley and Schreurs (2012)

K-Feldspar powder 
 and C consistent for
dynamic scaling

Simulate the brittle upper
crust

Sokoutis et al. (2005) Corti and Manetti (2006) Corti (2008)
Luth et al. (2013a) Calignano et al. (2015)

Glass microbeads Relatively low 
 and low C Simulate weak detachment
levels or brittle lithosphere

Krantz (1991) Colletta et al. (1991) Schellart (2000)
Leturmy et al. (2000) Schellart et al. (2002a,b) Schellart
et  al. (2003) Koyi and Vendeville (2003) Konstantinovskaia
and Malavieille (2005) Hoth et al. (2007) Malavieille (2010)

X-ray attenuation different
from sand

X-ray tomography Colletta et al. (1991)

Silica powder High C Increase strength Konstantinovskaia and Malavieille (2005) Galland et al.
(2006) Bonnet et al. (2007)

X-ray attenuation different
from sand

X-ray tomography Colletta et al. (1991)

Clay powder Relatively high C Increase strength McClay (1990) Krantz (1991) Gartrell (1997) Hampel et al.
(2004)

Increase bulk modulus Seismic reflection Sherlock and Evans (2001)
Mica flakes Low 
,  negligible C Simulate weak detachment

levels
McClay (1990) Storti et al. (2000)

Sand + Mica flakes Increase duration of plastic
deformation before failure

Simulate more distributed
deformation

Gomes (2013)

Ethyl cellulose powder (added to quartz sand) Decreases bulk density Prevent sand from sinking
into viscous materials
placed underneath

Davy and Cobbold (1988)
Davy and Cobbold (1991)
Ratschbacher et al. (1991)
Faccenna et al. (1996)
Cagnard et al. (2006)
Marques and Cobbold (2006)
Schueller and Davy (2008)
Bajolet et al. (2015)

Glass and aluminium microspheres Relatively low 
,  low C,
and low density

Simulate weak detachment
levels or brittle lithosphere

Schellart (2000) Rossi and Storti (2003)

Simulate the brittle upper
crust and upper
lithospheric mantle

Autin et al. (2010)

Walnut shells Relatively low density and
low abrasion

Allow to increase height of
layer and avoid scratching
sidewalls

Cruz et al. (2008)

Caster sugar Relatively low density but
high 
 and C

Simulate the brittle upper
crust

Schellart (2000) Moore et al. (2005a,b)

Sugar powder (added to quartz sand) Decreases bulk density Simulate the brittle upper
crust and upper

osph

Keep (2000) Zhang et al. (2006)
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 is the angle of internal friction and C is the cohesion of the granular materials.

nvestigations of fault refraction (Schöpfer et al., 2007). Besides
ry granular materials, wet clay has also been used to simulate
he brittle upper crust, such as in strike-slip experiments (Dooley
nd Schreurs, 2012 and references therein). However, despite hav-
ng an angle of internal friction similar as sand, cohesion of wet
lay is dependent on water content (Eisenstadt and Sims, 2005)
nd is generally poorly constrained (Dooley and Schreurs, 2012),
aking it difficult to dynamically scale laboratory experiments that

se clay. Other wet granular materials are also commonly used to
nvestigate geomorphologic problems (Graveleau et al., 2011 and
eferences therein). Their apparent cohesion is generally higher
han dry quartz sand (van Mechelen, 2004; Richefeu et al., 2006;
raveleau et al., 2011,2015; Strak et al., 2011) and therefore the

ength scale needs to be adjusted accordingly, considering that
ohesion scales as stresses following Eq. (8) or Eq. (13) (Graveleau
nd Dominguez, 2008; Graveleau et al., 2011, 2015; Strak et al.,
011).

Despite the striking resemblance between the features related
o brittle deformation in the laboratory and those observed in
ature, the similarity between shear zones developing in granu-

ar materials and natural faults is imperfect. In granular analogue

aterials, the width of shear zones during dilatancy increases with
ean grain size (e.g. McClay, 1990) and is ∼11−16 times the mean

rain size (Panien et al., 2006). It is consequently often dispro-
ortionate to the thickness of fault gouges in nature (Horsfield,
eric mantle

1977; Mandl, 1988), and indicates that dilatancy of shear zones
in granular materials does not scale to natural faulting processes
occurring in fault breccias (Krantz, 1991). Therefore, if the pur-
pose is to attain a high degree of structural detail, it appears most
appropriate to use granular materials with a small grain size (Rossi
and Storti, 2003). Furthermore, caution should be taken when con-
sidering friction and cohesion of natural faults since they can be
affected by processes that are not simulated in the laboratory, such
as fault sealing, formation of anisotropic fabric (Lohrmann et al.,
2003), and fluid pressure. In addition, the strength of undeformed
brittle materials is generally higher than when reactivation occurs
(Brace and Byerlee, 1966; Byerlee, 1978; Paterson, 1978). Thus, the
bulk strength and apparent cohesion of the pre-fractured upper
continental crust should be smaller than the quasi-intact oceanic
crust (Schellart, 2000). Moreover, rock shear tests and uniaxial
compressive tests show that cohesion of natural rocks depends
on composition and varies by one order of magnitude. For these
reasons, the modeller should carefully consider which analogue
granular material is most suitable to represent the rock proto-
type in nature. Nevertheless, shear zones in granular materials
are weaker than the surrounding (undeformed) granular mate-

rial, which thereby mimics the behaviour of brittle rocks in nature
(Krantz, 1991).

Schreurs et al. (2006) showed that differences in analogue gran-
ular materials induce variations in the resulting geometries and
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volution of structures such as thrust belts. This relates to the fact
hat different granular materials can have different values for fric-
ion angle and cohesion. Indeed, both the angle of internal friction
nd the apparent cohesion are dependent on grain shape (Schellart,
000) and handling technique (Mandl et al., 1977; Krantz, 1991;
ohrmann et al., 2003). Pouring and sieving of dry granular mate-
ials produce different bulk densities, which thereby affect the
oefficient of friction of the material (Krantz, 1991). Again, this indi-
ates that care should be taken when choosing a granular analogue
aterial to simulate the brittle upper crust, and when setting up

he experiment.

