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Abstract. We present an experimental apparatus for 3-Dple experimental models, the rheological stratification of the
thermo-mechanical analogue modeling of plate tectonic prodithosphere is simplified and the strength variations induced
cesses such as oceanic and continental subductions, arby the temperature gradient through the lithosphere are simu-
continent or continental collisions. The model lithosphere, lated using various analogue materials with different physical
made of temperature-sensitive elasto-plastic analogue matgroperties (Davy and Cobbold, 1991; Schellart et al., 2003;
rials with strain softening, is submitted to a constant temper-Cruden et al., 2006; Luth et al., 2010). A drawback of this
ature gradient causing a strength reduction with depth in eackimplification is that the mechanical properties are retained
layer. The surface temperature is imposed using infraredhroughout the entire experiment regardless of temperature
emitters, which allows maintaining an unobstructed view of variations associated with vertical displacement.

the model surface and the use of a high resolution optical Experimental modeling with temperature-sensitive ana-
strain monitoring technique (Particle Imaging Velocimetry). logue materials allows incorporating these temperature vari-
Subduction experiments illustrate how the stress conditionitions and their mechanical consequences (Turner, 1973; Ja-
on the interplate zone can be estimated using a force sensebby, 1976; Jacoby and Schmeling, 1982; Kincaid and Ol-
attached to the back of the upper plate and adjusted via theon, 1987; Chemenda et al., 2000; Rossetti et al., 2000, 2001,
density and strength of the subducting lithosphere or the lu2002; Wosnitza et al., 2001; Boutelier et al., 2002, 2003,
brication of the plate boundary. The first experimental results2004; Boutelier and Chemenda, 2008; &mijet al., 2010). A
reveal the potential of the experimental set-up to investigateconductive temperature gradient imposed in the model litho-
the three-dimensional solid-mechanics interactions of litho-sphere controls the rheological stratification prior to defor-
spheric plates in multiple natural situations. mation (Boutelier et al., 2002, 2003, 2004). During defor-
mation, heat is naturally advected and diffused so that tem-
perature and strength change with time in various parts of the
model lithosphere (e.g. in the subducted lithosphere). How-
ever, due to the complexity of the thermo-mechanical ana-

Plate tectonic processes are characterized by very large sp/9u€ modeling technique, most thermo-mechanical models
tial and temporal scales. Consequently, geological data of4S€d & two-dimensional approximation. _ _

ten provide partial insights into their mechanics, and geo- \We developed a new apparatus allowing the implemen-
dynamic modeling, using either experimental or numericaltation of three-dimensional thermo-mechanical lithospheric-
techniques, is routinely employed to better understand theifcale models (Fig. 1). In this study, we describe the new
development in space and time. The experimental modelt€mperature-sensitive analogue materials, the advantages of
ing technique is particularly efficient to investigate three- the experimental set-up and the necessary assumptions. \We
dimensional phenomena (Davy and Cobbold, 1991; Bellahihen present expenm.ents |IIu_strat|ng two major features of
sen et al., 2003; Funiciello et al., 2003; Schellart et al., 2003the apparatus. The first one is the incorporation of a force

Cruden et al., 2006; Luth et al., 2010). However, in multi- Sensor recording the horizontal convergence-parallel tension
or compression in the model lithosphere (Fig. 1) and allow-

_ ing identification of some key parameters that control the
Correspondence tdD. Boutelier stress regime in the arc and back-arc area during oceanic sub-
m (david.boutelier@monash.edu) duction. The second major feature is that the temperature at
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Fig. 1. 3-D sketch of the experimental set-up. Two lithospheric plates made of hydrocarbon compositional systems rest on the asthenosphere
modeled by water. A temperature gradient is imposed in the model lithosphere. A thermo-regulator receives the temperature of the water
and at the model surface measured by 2 thermal probes and automatically adjusts the length of the heat pulses produced by the lower electri
heater and 4 infrared emitters. Plate convergence is imposed at a constant rate and a force sensor installed in the back of the upper plat
measures the force in the horizontal convergence parallel direction. Model strain is monitored using a Particle Imaging Velocimetry system
imaging the model surface. A second optional camera is employed to follow the model evolution from the side.

the surface of the model lithosphere is controlled and mainthe asthenosphere can be modeled with a low-viscosity fluid
tained using infrared emitters, which permit an unobstructedwater), whose unique role is to provide hydrostatic equilib-
view of the model surface (Fig. 1). In turns, this allows us- rium below the lithosphere. We acknowledge that the role of
ing the Particle Imaging Velocimetry (P1V) technique to pre- the asthenosphere is currently simplified (Bonnardot et al.,
cisely monitor, from above, the model deformation in time 2008a). The viscous interaction between the lithosphere and
and space (Hampel, 2004; Adam et al., 2005; Hoth et al.asthenosphere will be implemented in a later developmen-
2006, 2007, 2008). tal stage of our experimental set-up. However, before im-

plementing viscous interactions, it is necessary to develop

a three-dimensional apparatus standing on the earlier two-
2 General modeling scheme dimensional thermo-modeling apparatus.