.2. Materials with linear viscous, non-linear viscous,
isco-plastic and complex ductile rheologies

A large variety of linear viscous, non-linear viscous, visco-
lastic and complex ductile rheologies have been used in analogue
odelling (Table 2). The most commonly used linear viscous (New-

onian) rheologies include glucose syrup, corn syrup and golden
yrup (dynamic shear viscosity � ≈ 101–103 Pa s, at room tem-
erature), honey (� ≈ 100–102 Pa s), sucrose or sugar solution (�

 101–102 Pa s), water (� ≈ 10−3 Pa s), and silicone putty (� ≈
03–105 Pa s) (e.g. Weijermars, 1986; Kincaid and Olson, 1987;
avy and Cobbold, 1991; Schellart, 2011). The low-viscosity mate-

ials such as sucrose or sugar solution (e.g. Kincaid and Olson, 1987;
avy and Cobbold, 1991), glucose syrup (e.g. Ratschbacher et al.,
991; Faccenna et al., 1999; Schellart, 2004a; Duarte et al., 2013),
oney (e.g. Hatzfeld et al., 1997; Keep, 2003; Funiciello et al., 2003)
nd water (e.g. Jacoby, 1973; Shemenda, 1992, 1993; Chemenda
t al., 1995, 1996, 2000; Boutelier et al., 2003; Boutelier and Cruden,
013) have frequently been used to simulate the asthenosphere or
ub-lithospheric mantle. In several cases corn syrup and glucose
yrup have also been used to model sinking slabs (e.g. Griffiths
t al., 1995; Guillou-Frottier et al., 1995). The higher viscosity sil-
cone putties have mostly been used to simulate the ductile crust
nd ductile lithospheric mantle (e.g. Faugere and Brun, 1984; Davy
nd Cobbold, 1988, 1991; Faccenna et al., 1996, 1999; Schellart
t al., 2002a,b; Schellart et al., 2003; Regard et al., 2003, 2005;
illingshofer and Sokoutis, 2009; Luth et al., 2013a), or the entire

ithosphere (e.g. Funiciello et al., 2003, 2006; Schellart, 2004a, 2008;
ellahsen et al., 2005; Guillaume et al., 2009, 2010; Irvine and
chellart, 2012; Duarte et al., 2013; Martinod et al., 2013; Strak
nd Schellart, 2014; Chen et al., 2015a, 2015b).

A significant number of analogue models use visco-plastic and
on-linear viscous materials, either exclusively or in combination
ith linear viscous materials. The most commonly used materials

nclude hydrocarbon compositional systems, which are mixtures
f solid hydrocarbons, powders and mineral oils (Shemenda, 1992,
993; Chemenda et al., 1995, 2000; Boutelier et al., 2003; Boutelier
nd Cruden, 2013), plasticine (Tapponnier et al.,1982), wax (Brune
nd Ellis, 1997), petrolatum or petroleum jelly (e.g. Heuret et al.,
007; Bajolet et al., 2013) and paraffin oil-petrolatum mixtures
Duarte et al., 2013, 2014; Edwards et al., 2015). The latter two

aterials have in particular been used to coat the subduction zone
nterface in subduction experiments. Recently, visco-elastic foams
ave been used to simulate the seismic cycle on faults such as large
trike-slip faults (Caniven et al., 2015).

In the last decade, a variety of materials with a composite rhe-
logy have been investigated that might be suitable to simulate
he complex rheological behaviour of the crust, lithosphere and/or
ub-lithospheric mantle. These materials in particular include
elatins and Carbopol hydrogels (Table 2). The rheology of the

aterials is dependent on several parameters, such as temper-

ture, composition, concentration, pH (Carbopol) and strain rate
Carbopol, gelatins). The dependence on composition and concen-
ration therefore allows one to adjust the rheology (Di Giuseppe
eodynamics 100 (2016) 7–32 19

et al., 2009, 2015). Gelatins have been mostly used to simulate
intrusion processes in the upper crust because of their elastic-
brittle rheology (see Di Giuseppe et al., 2009 and references therein;
Kavanagh et al., 2015). More recently, the elastic behaviour of
gelatins has also proven efficient to run laboratory models of the
earthquake cycle along subduction megathrust faults (e.g. Corbi
et al., 2013). Di Giuseppe et al. (2009) showed that gelatins have
in fact visco-elastic-brittle properties and could be used to simu-
late the lithospheric rheological layering in presence of a vertical
temperature gradient. However, the authors indicate a Reynolds
number of ∼102–103 in the sol state of gelatins. Such a high
Reynolds number indicates that such materials are not suitable to
simulate the sub-lithospheric mantle (see Section 3.3). Carbopol
hydrogels have been recently used to study convection (Balmforth
and Rust, 2009; Darbouli et al., 2013; Kebiche et al., 2014), ther-
mal  plumes (Davaille et al., 2013), and strain localisation in ductile
strike-slip shear zones (Schrank et al., 2008). An advantage is that
Carbopol promotes strain localisation with shear thinning, allowing
one to better simulate natural shear zones (Schrank et al., 2008).

In case viscous materials are used in analogue experiments,
scaling of viscosity should be performed. Natural viscous mate-
rials obey a power flow law linking stresses to strain rate ε̇ (e.g.
Weertman, 1978; Kirby, 1985), as follows:

�n = ε̇�  (32)

where � is a material constant corresponding to the viscosity when
n = 1. Stress exponent n depends on whether the flow occurs by
diffusion creep, in which case n ≈ 1 (linear flow law) and the mate-
rial is linear viscous (Newtonian), or dislocation creep, in which
case n ≈ 3–5 (power flow law) and the material is non-linear vis-
cous (e.g. Carter, 1976; Kirby and Kronenberg, 1987; Wang et al.,
1994). Thus, to fulfil dynamic similarity with a correct balance of
stresses between the model (superscript m)  and the natural proto-
type (superscript p), the following equation can be written:

(�n)m

(�n)p = ε̇m�m

ε̇p�p
(33)

and considering that strain rate is a measure of a velocity over
a length scale, we can rearrange to:

(�n)m

(�n)p = �mtp

�ptm
(34)

In Eq. (34), the stress exponent n should be similar for the
model and the natural prototype to ensure dynamic similarity
(Weijermars and Schmeling, 1986).

4.3. Rheological layering approaches

In analogue modelling, dynamic similarity requires rheolog-
ical similarity, and thus rheological scaling of analogue models
(Weijermars and Schmeling, 1986). To achieve rheological simi-
larity in analogue models, three different rheological approaches
have been used to simulate the rheological layering through the
lithosphere and sub-lithospheric mantle (Fig. 3), and some of these
approaches have also been used to represent rheological strati-
fication in sedimentary basins. The scaling approach observed in
the presence of a layering follows the scaling of densities or den-
sity contrasts, as reported in Section 3 (Eqs. (8) and (9) or Eqs.
(13) and (14)). Furthermore, the analogue modeller has to con-
sider scaling rheology in each layer. If a layer of granular material is

present to simulate the brittle upper crust and, possibly, the upper
lithospheric mantle, the model can thus be scaled for friction and
cohesion in the granular layer(s). In case layers of viscous materials
are present, scaling of viscosity should also be performed.
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Table 2
A list of materials with linear viscous, non-linear viscous, visco-plastic and complex ductile rheologies used in analogue modelling, with indication of their rheological
peculiarity(ies) and associated purpose in laboratory models.

Material Rheological peculiarity(ies) Purpose References

Paraffin wax Temperature-dependent apparent
viscosity

Simulate the upper and lower crust R Cobbold (1975) Jacoby (1976) R Neurath and Smith
(1982) R Mancktelow (1988) Shemenda (1993) Chemenda
et  al. (1995) Brune and Ellis (1997) R Rossetti et al. (1999)
Boutelier and Oncken (2011)

Paraffin oil Newtonian with weak viscosity Lubricant Boutelier and Oncken (2011) R Duarte et al. (2014)
Petrolatum Strain and strain-rate dependent Lubricant Corti et al. (2003) Cerca et al. (2004) Mart et al. (2005)

Schreurs et al. (2006) Pastor-Galán et al. (2012) R Duarte
et  al. (2014)

Plasticine Temperature-dependent, strain
hardening, and strain-rate
softening

Simulate dislocation creep in the
lithosphere
Simulate a layering if a temperature
gradient is present

R McClay (1976) R Peltzer et al. (1984) R Weijermars (1986)
R; Kobberger and Zulauf (1995) R Schöpfer and Zulauf
(2002) R Zulauf and Zulauf (2004)

Silicone polymers Newtonian at experimental (low)
strain rates (10−5-10−2 s−1)

Simulate long-term viscous deformation of
lower crust and lowermost lithospheric
mantle

R Dixon and Summers (1985, 1986); Dixon and Summers,
1985 R Weijermars (1986) R Weijermars and Schmeling
(1986) Davy and Cobbold (1991) Nalpas and Brun (1993)
Faccenna et al. (1999) Bonini et al. (2000) Koyi (2001) R ten
Grotenhuis et al. (2002) Schrank et al. (2008)

Syrups and honey Newtonian Simulate diffusion creep in the
sub-lithospheric mantle

Kincaid and Olson (1987) Davy and Cobbold (1988)
Griffiths and Campbell (1990) Ratschbacher et al. (1991)
Schellart et al. (2002a,b) Schellart et al. (2003) Funiciello
et  al. (2003, 2006) Schellart (2004a) Schellart (2008)
Schellart (2010b) R Schellart (2011) Kerr and Mériaux
(2004) Cruden et al. (2006) Schueller and Davy (2008)
Mathieu et al. (2008) Guillaume et al. (2009, 2010) Davaille
et  al. (2011) Duarte et al. (2013)
Chen et al. (2015a,b)

Water Newtonian Simulate diffusion creep in the
sub-lithospheric mantle

Shemenda (1992, 1993) Chemenda et al. (1995, 1996,
2000) Boutelier et al. (2003) Boutelier and Oncken (2011)
Boutelier and Cruden (2013)

Gelatins Viscoelastic-brittle in their
gel-state and viscous in their
sol-state
Rheology depends on temperature,
composition, concentration, and
strain rate

Simulate the viscoelastic-brittle behaviour
of the crust/lithosphere
Simulate a layering if a temperature
gradient is present

R Di Giuseppe et al. (2009)

Carbopol® hydrogels Viscoelastic-brittle strain softening
and strain-rate softening
Rheology depends on composition,
concentration, pH, and
temperature

Simulate the viscoelastic-brittle behaviour
of the crust/lithosphere
Simulate the convective mantle

Schrank et al. (2008)
Balmforth and Rust (2009)
Darbouli et al. (2013) Davaille et al. (2013) Kebiche et al.
(2014) R Di Giuseppe et al. (2015)

Silicone polymers with
granular fillers

Newtonian to visco-elastic with
increasing filler content
Strain-rate dependent

Simulate long-term viscous deformation of
lithospheric plates at experimental low
strain rates

R ten Grotenhuis et al. (2002) R Boutelier et al. (2008)

Silicone polymers
mixed with plasticine

Viscoelastic-plastic strain
hardening and strain-rate
softening
Temperature dependent

Viscoelastic-brittle behaviour of the
crust/lithosphere
Enhance ductile creep processes
Simulate a layering if a temperature
gradient is present

R Boutelier et al. (2008) Schrank et al. (2008)

Silicone polymers
mixed with plastilina

Rheology depends on deformation
history

Not yet used in analogue models R ten Grotenhuis et al. (2002)

Plasticine mixed with
granular fillers

Power-law exponent increases
with filler content

Simulate dislocation creep in the
lithosphere
Simulate a layering if a temperature
gradient is present

R Zulauf and Zulauf (2004)

Plasticine mixed with
oil

Power-law exponent decreases
with increasing oil content

Simulate dislocation creep in the
lithosphere
Simulate a layering if a temperature
gradient is present

R Schöpfer and Zulauf (2002) R Zulauf et al. (2003) R Zulauf
and Zulauf (2004)

Petrolatum-paraffin oil Strain and strain-rate dependent Lubricant R Duarte et al. (2014)

R
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indicates rheology studies.

.3.1. Isothermal brittle-viscous rheological layering
The first approach on lithospheric layering consists of using

aterials with different rheologies and isothermal experimental
onditions. Precursor models were dedicated to simulate crustal
nd lithospheric scale processes using for instance sand and sili-
one polymers for brittle and ductile behaviour, respectively (e.g.

augere and Brun, 1984; Davy and Cobbold, 1988, 1991). Mod-
ls from Davy and Cobbold (1988, 1991) were set to approximate
redicted strength profiles of the lithosphere and asthenosphere.
his approach has been widely used in modelling of large-scale
tectonic processes such as lithospheric shortening, continental col-
lision and fold and thrust belts (Davy and Cobbold, 1988, 1991;
Cotton and Koyi, 2000; Keep, 2000; Martinod et al., 2000; Burg
et al., 2002; Bonini et al., 2003; Sokoutis et al., 2005; Willingshofer
et al., 2013; Cruden et al., 2006; Nilforoushan and Koyi, 2007;
Schueller and Davy, 2008; Riller et al., 2010; Fernández-Lozano

et al., 2011; Farzipour-Saein et al., 2013; Calignano et al., 2015),
subduction (Faccenna et al., 1999; Willingshofer et al., 2013; Luth
et al., 2013a), back-arc extension (Faccenna et al., 1996; Schellart
et al., 2002a,b; Schellart et al., 2003), back-arc tectonic inversion
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Fig. 3. Schematic strength profiles illustrating (a) how the rheological layering observed in nature is approximated using (b, c, d) three different approaches in analogue
modelling of geological and geodynamic processes. (a) Examples of natural strength profiles deduced from experiments on rocks. (b, c, d) Examples of strength profiles
used  in analogue models. CL and OL indicate continental and oceanic lithosphere, respectively. BM,  VM, and PM indicate brittle, viscous, and plastic materials, respectively.
Numbers in superscript indicate the following references: (1) Brun, 1999; (2) Précigout and Gueydan, 2009; (3) Corti et al., 2003; (4) Kohlstedt et al., 1995; (5) Davy and
C ) Autin
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obbold, 1991; Keep, 2000, 2003; Sokoutis et al., 2005; Willingshofer et al., 2013; (6
993; Funiciello et al., 2003, 2006, 2008; Schellart, 2004a, 2008, 2010a; Bellahsen 

hen  et al., 2015a, 2015b; (9) Göğüş et al., 2011.