If it is clear that the asthenosphere can be modeled with
The lithosphere is the superficial shell of the Earth capable ofa fluid, the mechanical behavior of the lithosphere is more
undergoing large quasi-rigid horizontal displacements withcomplicated. Laboratory measurements of rock strength ex-
strain-rates far lower than those experienced by the underrapolated to the conditions of pressure, temperature and
lying asthenosphere (Anderson, 1995). This definition pro-strain-rates characteristic of plate tectonics led to the devel-
vides the general framework for our modeling. Since the vis-opment of the Brace-Goetze strength profile for the rheologi-
cosity of the asthenosphere is several orders of magnitudeal stratification of the lithosphere (Goetze and Evans, 1979;
lower than the effective viscosity of the lithosphere (Mitro- Brace and Kohlstedt, 1980; Evans and Kohlstedt, 1995;
vica and Forte, 2004; James et al., 2009), it can only exert &ohlstedt et al., 1995). The mechanical behavior of the litho-
small shear traction on the base of the lithosphere (Bokelsphere is brittle near the surface and is mainly controlled
mann and Silver, 2002; Bird et al., 2008). Hence, whenby frictional sliding (Byerlee, 1978). However at greater
studying deformation in a limited area around the subduc-depth the lithosphere becomes more ductile, and with further
tion zone we can neglect the local effect of viscous couplingincrease of temperature and pressure with depth, the litho-
between the lithosphere and asthenosphere and replace gpheric behavior becomes more viscous (Ranalli and Mur-
larger-scale effect by the action of a piston. Consequentlyphy, 1987; Ranalli, 1997). One could then represent the
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oceanic lithosphere with a 3-layer model in which the upper- The scaling of stress is already set by the scaling of hy-
most layer is elasto-plastic with high brittleness, the seconddrostatic pressure gz where depthz scales with length.
layer is more ductile and the bottom layer is elasto-visco-Since the experiments are produced with normal gravi-
plastic. In this study, the oceanic lithosphere is simplified tational acceleration (i.eg* =1 or gm=gn=9.81ms?),
and represented by one unique elasto-plastic ductile layes™ = om/on = p* x L* =8.79x 1078 and a flow stress of
whose strength, however, decreases with depth because of 10 MPa at the bottom of the lithosphere mustbd Pa
the imposed temperature distribution. The latter is simpli-in the model, while a flow stress of 500 to 1000 MPa in
fied because we impose a linear conductive gradient througkhe stronger part of the lithosphere must be 44 to 88 Pa in
the lithosphere (i.e. no heat production), and an isothermathe model. Therefore, the analogue material employed to
sub-lithospheric mantle (i.e. vigorous convection). model the oceanic lithosphere should have a strengtho
Finally, since we are interested in the large deformation~ 100 Pa from the bottom to the top.
of the lithosphere, we must also consider the material strain- Before plastic failure, the lithosphere deforms elastically
softening behavior required in order to produce and main-with a shear modulu&,, of ~ 1 to 10x 10'°Pa (Dziewon-
tain lithospheric-scale shear zones. In the brittle layers ofski and Anderson, 1981). Since the dimensiorGofs that
the lithosphere, localization is a natural consequence of thef a stress, it must be scaled by the same ratit: There-
deformation mechanism. However, strain localization in thefore, the model shear modulus should be of the order bf
ductile regime is not fully understood. It may be promoted to 10x 10° Pa. However, measuring the shear modulus of a
by strain softening mechanisms such as dynamic recrystalvery weak material proved to be challenging and therefore
lization and shear heating (Poirier, 1980; White et al., 1980;the shear modulus could only be measured for low tempera-
Rutter and Brodie, 1988; Mo@si and Zuber, 2002; Hartz and tures corresponding to the surface of the model lithosphere.
Podladchikov, 2008), but the softening functions associatedHence, we must acknowledge that the elastic properties are
with these mechanisms are still being debated. An equivalenbnly approximately scaled.

efficient strain localization process (up+&b0 % softening) The scaling of time is chosen in order to scale the temper-
is obtained in our model lithosphere using specially designedature variations associated with deformation. The imposed
strain-softening elasto-plastic materials. velocity controls the advection of heat in the model, which

must be balanced with the diffusion. In order to maintain the
same balance between advection and diffusion as in nature,
the dimensionless ratiglL/k, with V being the velocity,L

the length, and the thermal diffusivity, must be the same

in the model and nature (Chemenda et al., 2000). Since the

in which geometric, kinematic and dynamic similarity be- : e
. scaling of length has been set already, the thermal diffusiv-

tween the natural prototype and the model are achieved b . : i
ty of the analogue materials controls the scaling of velocity

scaling-down lengths, time and forces (Buckingham, 1914; nd therefore of time. The later is simply defined in a kine-
Ramberg, 1967; Davy and Cobbold, 1991; Shemenda, 1994). .. . L . Py X
atic sense using the dimensionless rafid. wherer is the

When scaling relationships are fulfilled, the model behavestime The scaling of veloci d time is further detailed i
mechanically like the prototype but is manageable in a lab- ) g of velocity and time Is further detailed in
. Sect. 4.5.

oratory, and the effects of various key parameters can then
be tested using multiple, carefully designed, built and moni-
tored experiments. 4 Analogue materials

For conveniency the model lithosphere must be relatively
small. Hence, we decided that 1 cm in the model represent¥he employed analogue materials are thixotropic dispersions
35km in nature, which yields a length scaling facigr= of solid hydrocarbons and powders in oil possessing elasto-
Lm/Ln=2.86x10"". visco-plastic properties that are strongly dependent on tem-

The scaling of the all densities in the model is already perature. Like real rocks, the analogue materials exhibit
set by our choice of using water to represent the asthenovarious rheological behaviors for various temperatures and
sphere. The scaling factor for densitiesg%= pm/on = strain-rates, from linear viscous to non-linear viscous to plas-
3.08x 10°1 as 1000 kg m? represents 3250kgm™. Con- tic and brittle dilatant properties. The temperature and strain
sequently, an old, dense, oceanic lithosphere can be modeladtes of the model lithosphere are chosen so that the materi-
using a material with a density of 1040 kgfrepresent-  als can be considered purely elasto-plastic (i.e., not sensitive
ing 3380 kg nT2 in nature (i.e. with a negative buoyancy of to strain rate) with softening and thus satisfy the scaling re-
130 kg nT3), while the low-density continental crust can be quirements presented above.
modeled with material having a density of 860 kg¥wepre-
senting 2795 kg m in nature.

3 Scaling requirements

The principle of analogue modeling is based on scaling laws
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Table 1. Parameter values adopted for the mod@ie{ers to Exp. 2 anfl refers to Exp. 3), scaled to nature and scaling factors. The plastic
strength of the materials decreases with depth in each layer. In this table we indicate the strengths averaged over the layer thickness.

Parameters Model Nature  Scaling factor
ThicknessH (m) 2-Px1024+2x1074 7-10.89 x 104  2.86x 107
Plastic strengtl (Pa) 25-48 +2 25-4B x 108 8.79x 1078
Elastic shear modulus (Pa) ~1x 100 ~1x10®  879x10°8
Lithosphere density; (kg m—3) 1.0-1.04P %103 +48x10° 3.25-3.38Px 103  3.08x10°1
Asthenosphere densipga (kg m—3) 1.0x 103 +2x 1P 325x108  3.08x10°1
Thermal diffusivityx (m?s™1) 2.8x1078 £1.0x 1079 1.0x 1076 2.8x1072
Velocity V (ms™1) 2.50x 1074 £2.0x 1076 2.54x 1079 9.8x 10#
Timer (s) 315x 1013 92x101  292x10712
4.1 Composition 20
The materials are composed of various quantities of paraf-— st yield stress 10°
fin and microcrystalline waxes, Vaseline, and paraffin oil £ '° c
held together with a highly branched alphaolefin polymer. 3 | 1 04 %
The density is adjusted with the addition of a clay pow- % 10 plastic | | softening 5
der, which binds with the oil-based matrix via a water-in- § failure ; ; Plasticstrain |, 2
oil surfactant (phosphatidylcholine). The material employed @ o
for the neutrally-buoyant mantle lithosphere of Experiment1  ° elastic yield limit
has the following proportions: Vaseline (32.2wt%), min- | = "~ elasticstrain shear stress ——— 10
eral oil (32.2wt%), clay powder (23wt %), paraffin wax 0 ‘ ‘ ‘ ‘
8000 8500 9000 9500 10000 10500 11000

(6.3 wt %), alpha-olefin polymer (4.5 wt %), microcrystalline
paraffin wax (1.5wt %) and phosphatidylcholine (0.3 wt %).

time (s)

4.2 Mechanical testing Fig. 2. Procedure employed to measure the material’s mechanical

properties. A constant shear stress is imposed on the sample during

The mechanical properties of the materials have been meaesach time step, and then ramped up. For low shear stresses, the
sured at the Helmholtz-Zentrum Potsdam (GFZ) using ashear strain increases synchronously with the shear stress increase
Rheotec RC20 CPS rheometer with cone-and-plate geomeand then remains stable. When the plastic yield stress has been
try. The materials are liquid at a temperature greater than oféached, the shear strain increases rapidly during the constant-stress
equal to the melting point (45-3C). To measure the me- Créep step.
chanical properties of the materials at temperatures within
the range 37—43C used in the experiments, the sample is
first melted on the heating bottom plate of the rheometer ands maintained constant (Fig. 2). This type of test allows char-
the rheometer head is slowly lowered into the sample. Theacterizing the elastic shear modulus quantitatively, the plas-
temperature is then slowly lowered to 20 and the sample is tic yield stress, and the softening/hardening behavior quali-
kept at ambient temperature until full strength is developedtatively .
The temperature is finally slowly increased to and maintained
at the desired temperature of measurement. This protocol a.3 Elastic properties
lows having full coupling between the sample and both the
bottom plate and rheometer head. The hydrocarbon systems behave elastically for low shear