Munteanu et al., 2013), gravity spreading (Hatzfeld et al., 1997;
autier et al., 1999; Martinod et al., 2000; Schellart and Lister,
005), rifting (e.g. Vendeville et al., 1987; Allemand and Brun, 1991;
enes and Davy, 1996; Bonini et al., 1997; Lagabrielle et al., 2001;
ahroudi et al., 2003; Michon and Sokoutis, 2005; Autin et al.,
010), and core complexes (Malavieille, 1993; Brun et al., 1994). In
his approach, materials used to model the viscous layers include
ilicone polymers and syrups (Table 2). It should be noted that
rittle-viscous layering has also been simulated at the scale of the
pper crust (e.g. thrust belts) or sedimentary cover (e.g. salt tec-
onics) by alternating layers of sand and silicone polymers (e.g.

erle and Guillier, 1989; Vendeville and Jackson, 1992; Casas et al.,
001; Bahroudi and Koyi, 2003; Luján et al., 2006; Storti et al., 2007;
onini, 2007; Nilforoushan and Koyi, 2007; Koyi et al., 2008; Burliga
t al., 2012). Models have also been built to simulate processes
t the scale of layered sedimentary cover sequences, for example
o study folding mechanisms in fold and thrust belts (e.g. Perrin
t al., 2013). Silicone polymers are generally Newtonian viscous at
ow experimental strain rates and are used to simulate the lower
rust and lithospheric mantle. As such, they only approximate the
uctile behaviour of the prototype ductile layers that are gener-
lly thought to deform according to a power-law rheology and
hat may  show strain localisation due to strain softening mecha-
isms. Furthermore, syrups such as honey and glucose syrup are
lso Newtonian viscous (Schellart, 2011) and can be considered as
ood analogues to simulate the viscous sub-lithospheric mantle,
n particular if one assumes that diffusion creep is the dominant
eformation mechanism (e.g. Trubitsyn, 2012).

.3.2. Rheological layering with thermal gradient

In the second approach, the experimental model is subjected to

 vertical temperature gradient and the lithosphere, and in some
ases the sub-lithospheric mantle, are simulated with tempera-
ure dependent rheologies (Table 2) (e.g. Jacoby, 1976; Cobbold
 et al., 2010; (7) Boutelier et al., 2003; (8) Tapponnier et al., 1982; Shemenda, 1992,
2005; Guillaume et al., 2009, 2010; Duarte et al., 2013; Strak and Schellart, 2014;

and Jackson, 1992; Brune and Ellis, 1997; Rossetti et al., 1999;
Chemenda et al., 2000; Boutelier et al., 2003; Zulauf and Zulauf,
2004; Boutelier and Oncken, 2011). Thus, the models have the
advantage of including the effect of thermal readjustments dur-
ing model deformation. In addition, the layering of the lithosphere
is caused by the applied temperature gradient (not by layers of
different composition and rheology) because the rheology of the
analogue material is highly sensitive to temperature. The result-
ing strength profile of the model lithosphere generally exhibits
a relatively strong plastic part close to the surface and a weaker
plastic part below, of which the strength decreases with depth
(e.g. Boutelier and Oncken, 2011). In one group of models, experi-
ments are conducted with only one material, such as paraffin wax
(e.g. Jacoby, 1976; Brune and Ellis, 1997; Rossetti et al., 1999),
while in another group of models materials with different com-
positions are used, such as solid hydrocarbon materials and water
(e.g. Chemenda et al., 2000; Boutelier et al., 2003). Experiments
using this modelling approach have studied subduction (Jacoby,
1976; Chemenda et al., 2000; Boutelier et al., 2003; Boutelier
and Chemenda, 2008; Boutelier and Oncken, 2011; Boutelier and
Cruden, 2013), orogenic wedges (Rossetti et al., 2000), and rifting
(Brune and Ellis, 1997).

4.3.3. Thin sheet approach
In the third approach, the lithosphere rheology is approximated

using a single viscous or plastic rheology under isothermal condi-
tions, and an underlying viscous material can be present to simulate
flow in the sub-lithospheric mantle and/or to provide isostatic
support. No temperature gradient is applied, thus the rheolog-
ical layering of the lithosphere is not simulated. Models using

plastic material (plasticine) as analogue of the lithosphere have
investigated indentation and extrusion tectonics (e.g. Tapponnier
et al., 1982), and models using elasto-visco-plastic materials (solid
hydrocarbon compositional systems) have been used to study
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ubduction and subduction initiation processes (e.g. Shemenda,
992,1993). The plastic and elasto-visco-plastic analogue materials
sed in these experiments would generally simulate the litho-
phere, and water was generally used to model the sub-lithospheric
antle (Table 2). Other modellers have used viscous silicone

olymers to simulate the lithosphere (Table 2) in experiments
nvestigating subduction (e.g. Funiciello et al., 2003, 2006, 2008;
chellart, 2004a, 2008, 2010a; Bellahsen et al., 2005; Guillaume
t al., 2009, 2010; Duarte et al., 2013; Strak and Schellart, 2014;
hen et al., 2015a, 2015b), obduction (e.g. Agard et al., 2014;
dwards et al., 2015), delamination (e.g. Göğüş et al., 2011), and
ubducting plate-mantle plume interaction (Mériaux et al., 2015a,
015b). Here, syrups such as honey, glucose syrup and sucrose solu-
ion are generally used to simulate the sub-lithospheric mantle. In
ome cases, however, syrups have also been used to model sinking
labs (Kincaid and Olson, 1987; Olson and Kincaid, 1991; Griffiths
t al., 1995; Guillou-Frottier et al., 1995).

.4. Analogue materials applied to subduction modelling

Subduction modelling in the laboratory started with pioneering
odels by Jacoby (1973), who used a rubber sheet and water to

imulate the subducting lithospheric plate and the asthenosphere,
espectively. Since then, analogue modellers have improved on
he first subduction experiments from Jacoby (1973), using one of
he three rheological approaches for analogue materials reported
bove (section 4.3).

In the first rheological approach, models considering the litho-
pheric layering with no imposed vertical temperature gradient
ave been done using sand mixed with ethyl cellulose or feldspar
and as analogue of the upper crust, silicone putty as analogue of
he lower crust and lithospheric mantle, and glucose syrup or a

ixture of glycerol and sodium polytungstate as analogue of the
ub-lithospheric mantle (Faccenna et al., 1999; Regard et al., 2003;
uth et al., 2013a; Willingshofer et al., 2013). Here, an advantage
s that models allow investigating the effect of the strength of the
rittle and ductile layers on subduction evolution. In addition, the
tudy of crustal and lithospheric deformation at the margin (e.g.
y faulting) is possible. An obvious limitation of this rheological
pproach is that there is no thermal adjustment of the brittle and
iscous layers during deformation, and thickening or thinning of
ayers only occurs through mechanical processes. Another limita-
ion of experiments that use this rheological set-up is that they have
o far only been conducted using the combined (external+internal)
odelling approach (see Section 2.2). In these models, externally

mposed forces have not been quantified nor compared to the inter-
al buoyancy forces in the system. Thus, it is not known if these
xternally imposed forces are scaled with respect to the internal
uoyancy forces and how these external forces scale to forces in
ature.