The material mechanical behavior at a specific temperastresses and the shear strain increases instantaneously each
ture is characterized in simple shear using a series of succesime the shear stress is incremented (Fig. 2). Therefore, us-
sive creep tests. A constant shear stress is imposed on thieg the creep tests before failure only, a linear regression of
sample for 120 s and then it is ramped up. With low shearthe stress-strain curve provides the elastic shear modulus
stresses, the materials behave elastically and shear strain ife = G x y). However, to be measurable, the shear strain
creases with shear stress (Fig. 2). When the yield stress imcrease must be sufficiently large. Large shear stress steps
reached, shear strain rapidly increases while the shear stregise. >~ 5 Pa) are therefore more suitable for quantifying the
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0.03 — T T T T T T T T We qualitatively characterized the softening/hardening be-
€ ook t—"/_ haV|c_)r using the creep test, during \_/vh|ch failure occ_urred.
s Y=1Gx71 A In this creep test, the shear stress is constant and is equal
o o002k  With G=2866 Pa e i to the yield stress. We observed that the shear strain in-
E A crease upon failure is best fitted with a degree-3 polynomial
g 0.015 ++ g function (i.e. constant acceleration) which is characteristic
% + of plastic softening (Shemenda, 1992). This allows us to af-
E 0.01F A T firm that our materials are softening and comparable to the
3 o005l +f,+"+ i materials developgd by A. Chemenda employed in earlier 2-

iy + experimental data"(r':':s:ﬁCt)m:l:m D thermo-mechamcal experiments (Cher_nenda et al., 2000;
oLt 7 L L L L L L L Boutelier et al., 2002, 2003, 2004; Boutelier and Chemenda,
20 0 40 %0 60 70 80 90 100 2008). These materials have been shown to soften by 20

shear stress (Pa)

to 50 % depending on temperature (Shemenda, 1992, 1993,
1994; Boutelier, 2004).

Fig. 3. Strain-stress curve obtained using the shear strain augmenta- 1h€ rheological stratification of the model lithosphere
tion synchronous with the shear stress growth prior to reaching thérior to deformation is obtained when the strength of all the
plastic yield stress. materials constituting the various layers of the lithosphere

is known for all the temperatures imposed inside the model

lithosphere. In the presented experiments, the lithosphere is
elastic properties but if the shear stress is increased in tognade of one single mantle layer and therefore the strength of
large steps, the precision on the yield stress is not satisfacne single material must be known. Figure 4 shows the vari-
tory. Finally, another restriction on the measurement of theations of the plastic yield stress of our material for the tem-
elastic properties arises when the plastic yield stress is smalperatures 38 to 43C. However, in the presented experiments
Then only a few data points can be collected, which is in-the surface temperature was@and the temperature of the
sufficient to derive a meaningful linear regression and thusasthenosphere was 4@. Within this temperature range, the
elastic shear modulus. Consequently, we adopted the followstrength decreases from 50 to 6 Pa (see inset in Fig. 4), which
ing strategy: corresponds to a decrease frorid & 108 to 6.8 x 10’ Pa in
nature.

Our materials exhibit ductile plastic failure, as permanent
deformation can be observed prior to failure in the stress-
e diagram and ductile flow can be observed around the
fault zone. However, the amount of plastic deformation prior

— For low temperatures<(39°C) the tests are conducted to failure decreases with the temperature. Therefore, our ma-

with |arger shear stress Steps a||owing measurement o\‘erials become more brittle (|e deformation is more local-
the elastic properties. ized) with lower temperature. Brittle plastic failure should

prevail near the model surface. However, it is not presently
The results reveal that the shear modulus decreases with temossible to implement brittle behavior in our experiments be-
perature increase but remains in the range of 1000 to 3000 Pgause brittleness is only obtained for very low temperatures,
which scales to 1.14 to.8x 10'°Pa in nature (Fig. 3). Char- when the materials are too strong. Furthermore, even if we
acterisation of the elastic properties thus remains incompletejyere able to modify our materials in order obtain more brit-
however, the presented values of the shear modulus are rate behavior near the surface together with a low strength,
bust since oscillatory tests (see Boutelier et al., 2008, for prewe would not be able to reproduce the strength increase with
cisions on oscillatory tests) also showed a dynamic storagejepth in this part of the model as our materials are sensitive
modulusG” (equivalent toG in dynamic tests) with the same  to temperature but not pressure. We acknowledge that the

— For high temperatures>(39°C), when the material is
weak, the mechanical test is performed using small
shear stress steps (1 or 2Pa) and the elastic properti
are not derived.

magnitude ¢ 1500 Pa). strength envelope is approximated near the model surface,
o and that deformation of the near surface is best modeled with
4.4  Plastic yield stress granular materials (e.g. Corti, 2008; Malavieille and Trul-

The plastic yield stress is measured using the same series g?nque, 2009; Malavieille, 2010).
successive creep tests used to characterize the elastic she43
modulus. When the imposed shear stress reaches or over-
comes the plastlc_: yleld.stress, d.eformat|on- becomes rapidiyte getermination of the material's thermal diffusivity is fun-
mugh larger and it continues during the entire creep step, alEJIamentaI since it conditioned the scaling of rate and time
lowing the rheometer to measure a shear rate. in the experiments. This parameter is measured using a 1-
D cooling approximation. A large sample is brought to a

5 Thermal diffusivity
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Fig. 4. Evolution of the plastic yield stress with temperature. The Fig. 5. The material thermal diffusivity is fitted with a 1-D cool-
plastic yield stress decreases with increasing temperature. Inseing solution. The best fit provides a thermal diffusivity aBX
Once the temperature gradient in the model lithosphere is known10 8 m2s1.
the experimental curve is used to draw the strength envelop of the
model lithosphere prior to deformation.
temperature is maintained without obstructing the view of the
model surface for optical strain monitoring and the horizon-
high temperature above the melting point and allowed to cookal convergence parallel force is measured at the back of the
down. The heat loss is restricted to the upper surface onlyupper plate.
and the temperature is monitored at a known depth below the
centre of the upper surface. In these conditions, a 1-D half5.1 Particle imaging velocimetry and surface heating
space cooling approximation is reasonable and the data can
be fitted with the analytical solution (Turcotte and Schubert,A major difficulty with 3-D experimental models is monitor-

1982): ing the model deformation in its center. Because we wish
to explore three-dimensional processes, the model is likely

T(z,t) = T+ (T; — To) Xerf( < ) (1) to _include along-strike va}riations of thg initiaI.conditions
2/kt which make the deformation process different in the center

and along the sides. Therefore the model side views are not
sufficient and it is necessary to monitor strain from the top.
Precise spatio-temporal strain monitoring is obtained using

whereT (z,t) is the temperature at depthand timer, T is
the external temperaturé; is the initial temperature and

is the thermal diffusivity. For our compounds, the best fit S . . .
is obtained with a thermal diffusivity of.8 x 1078 m?s-1 the Particle imaging velocimetry (EIV) tgchmque (Hampel,
(Fig. 5). Assuming that the modeled rocks have a therma00%: Adam et al, 200,5)’ a non-intrusive methpd for ac-
diffusivity of 1 x 108 m2s~1 (Turcotte and Schubert, 1982), gurate measurgment of mstaptaneous. velocity/displacement
thenk* = 2.8 x 10~2 and a scaling factor for velocity* = T'EIdS using an Image correla_ltlon technique. Our_ PIV system
Vin/ Vo= k*/L* = 9.8 x 10* can be derived from the dimen- is equped with _10 megapixel cameras enabllng a spatial
sionless ratiovL/k. This scaling factor means that a natu- resolution of the displacement below 0.1 mm while the tem-

ral subduction velocity of 8 cmyt (i.e. 254x 10-°ms-1) poral resolution is 0.1s. However, in the presented experi-
is 0.25mms? in the model. The sé:a{Iing factor for time is Mments the successive PIV images are taken at a time interval

therefore* = iy /tn = L*/ V* = 2.92x 10-12, which implies of 2to _5 s, which is suffilcient to monitor the slow model de-
that 1 Ma in nature (i.e..235x 10'3s) is 92 s in the model. formation ,(< 0'2,5 mms). _
To obtain satisfactory measurements of the displacement,
the PIV system requires an unobstructed view of the de-
5 Experimental apparatus forming surface and this surface must have a specific pat-
tern allowing small image sub-samples to be shifted incre-
The experimental set-up comprises a polycarbonate tanknentally in the x- and y-directions and correlated between
50x 50x 30 cn? filled with water representing the astheno- two successive images. It is the correlation of the specific
sphere (Fig. 1). The model lithospheric plates are built in apattern that yields the local displacement vector averaged
mold 40x 40x 6 cn®. The experimental tank is sufficiently over the surface-area of the image sub-sample (Adam et al.,
larger than the model plates (5 cm on each side) that the side&005). To obtain this specific pattern suitable for the correla-
can be considered to be free. The experimental set-up intion technique, dark particles have been sifted on the model
cludes two new features that are presented here. The surfaseirface. The difficulty with the use of the PIV technique
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per plate. The upper plate rests against a vertical plate at-

conductive gradient 2 T(°C)

_____ e (o Tesptice 5 tached to the back-wall of the experimental tank viaa 2.5N
50 force sensor. This set-up allows measuring the force in the
jg horizontal convergence-parallel direction. In this study we
44 present a quantitative analysis of the effects of slab buoy-
o 42 ancy, flexural rigidity and interplate friction on the interplate
2 ;Z stresses and produced stress/strain regimes in the arc area
] § 36 during oceanic subduction. However, the measurement of
g E gg the horizontal convergence-parallel stress is only really use-
[ 30 ful in a quantitative manner when the model is cylindrical and
22 the same process occurs at the same time across the entire
o4 width of the model. It is therefore best used in preliminary
22 experiments such as presented in this study. The rationale

for placing this force measurement system is that the effects
of some parameter values (densities, temperatures) on the in-
terplate stresses can be measured in cylindrical experiments

. ) ; and then the same effects can be assumed in more complex
the surface temperatuf® is measured using an infrared camera.