In the second rheological approach, experiments imposing a
ertical temperature gradient used paraffin wax (Jacoby, 1976) and
olid hydrocarbon compositional mixtures (e.g. Chemenda et al.,
000; Boutelier et al., 2003; Boutelier and Oncken, 2011; Boutelier
nd Cruden, 2013) to simulate a temperature-dependent litho-
pheric strength profile. An advantage of these models is that they
llow the experimenter to simulate the effect of temperature vari-
tion during model deformation, such as rheological weakening of

 lithospheric plate that subducts into the hotter mantle or that
s thinned due to back-arc extension and thus heated because of
pwelling of hotter material. In addition, preparation of the exper-

mental lithospheric plates can be done with a predefined geometry

ince the melted materials can be pored into a rigid mould, after
hich they can be left to cool to room temperature and then placed

n the experimental tank as a strong rigid body that is easy to trans-
ort and handle. Another advantage is that by mixing the different
eodynamics 100 (2016) 7–32

base compounds with silicone polymers, granular fillers, and oil,
the apparent viscosity and density of the materials can be adjusted
according to the needs of the experimenter. Moreover, depending
on the mixtures, materials can be produced that are sensitive to
strain and strain-rate, and can be strain softening and strain-rate
softening (shear thinning) (e.g. Boutelier and Oncken, 2011). There-
fore, these materials can be seen as good rheological analogues
of the ductile parts of the lithosphere that deform predominantly
by dislocation creep (e.g. Hirth and Tullis, 1992). A limitation of
most experiments using this rheological approach, however, is the
use of water to model the sub-lithospheric mantle, as discussed in
Section 3.3. Indeed, water has a viscosity that is too low by sev-
eral orders of magnitude. As a consequence, viscous drag in the
mantle is negligible, causing slab sinking velocities to be too high,
thereby promoting inertial forces in the system that should be neg-
ligible in long-term natural subduction processes (e.g. Jacoby, 1976;
Meyer and Schellart, 2013). Furthermore, the use of water causes
the Reynolds number to be too high. For example, with a water
density of 1000 kg/m3, a typical length scale of 0.01–0.10 m, a typ-
ical subduction velocity of 10−3–10−2 m/s  and a water viscosity
of 10−3 Pa s, Re = 101–103. This indicates that fluid motion in the
model sub-lithospheric mantle, although possibly still laminar, is
not in the symmetrical flow regime but in the asymmetrical flow
regime with the formation of eddies and vortexes in the wake of
the sinking object (Hudson and Dennis, 1985) (e.g. slab). As with the
first rheological approach, experiments conducted with the second
rheological approach have so far only used the combined approach
(see Section 2.2).

In the third approach of models approximating the lithosphere
with a single rheology using isothermal experimental conditions,
a first set of studies has used plastic materials and water to sim-
ulate the lithosphere and sub-lithospheric mantle, respectively
(Shemenda, 1992, 1993). The models have the same advantages as
the experiments simulating a temperature-dependent lithospheric
strength profile, except for the lack of a temperature gradient. The
models also share the same disadvantages of using water for the
asthenosphere and using the combined approach. A second set
of studies has used viscous materials to simulate both the litho-
spheric plates and the sub-lithospheric mantle (Funiciello et al.,
2003, 2006, 2008; Schellart, 2004a, 2008, 2010a,b; Bellahsen et al.,
2005; Guillaume et al., 2009, 2010; Husson et al., 2012; Duarte
et al., 2013; Meyer and Schellart, 2013; Strak and Schellart, 2014;
Chen et al., 2015a, 2015b). This set of experiments uses a method
similar to the thin viscous sheet approach used in numerical mod-
elling (e.g. Bird and Piper, 1980; England and McKenzie, 1982;
Vilotte et al., 1982). A disadvantage is the lack of simulation of a
more realistic lithospheric strength profile by approximating the
rheological behaviour of the lithosphere to its long-term viscous
behaviour. Thus, this approach prevents the simulation of strain
localisation in the lithosphere, which rather occurs by widespread,
distributed deformation (Chen et al., 2015a, 2015b, 2016). How-
ever, these models have the advantage of allowing experiments
to be fully dynamic (i.e. internal approach, see Section 2.3), thus
allowing one to study the consequences of the different driving
and resisting forces on the subduction process. In recent develop-
ments of this rheological approach, viscously layered plates have
been constructed that have different effective viscosities, for exam-
ple to study delamination of a viscous lithospheric mantle from
a viscous continental crust (Göğüş et al., 2011), to study fore-
arc obduction and continental subduction of a viscously layered
continental lithosphere (Edwards et al., 2015), and to investigate
subducting plate-overriding plate-mantle interaction and overrid-

ing plate deformation with a subducting plate that includes a weak
visco-plastic crustal top layer (e.g. Duarte et al., 2013; Chen et al.,
2015a,b).
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. Recording and quantification

.1. What is recorded and what is quantified?

Recording pictures of laboratory models is crucial for qualitative
nd quantitative analysis. Commonly, analogue modellers docu-
ent experiments by recording images at a constant rate, allowing

he experimenter to visualise the evolution of the model, its state
t a given stage, and also to perform manual or algorithmic-based
ost-processing to quantify the kinematics and topography (Sec-
ions 5.2, 5.3, and 5.4). The type of images that analogue modellers
ecord depends on what information is required from the model to
etter constrain the natural prototype. In general, a surface view
map view) is used as it provides an element of direct compari-
on with the Earth’s surface. In addition, one or more side views
re frequently employed to give insights into model evolution at
epth, using transparent glass or perspex sidewalls for the box
ontaining the analogue materials. Side views can then be com-
ared to geophysical data obtained for the natural prototype, such
s data produced with seismic imaging. A limitation, however, is
hat side views generally provide the best view of the lateral edges
f a model, which might not necessarily reflect precisely the geome-
ry and processes occurring towards the centre of the model, except
hen the model geometry is laterally cylindrical and the boundary

ffects due to the sidewalls are limited. Additionally, a bottom view
an be used to have access to processes occurring at depth below
n opaque top layer. This can be useful, for instance, when motion
ccurs with a strong horizontal component at depth. Occasionally,
nalogue modellers also use oblique views in some specific circum-
tances, for instance to better visualise (qualitatively) topography
r by using two oblique cameras in case of the stereoscopic particle
mage velocimetry technique (see section 5.3).

Because in some cases it is important to have a visual of the inte-
ior of the model, non intrusive techniques such as X-ray Computed
omography (X-ray CT) scanning and seismic reflection have been
eveloped in the lab to image internal structures at any time dur-

ng the experiment. Analogue materials with different composition
nd/or contrasting bulk density can be used to visualise layering
n models analysed with an X-ray CT scanner as their attenua-
ion value differs (Colletta et al., 1991; Schreurs, 1994; Schreurs
t al., 2001; Panien et al., 2006; Adam et al., 2008, 2013). X-ray
T scanning moreover allows one to visualise structures such as
hear zones in granular materials as the density of shear zones
s reduced during dilatancy (e.g. Panien et al., 2006). The result-
ng images produced with the X-ray CT scanning technique can be
ross-sections of any direction as well as volumetric data (Adam
t al., 2013). Seismic reflection is also applied in sandbox mod-
lling and detects layers of granular material and shear zones (e.g.
herlock and Evans, 2001; Krawczyk et al., 2013). Images generally
roduced in this case are cross-sectional seismic profiles. Another
ay of accessing the internal structures of a model is to slice it up

t the end of an experiment. Analogue modellers can thus view fea-
ures observed in serial cross-sections (e.g. McClay, 1990; Lu and

alavieille, 1994; Schreurs, 1994; Cotton and Koyi, 2000; Sokoutis
t al., 2005; Graveleau et al., 2015), and then eventually digitise
hem to visualise their geometry in 3-D space using geomodelling
oftware such as goCad (e.g. Konstantinovskaya et al., 2009; Ferrer
t al., 2014). However, this method is applicable only at the end of
he experiments and offers limited insights into internal processes
ccurring during model evolution.