After 3 h of heating, the temperature field shows only one Smallnon—cyllndrlcgl models. . )
ridge associated with the plate boundary. The temperature varia- OUr modeling apparatus is computer-controlled and a sin-
tions across the model surface are otherwise smaller th&gola  gle computer simultaneously reads the force measured at the
this test the surface temperature was @8and the temperature of back of the upper plate and imposes the rate of the piston.
the asthenosphere was42. In the bottom right darker corner, the The force sensor is interrogated 30 times per second and the
model is masked. computer can either store the values and maintain conver-
gence rate at a set value or it can adjust the convergence rate
in order to achieve a set force. We have not yet fully tested
with thermo-mechanical models was to impose the surfacehis system and there are parameters that remain to be investi-
temperaturely while maintaining an unobstructed view of gated/’[uned_ For examp|e1 we presenﬂy don’t know the max-
the model surface. We solved this problem using infraredimum acceleration that should be allowed or how we should
emitters coupled to a thermal probe and a thermo-regulatofilter the force signal in real time in order to ignore the high-
(Fig. 1). Four 250 V/250 W infrared emitters equipped with frequency force variations that do not pertain to the model
large diffusers were placed 60 cm above the 4 corners of thenechanics. We will further discuss the future development
experimental tank and are oriented towards the center of tn@f the mode”ng apparatus andin particu|ar of dynamic mod-
model surface. The infrared emitters do not produce any vise|s in the discussion section.
ible light and the PIV cameras do not see the emitted infrared
waves. Therefore, the heating system is perfectly invisible to
the PIV strain monitoring system. The surface temperatures Results
is continuously measured by a thermal probe in one location
and the temperature value is given to the thermo-regulatos.1  Simple oceanic subduction experiments
which, depending on the temperature difference between the
set temperature and measured temperature, adjusts the lengtitra-oceanic subduction experiments comprise two model
of the pulses emitted by the infrared bulbs. This set-up al-lithospheric plates, each made of one single mantle layer.
lows having a surface temperature field that is relatively con-The overriding plate is 2@ 40x 2 cm while the subducting
stant (£0.1°C) in time and homogeneou4(.2°C) in space  plate is 25< 40x 2 cm. The plate boundary position and ge-
(Fig. 6). A similar system controls the temperature of the ometry are imposed and convergence is orthogonal to the di-
model asthenosphere, however the heating element is a simection of the trench. The experiments are cylindrical and can
ple 250V/2000 W electric resistance placed at the bottomthus be considered quasi-two-dimensional despite the rela-
of the tank, as in previous thermo-mechanical experimentatively large model width. Simple cylindrical intra-oceanic
set-ups (Chemenda et al., 2000; Boutelier et al., 2002, 2003sxperiments are performed for two principal reasons. First,

Fig. 6. Infrared image of the model surface. The homogeneity of

2004; Boutelier and Chemenda, 2008). the experiments are produced because the resulting scenarios
are more predictable and therefore these experiments allow
5.2 Force monitoring testing the stress and strain monitoring capabilities of the ex-

perimental set-up. The second reason is that the normal stress
In order to better understand the stress regime in the areneasured at the back of the overriding plate can be more di-
area during the processes of subduction and/or arc-continemectly related to the stress conditiomsgndz) exerted on the
collision, we placed a force sensor in the back of the up-plate boundary, which depends on several parameters such
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as the density and flexural rigidity of the lower plate or the friction by sifting a small amount of sand grains at the sur-

interplate friction. Here we present two simple experimentsface of the subducting plate. Therefore, the normal strgss

in which we varied the density of the subducting slab and therecorded at the back of the upper plate reflects the sum of

interplate friction. the compression due the flexural rigidity, the tension due to
In Experiment 1, the subducting lithophere is neutrally the slab pull and the compression due to the increased fric-

buoyant p; = ps) and the plate boundary is lubricated with tion. Of these 3 key parameters, only one is known from Ex-

a 0.1 mm-thick layer of parafine oih(=0.5Pas). We as- periment 1. However, the effects of the slab negative buoy-

sume that in this situation the shear traction is null. Figure 7ancy and high interplate friction evolve differently in time.

shows the model surface photographs at various stages witAt the begining of the experiment, the effect of the slab pull

the velocity vectors derived from the image correlation tech-force is minor because the slab is not developped yet. Con-

nigue and the incremental (i.e. between 2 successive imagesequently we recorded a normal stregsthat is larger than

convergence-parallel normal straifiyg). The PIV monitor-  that recorded in Experiment 1 (Fig. 8). Assuming that the ef-

ing yields vectors that are very honogeneous in both direcfect of the slab pull force can be neglected at the begining of

tion and magnitude within the subducting plate (Fig. 7a—c).the experiment, the stress difference between experiments 1

The model plate therefore moves as a quasi-rigid body. Theand 2 must be due to increased friction. We can therefore

upper plate does not move and is only slightly deformed dur-estimate the horizontal component of the friction foige

ing subduction initiation (Fig. 7a). Therefore plate conver- (Fig. 10c):

gence is only accomodated by sliding along the interplate

zone. In the conditions of this experiment, the normal stress /h = oxx X H x W — (Fp)n ®)

measured at the back of the upper plate is the horizontal comy, o,

pression due to the flexural rigidity of the plate (Shemenda,

1993). During subduction initiation, the stresg increases  Fr = (Fy)p/sin(a) = 1.16x 101N (6)

to a value of~ 12 Pa and then remains approximately at this ]

level during the rest of the experiment (Fig. 8). This normal @nd finally the depth-averaged shear stress

stress is due to the non-hydrostatic normal stegssxerted g « coga)

on the plate boundary by the subducting plate because it ret = TWxH

sists bending. Knowing the value of the normal stregs

within the upper plate we can estimate the horizontal com- After a short plateau, the recorded normal stiggsde-

ponent(Fp)h of the pressure forcf‘p_ Since we also know Creases and it keeps decreasing until the end of the experi-

the inclinationa, width W and thickness{ of the plate, we ~ ment. The steep geometry of the subducted slab (Fig. 9) re-

can estimate the magnitude of the pressure fatcand the veals that the decrease of the horizontal compression is due

depth-averaged non-hydrostatic normal stegssom which  to the slab pull force exerted by the subducting slab on the