From the different types of imaging techniques reported above,
ne can quantify various parameters such as (1) lengths and shapes

o study the dimension and form of simulated geological features,
2) timescales that characterise the specific duration of mod-
lled geological processes, (3) kinematics through manual-based
r algorithmic-based post-processing, (4) and topography through
eodynamics 100 (2016) 7–32 23

the computation of digital elevation models. Below we  discuss
the main techniques of acquisition that have been developed to
investigate kinematics and topography in analogue modelling, with
applications to subduction experiments. The reader is also referred
to Graveleau et al. (2012) for recording and quantification in accre-
tionary wedge experiments.

5.2. Kinematic measurements with manual-based
post-processing

Kinematic measurements are useful to obtain values of dis-
placements, velocities, and deformation, and to study how these
values evolve in time, thus giving insight into their past evolu-
tion in nature. Quantifying motion and deformation in models
requires the use of passive markers that can be tracked in succes-
sive pictures. The first methods employed to study the kinematics
in analogue modelling were done by drawing reference marks such
as bands (Tapponnier et al., 1982), lines (e.g. Davy and Cobbold,
1991; Michon and Sokoutis, 2005; Rosas et al., 2015), grids (e.g.
Davy and Cobbold, 1988; Faccenna et al., 1996; Bonini et al., 1997;
Schellart et al., 2002a,b; Bahroudi et al., 2003; Bellahsen et al.,
2003; Fournier et al., 2004; Sokoutis et al., 2005; Cruden et al.,
2006; Nilforoushan and Koyi, 2007; Koyi et al., 2008; Schueller
and Davy, 2008; Dell’Ertole and Schellart, 2013) and circles (e.g.
Marques and Cobbold, 2002), or by placing passive markers such
as spheres on top and/or on the sides of the models (e.g. Martinod
and Davy, 1994; Schellart, 2004a). Drawing marks on models has
been done using ink, a transfer method (e.g. Cruden et al., 2006),
by placing granular materials such as coloured sand (e.g. Cotton
and Koyi, 2000; Fournier et al., 2004), or by scratching the model
surface (Marques and Cobbold, 2002). In models where deformed
granular materials are observed in cross-section, layers of different
colour are generally used as an equivalent of initially horizontal
sedimentary strata, and they can be tracked during deformation to
evidence uplift, subsidence, and folding (e.g. Konstantinovskaia and
Malavieille, 2005). Individual coloured sand grains have also been
used to track particle trajectories in accretionary wedge experi-
ments (e.g. Konstantinovskaia and Malavieille, 2005). In models
using a material influx, injected fluids are often dyed to provide
a contrast with the overburden material, thus giving opportunity
to follow their motion (e.g. Griffiths et al., 1995; Kerr and Mériaux,
2004; Mériaux et al., 2015a,b). Additionally, it can be noted that
some elements in models present a natural contrast with the sur-
rounding material, making them usable as markers. Such elements
can be the contours of a dark lithospheric plate made of silicone and
iron powder in subduction experiments, which provide a good con-
trast with the surrounding transparent glucose syrup simulating
the sub-lithospheric mantle (e.g. Schellart, 2004a).

By manually tracking passive tracers reported in the above
paragraph, measuring displacements and velocities punctually in
models is relatively simple, provided that the size of one pixel
on the picture is known accurately. In subduction experiments,
quantifying motion and velocity of the trench, trailing edge of the
subducting plate and, when present, trailing edge of the overrid-
ing plate is common (e.g. Jacoby, 1973; Kincaid and Olson, 1987;
Guillou-Frottier et al., 1995; Funiciello et al., 2003; Schellart, 2004a;
Duarte et al., 2013; Chen et al., 2015a). When measuring displace-
ments and velocities, data accuracy and precision depend on pixel
resolution. Precision is generally of 1–2 pixels and accuracy can be
optimised by adjusting the interval time over which the displace-
ment is observed. The trajectory of spherical passive tracers has also
been used to determine slab motion at depth (e.g. Schellart, 2004a,

2005). Furthermore, to study the pattern of the sub-lithospheric
mantle flow, Schellart (2008, 2010b) manually tracked tiny air
bubbles in the glucose syrup to visualise their trajectory over a
relatively short time, revealing the poloidal and toroidal compo-
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ents of mantle flow. To investigate the anisotropy due to flow
n the sub-lithospheric mantle, the long-axis orientation of small
ylinders has been used as an approximation of the olivine fast
-axis orientation (Buttles and Olson, 1998; Druken et al., 2011).
inally, in analogue modelling grids and circles can be used to infer
isplacements, velocities, and deformation of multiple points. For

nstance, from a deformed grid Davy and Cobbold (1988) estimated
he area of large-scale zones deformed by lateral escape and con-
inental thickening. Another example is the use of a square grid
y Marques and Cobbold (2002) to map  surficial displacements,
nd of horizontal circles to mark deformation as they evolve into
train ellipsoids. Boutelier and Cruden (2008) also used passive
arker grids imprinted on top of the subducting and overriding

lates in their models, and they deduced the horizontal displace-
ents and strains manually. However, measuring displacements

nd velocities for a high number of locations using manual-based
ost-processing tools is difficult and time consuming, and the use
f algorithmic-based post-processing is preferable. Similarly, using
omputer algorithms is more appropriate to quantify deformation
n experiments.

.3. Kinematic measurements with algorithmic-based
ost-processing

Using algorithmic-based post-processing techniques is nowa-
ays widespread in analogue modelling to compute displacement
elds, velocity fields, and strain fields. Algorithms have been used
o compute displacement and strain fields from square grids and
rids made of points (e.g. Bellahsen et al., 2003; Fournier et al.,
004; Duarte et al., 2013; Chen et al., 2015a, 2015b). Such algo-
ithms include the software Dynel (Maerten and Maerten, 2006)
sed in subduction modelling by Bellahsen et al. (2003), and SSPX
Cardozo and Allmendinger, 2009) used in subduction experiments
y Duarte et al. (2013) and Chen et al. (2015a, 2015b). Note that with
uch methods the deformation grid needs to be digitised before-
and (e.g. Fournier et al., 2004; Duarte et al., 2013). Alternatively, a
atlab script can be used to compute the displacement and strain

elds from the corners of a square grid (Nilforoushan and Koyi,
007). With such methods the spatial resolution is mostly deter-
ined by the resolution of the grid imprinted on the model, and

herefore it is difficult to achieve high spatial resolution.
In the 2000s, geodynamic analogue modelling has started to

se the Particle Image Velocimetry (PIV) technique to compute
isplacement fields from which velocity fields and strain fields
re derived. This technique was first developed for fluid dynamic
nalysis (see reviews by Grant, 1997; Raffel et al., 2007) and
hen, amongst other disciplines, started to be used in geodynamic
nalogue modelling to study deformation in accretionary wedges
Hampel et al., 2004; Adam et al., 2005; see review by Graveleau
t al., 2012 and references therein), subduction-induced mantle
ow (e.g. Kincaid and Griffiths, 2003, 2004), and thermal convec-
ion (e.g. Davaille and Vatteville, 2005; Kumagai et al., 2007). The
IV technique compares photos of the model taken at a regular time
nterval, and automatically recognizes motion by tracking groups
f particles randomly distributed or any textural pattern inherently
resent in an analogue material. Therefore the model needs to con-
ain particles of which the colour or grey level (for monochrome
mages) contrasts with the bulk analogue material, but which move
assively when the material is deformed. The particles provid-

ng contrast can be placed inside the analogue material, such as
raphite powder in granular materials (Graveleau and Dominguez,
008; Strak et al., 2011) or grains of various compositions natu-

ally present in sand (e.g. Hampel et al., 2004; Adam et al., 2005),
nd particles illuminated by a light sheet or laser sheet in trans-
arent glucose syrup (e.g. Kincaid and Griffiths, 2003, 2004; Strak
nd Schellart, 2014, 2016). Alternatively, the tracked particles can
eodynamics 100 (2016) 7–32

be sprinkled on top of the model for PIV analysis of the model sur-
face (e.g. Boutelier and Oncken, 2011; Chen et al., 2016). A textural
pattern such as observed with walnut shells and pores can also be
detected, provided the pattern itself does not deform between two
pictures (Cruz et al., 2008).