—13Pa @)

it derives (Fig. 10a): interplate zone. In the presented experiment the horizontal
stress becomes very close to zero near the end of the exper-
(Fp)h=o0xx x Hx W =9.3x 102N (2) iment. In other similar experiments it has been possible to

obtain a tension. However, the magnitude of the tension can-

then not be very large because the plates are not strongly attached
Fo— (F)n/CO —108x10°LN 3 to the piston and back wall and would, under the effect of
p= (Fp)n/COS@) x @) a large tension, detach and move towards the center of the
and experimental tankoxy is due to the combined effects of the
horizontal component of the pressure force due to the slab
_  Fpxcoda) . .
hn=—— "~ =12Pa (4) negative buoyancyHp), the horizontal components of the
HxW pressure force due to flexural rigidity{1) and the friction
Note that it is possible to increase or decrease the flexuraforce (Ft):
rigidity of the subducting plate and thus the depth-averaged _
non-hydrostatic normal stress by adjusting, for example, the” > f x W = (Fpph+(F)h— (Fp2)h ®)
temperatures (and thus strength) in the model. We estimate the pressure force due to the slab negative buoy-

In Experiment 2, the subducting lithosphere is denser tharbmcypp2 (Fig. 10b):
the asthensphere by 4%. Consequently, the slab exerts a
pull on the plate boundary which subtracts from the com- Fp; = (Fp2)n/coSa) = —2.24x% 101N 9)
pression due the flexural rigidity. Also, since the viscosity . .
of our model asthenosphere is very low and the trailing edgeé®d the associated depth-averaged non-hydrostatic normal
of the plate is fixed, the negative buoyancy of the subduct-S"€Sn
ing lithosphere leads to the formation of a very steep slab Fp2 x coga)
(Fig. 9). In this experiment, we also increased the interplate’n =~~~ — = —25Pa (10)
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) = ——-=- 0.25 mm/s
time = 186 s, bulk shortening = 10% time = 326 s, bulk shortening = 18% time = 608 s, bulk shortening = 34%

Fig. 7. Surface views of the model in Experiment 1. Correlation of successive images allows the derivation of a velocity field (arrows). Note
that for clarity only 4 x 1/8 of all the velocity vectors are presented here. From the velocity field the normal strain in the convergence
direction Exx is derived. The magnitude dfyx is calculated using the displacement field computed between 2 successive images taken 5 s
apart (i.e. divide by 5 to obtain time-averaged strain rate). Both the vector field and the strain field reveal that the both plates are largely
undeformed and convergence is accommodated by sliding of the lower plate under the upper plate.

I Expelriment I1 -
30 Experiment 2 ——

c (Pa)

5 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 . time = 326 s, bulk shortening = 19.45%
time (s)

Fig. 8. Convergence parallel normal stress recorded in the back of
the overriding plate in Experiments 1 and 2. In Experiment 1, the
recorded compressive stress is due to the flexural rigidity of the plate
which resists bending. In Experiment 2, the stress at the beginning
of the experiment is due to the combined effects the flexural rigidity
and high interplate friction. However, during Experiment 2, the

compressive stress decreases because the subducted slab becomes

longer and its pull becomes stronger. Fig. 9. Side images of the model in Experiment 2. The negative
buoyancy of the subducted lithosphere tends to steepen the slab.

time = 500 s

bulk shortening = 29.7%

The presented data clearly show that (1) the experimen-
tal apparatus allows modeling plates which move with lit- 6.2 Forced subduction initiation experiment
tle/no internal deformation, (2) the monitoring technique al-
lows precise spatial resolution of model deformation, andThe presented subduction initiation experiment contains only
(3) the measured stress allows defining 3 end-member sutene model lithospheric plate with dimensionsd@x 3 cm.
duction regimes characterised respectively by compressio notch is created in the middle of the plate’s length which
due to the bending strength of the subducting plate, tensiomuns across the entire plate’s width. In the notch the plate
due to the negative buoyancy of this plate and compressiotthickness is only 2cm. It constitutes a weak zone in the
due to the interplate friction (Fig. 10). model lithosphere because the thickness is reduced, and the
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(a) Compressive subduction regime (b) Non-compressive / tensile (c) Frictional subduction regime
subduction regime

F, (F[‘)v

AL

<= - U=

plate bending

negative buoyancy

Fig. 10. Sketches of the main subduction regimes and the key parameters causing them. A compressive subduction regime is caused by the
flexural rigidity of the lower plate which resists bendifa). However, this regime is only obtained when the slab is neutrally buoyant because

the negative buoyancy of the subducted lithosphere exerts a tensile non-hydrostatic normal stress on the plate boundary which generates
horizontal tension in the upper plate). Finally, a horizontal compression can also be generated because of a large interplatg&iction