The method to track the displacement of patterns of parti-
cles in 2-D involves a cross-correlation technique. The technique
uses an interrogation window, computes its spectral signature in
a reference image (time t), and moves the interrogation window
incrementally to find the equivalent spectral signature in an image
taken at a later time step (t + dt). Using a digital Fourier transform
(see details in Raffel et al., 2007), a correlation map is then produced
of which the correlation peaks correspond to the most likely local
displacement vectors (e.g. Adam et al., 2005). Note that other image
correlation methods exist (see in Grant, 1997; Raffel et al., 2007).
However, the cross correlation method reported above is the most
used in geodynamic analogue modelling. The PIV technique con-
veniently produces a displacement field with vectors on each node
of a grid of which the resolution depends on the size of the inter-
rogation window (e.g. Raffel et al., 2007). It can provide sub-pixel
(<0.1 pixel) correlation accuracy when the size of the interroga-
tion window, the seeding density of particles, and the time lapse
between two  correlated images (controlling the displacement) are
optimised. Moreover, it is possible to improve correlation accuracy
to 0.03-0.2 pixel as well as data resolution using an overlap when
the interrogation window is moved, and using multi-pass interro-
gation algorithms (Adam et al., 2005; Raffel et al., 2007). In addition,
some commercial PIV equipment (e.g. LaVision, GmbH) comes with
a textured calibration board that allows scaling and correcting the
images through the creation of a mapping function (e.g. Adam et al.,
2005).

It should be noted that in addition to the PIV technique, other
techniques to compute displacements exist and have been used,
such as the Particle Tracking Velocimetry (PTV), the Feature Track-
ing (FT), and the optical flow techniques. The PTV technique tracks
individual tracers and is best suited for a low seeding density
of particles (Raffel et al., 2007). Therefore, its displacement field
resolution is less than when using the PIV technique. As the
PTV technique, the FT technique tracks individual particles (e.g.
Funiciello et al., 2006). However its image correlation method uses
an interrogation window similarly as the PIV technique, thereby
improving calculation accuracy in comparison to the PTV tech-
nique. Another technique called optical flow (e.g. Gibson, 1950;
Horn and Schunck, 1981) can use a similar cross-correlation as
the PIV and FT techniques (e.g. Bernard et al., 2007; Graveleau
and Dominguez, 2008) but is based on a different tracking method,
which estimates motion between two images using the brightness
patterns (Horn and Schunck, 1981).

Despite the diversity of techniques to track particle motion
and compute displacement fields, the PIV technique has been the
most widely used in geodynamic analogue modelling (e.g. Kincaid
and Griffiths, 2003, 2004; Hampel et al., 2004; Adam et al., 2005;
Davaille and Vatteville, 2005; Hoth et al., 2006, 2007, 2008; Yamada
et al., 2006; Kumagai et al., 2007; Nilforoushan and Koyi, 2007; Cruz
et al., 2008; Schrank et al., 2008; Konstantinovskaya et al., 2009;
Schrank and Cruden, 2010; Boutelier and Oncken, 2011; Leever
et al., 2011; Boutelier and Cruden, 2013; Corbi et al., 2013; Luth
et al., 2013b; Strak and Schellart, 2014; Kavanagh et al., 2015). Fur-
thermore, an advantage of the technique is that it can compute the
3 components of the displacement field on a plane. The technique
is called stereo PIV and makes use of two oblique cameras record-
ing the same area (Hampel et al., 2004; Adam et al., 2005; Strak and

Schellart, 2014) (Fig. 4). The stereo cross-correlation method builds
on the cross-correlation used in the 2-D PIV technique. First, the
two in-plane projections of the 3-D velocity vector are calculated
independently for each stereoscopic camera. Then, the out of plane
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Fig. 4. An example of quantification of the velocity field in an analogue model of upper mantle subduction using the stereoscopic Particle Image Velocimetry (PIV) technique.
(a)  Side view photograph of the subduction model taken from one out of two  stereoscopic cameras, illustrating the subducting plate and slab (in dark grey, made of a mix  of
silicone and iron powder) and the sub-lithospheric upper mantle fluid (light grey, made of glucose syrup, with white markers). A vertical laser sheet through the subduction
zone  and oriented perpendicular to the trench axis illuminates fluorescent particles mixed randomly in the transparent glucose syrup. IW indicates the interrogation window
used  for the stereo cross-correlation algorithm. Here a size of 64 pixels and an overlap of 50% were used during the stereo cross-correlation processing. The y-axis is
represented with a dot and is oriented perpendicular to the x-z plane. (b) Resulting 3-D velocity field in a vertical plane through the subduction zone. Note that yellow, orange
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omponent of the velocity vector is reconstructed from these two
n-plane projections (Raffel et al., 2007). With the cameras placed in
tereoscopic arrangement it is also possible to compute deforma-
ion on the surface affected by topographic changes (e.g. Adam et al.,
005). Another advantageous feature of the PIV technique is that it
as proven efficient in calculating velocity fields at very high time
esolution in laboratory models of the earthquake cycle (Rosenau
t al., 2009; Corbi et al., 2013; Caniven et al., 2015). Furthermore,

 recent method has been developed to compute the 3-D strain
n a volume by combining X-ray CT scanning and digital volume
echniques (Adam et al., 2013).

In subduction experiments, the PIV technique has been used
o map  streak patterns of the subduction-induced sub-lithospheric

antle flow in 2-D (Kincaid and Griffiths, 2003, 2004), the surficial
elocity field and strain field in the overriding plate (Boutelier and
ncken, 2011; Boutelier and Cruden, 2013; Chen et al., 2016), the 2-

 subduction-induced mantle flow velocity field (MacDougall et al.,
014), and the 3-D subduction-induced mantle flow velocity field

n individual planes (Fig. 4) (Strak and Schellart, 2014, 2016; Chen
t al., 2016). Funiciello et al. (2006) used a Feature Tracking (FT)
echnique to compute the subduction-induced mantle flow velocity
eld in 2-D.

.4. Topography

In the last two decades, new techniques have allowed the
onstruction of Digital Elevation Models (DEM) of the surface of
eodynamic analogue models, enabling experimenters to study
opography. Three different techniques are commonly used and
hey employ different acquisition devices. A first type of device
idely used is the laser scanner (e.g. Martinod and Davy, 1994;
erle and Abidi, 1995; Rossetti et al., 2000; Cruden et al., 2006;

illingshofer and Sokoutis, 2009; Willingshofer et al., 2013; Autin

t al., 2010; Fernández-Lozano et al., 2011; Husson et al., 2012; Luth
t al., 2013a; Farzipour-Saein et al., 2013; Calignano et al., 2015). An
dvantage of the laser scanner is that it digitises directly topogra-
te velocity vectors going into the picture. A smoothing was used in postprocessing,
ic PIV technique and its usage in subduction modelling can be found in Strak and

phy without the need of recording pictures. However, a limitation
is that digitalising topography for large model surfaces can be time
consuming, and it often requires the model to be stopped. A second
technique used to digitise topography is the fringe projection tech-
nique (Graveleau and Dominguez, 2008; Galland et al., 2009; Strak
et al., 2011; Viaplana-Muzas et al., 2015). A laser interferometer
projects fringes at the surface of the model and a camera records
pictures simultaneously from above (Graveleau and Dominguez,
2008). A post-processing method then allows to compute the DEM
using an unwrapping program. As with the laser scanner tech-
nique, this technique generally requires the modeller to stop the
experiment during recording. A third technique employed to com-
pute topography is by stereo photogrammetry (Donnadieu et al.,
2003; Fischer and Keating, 2005; Schrank and Cruden, 2010; Riller
et al., 2010). An advantage of this method is that it does not require
any interruption of the model since it is based on pictures only.
Another advantage is that this technique can be used in combi-
nation with a stereoscopic PIV technique. Therefore, it is possible
to compute topography and 3-D velocity/strain fields at the same
time (e.g. Adam et al., 2005). The three techniques share a very
good 3-D resolution of 0.1-0.5 mm.  In subduction experiments, the
subduction-induced topography has been digitised using a laser
scanner (Luth et al., 2013a; Husson et al., 2012; Willingshofer et al.,
2013; Martinod et al., 2013).

6. Conclusions

In this review paper we have discussed the analogue modelling
technique that has been used for some 200 years to investigate
geological phenomena and geodynamic processes. From this work
we draw the following conclusions:

1. Three fundamental modelling approaches can be defined in

analogue modelling: (1) The external approach, (2) the combined
(external+internal) approach, and (3) the internal approach (Fig. 1).

2. In the external approach, energy is added to the experimental
system through the external application of a velocity, temperature
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radient or a material influx (or a combination thereof), and so
he system is open. Furthermore, all deformation in the system is
riven by the externally imposed condition. The external approach

s mostly used to model microscale, mesoscale and upper crustal
rocesses, which are generally driven by far-field tectonic forces
ather than internal forces, thereby justifying the approach.

3. In the combined approach, energy is added to the exper-
mental system through the external application of a velocity,
emperature gradient or a material influx (or a combination
hereof), and so the system is open. Here, deformation is partly
riven by the externally imposed condition and partly by buoyancy
orces internal to the system. The combined approach is mostly
sed to model upper crustal to mantle-scale processes.

4. In the internal approach, all deformation is driven by buoy-
ncy forces internal to the system and so the system is closed and no
nergy is added during an experimental run. The internal approach
s generally used to model upper crustal to mantle-scale processes.

5. The internal approach uses mostly linear viscous rheologies
e.g. silicone and syrup) sometimes in combination with brittle (e.g.
ranular materials) or visco-plastic (e.g. paraffin-petrolatum mix-
ures) rheologies. Both the combined and external approach use a
arger variety of materials with different rheologies such as linear
iscous, non-linear viscous, brittle, plastic, visco-plastic and visco-
lasto-plastic rheologies (e.g. syrups, silicones, granular material,
lay, plasticine, hydrocarbon composites, waxes, paraffin, petrola-
um, gelatin).

6. The internal approach has the advantage that internal driving
orces (buoyancy forces) can be accurately quantified and scaled,
nd can be compared to the internal resistive forces. The combined
pproach has the disadvantage that, in order to properly scale to
ature, the externally imposed force or added energy needs to be
uantified and compared to the internal buoyancy force or potential
nergy of the system. This is generally never done in experiments
hat use this approach, and so it is not known if these experiments
re properly scaled with respect to nature.

7. The scaling theory requires that analogue models are geo-
etrically, kinematically and dynamically similar to the natural

rototype. Although experiments using the combined approach
an be geometrically and kinematically similar, dynamic similar-
ty cannot be guaranteed unless the externally imposed force or
dded energy is quantified and compared to the internal force or
nergy. One way to gauge if dynamic similarity is approximately
chieved is through investigating the developing topography in the
xperiment.

8. Topography is often exaggerated in analogue models, which
an be ascribed to: (1) The lack of isostatic compensation, which
auses topography to be too high. (2) The lack of erosion, which
auses topography to be too high, although the reduction of
opography with erosion is reduced in isostatically supported
xperiments due to isostatic rebound (Eq. (28)). (3) The incorrect
caling of topography when density contrasts are scaled (rather
han densities); Scaling of density contrasts requires an adjustment
f the scaled topography by applying a topographic correction fac-
or (Eq. (22)–(24)). (4) The incorrect scaling of externally imposed
oundary conditions in isostatically supported experiments; When
xternally imposed forces are too high, this creates topography that
s too high. Other processes that also affect surface topography in
aboratory models include surface tension for fluids and shear zone
ilatation in granular material. However, these will generally only
ffect the model surface topography on relatively short horizontal
ength scales of the order of several mm across material boundaries
nd shear zones, respectively.
9. A wide variety of analogue materials have been used in ana-
ogue modelling to simulate the different rheologies observed in
ature. Analogue modellers employ materials with diverse rhe-
logies such as viscous (e.g. syrups, silicones, water), brittle (e.g.
eodynamics 100 (2016) 7–32

granular materials such as sand, microspheres and sugar), plastic
(e.g. plasticine), visco-plastic (e.g. paraffin, waxes, petrolatum) and
visco-elasto-plastic (e.g. hydrocarbon compounds and gelatins).

10. One challenge is to simulate the rheological layering
observed in nature, which can only be approximated. Three rhe-
ological layering approaches can be defined: (1) a first approach
uses an isothermal brittle-viscous rheological layering with a litho-
sphere composed of 2, 3, or 4 layers; (2) a second approach employs
a vertical thermal gradient and plastic-dominant materials to sim-
ulate a depth-dependent weakening; (3) a third approach uses the
thin sheet approximation by simulating the long-term behaviour
of the lithosphere as a bulk viscous material.

11. Models using an isothermal brittle-viscous rheological layer-
ing better approximate the lithospheric strength profile. However,
they mostly use the external or combined approach and generally
do not scale the external forces added to the system.

12. Models using the vertical thermal gradient have the advan-
tage to better approximate the flow laws of ductile materials (lower
crust and lower lithospheric mantle). However, they generally lack
an upper brittle crust and an upper lithospheric mantle. They
also generally use water to simulate the sub-lithospheric mantle,
thereby leading to significant inertial forces.

13. Models using the thin sheet approach are the most simplistic
regarding the approximation of the rheological layering. However,
they mostly use the internal approach with its advantage that it
allows for a fully dynamic evolution of the models.
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