thermal gradient is higher, which makes the model litho-located left of the notch and near the back wall propagate
sphere at shallow depth above the notch weaker than elsdaterally (Fig. 12b). Itis the advantage of using the PIV tech-
where in the model. The model plate is shortened at the sameique to be able tell when, during the experiment, a structure
constant rate as in Experiments 1 and 2, which results in debecomes inactive and when another one becomes active or
formation of the plate near the notch and finally the forma- more important. The shortening is accommodated by fewer
tion of a subduction zone (Fig. 11). We do not pretend thatand fewer structures as strain weakens the material. Finally
the presented mechanism is at play in nature during subdudhe shear zone located near the back wall also becomes in-
tion initiation. This experiment is realized in order to ob- active (Fig. 12¢) and shortening is solely accommodated by
serve how strain localization due to plastic strain-softeningone shear zone which evolves into a new subduction zone
can lead to the formation of a lithospheric-scale shear zon€Fig. 12c—d). The strain localization process is accompanied
in our model lithosphere. Furthermore, we use this experi-by a diminution of the stress recorded at the back of the upper
ment to illustrate how the PIV system allows having a pre- plate once the main fault zone runs across the entire model
cise monitoring of when the various deformation structureswidth and has recorded sufficient strain to be significantly
are active. weakened (Fig. 13). The recorded diminution is also due to

The experiment being Cy|indrica| is also monitored from the fact that, since the mantle Iithosphere material is S|Ight|y
the side. Successive side views revealed that shortening idenser than the asthenosphere, the formation of a slab leads
accommodated by two Conjugate shear zones nucleated froﬁﬁ) a slab pU“ force whose action diminishes the horizontal
the roof of the notch and resulting in the formation of a pop- cOmpression.
up above it (Fig. 11a). With further shortening, the shear
zone located left of the notch becomes dominant, accommos, .o
dates most of the shortening and thus forms a new subduction
zone (Fig. 11b—f). However, the side views also reveal that;
both plates underwent some shortening near both the piston
and the back wall (Fig. 11b).

The PIV monitoring of the model surface allows us to de- The modeling framework presented in this study, with its
scribe more precisely the evolution of model deformationset of simplifications and assumptions, is designed to inves-
in space and time. The shortening indeed started with thdigate the three-dimensional thermo-mechanical interactions
formation of two oppositely dipping shear zones around thebetween lithospheric plates. Targeted geodynamic prob-
notch (Fig. 12a). However, before the shear zone on the leftems include the lateral (i.e. along trench) propagation of
side of the notch became dominant, another shear zone is alsn arc-continent collision (e.g. Taiwan, Timor, Papua New
created near the back wall (Fig. 12a). At this point, none ofGuinea) or the deformation of the fore-arc/arc/back-arc along
the shear zones appear to run entirely across the width of tha curved plate boundary (e.g. Central Andes). In colli-
model plate. This shortening is accommodated by the netsion zones, the deformation of the lithosphere is three-
work of shear zones and distributed across the entire modelimensional and controlled by the stress conditions exerted
PIV monitoring reveals that this process of strain accommo-on the plate boundary (i.e. non-hydrostatic normal stress and
dation does not perpetuate. The shear zone located to th&hear traction). In order to better understand such com-
right of the notch becomes inactive while the shear zoneglex three-dimensional situations, scaled three-dimensional

A framework for modeling lithospheric plate
interactions in a convergent setting
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7.2 Quantitative stress and strain monitoring

One key advantage of the employed experimental setup is
the ability to precisely monitor the model deformation from
above using the 2-D PIV technique. Because we aim at pro-
ducing complex 3-D models, we cannot rely on side obser-
vations of the model as in previous 2-D thermo-mechanical
experiments (Boutelier et al., 2002, 2003, 2004). The high
spatial and temporal resolution of the PIV technique allows
a more precise monitoring of the model deformation than
conventional strain marker analysis (Boutelier and Cruden,

&\\ bulk shons:i]:gisgj"/i i . X i .
. 2008). Theoretically, it is also possible to monitor the verti-

cal displacement of the model surface using 2 cameras pro-
viding a stereoscopic view of the model surface (Adam et al.,
2005; Riller et al., 2010). This new advance in monitoring
technology would be very advantageous because the verti-
cal motion of the model surface can be linked to the dis-
tribution of stresses along the plate boundary (Shemenda,
1992), compared with numerical modeling results (Hassani
etal., 1997; Bonnardot et al., 2008a,b) or compared with nat-
ural data such as long-term uplift/subsidence derived from
sedimentary record (Matsu'ura et al., 2008, 2009; Stefer
et al., 2009; Hartley and Evenstar, 2010), short-term up-
lift/subsidence derived from GPS/Coral reefs dating (Tay-
F_ig. 11. Side views of E_xperiment3. _The model_is comp(_)sed ofone|or et al., 2005; Matsu'ura et al., 2008, 2009) or gravity
single layer of mantlej lithosphere with a r.10tch in thg middle of t.he anomalies (Shemenda, 1992; Song and Simons, 2003). How-
plate’s length. The side pushed by the plst_on (|.¢. right-hand S'de)ever the produced topography is very smalli=2 mm) and
becomes the upper plate while the other side slides down a rlevvlthe éistribution of passive markers is not sufficiently large
created subduction zone. . . S . .
to permit reliable stereoscopic imaging and therefore verti-

modeling of the lithospheric plates interaction is required.calhmongns' A pos|5|k_J(Ije W(I)rkaround WO“:? be tg Iemplfoy
Furthermore, since the targeted geodynamic problems ar@ three-dimensional video laser to scan the model surface
likely to include large vertical movements of the crust and/or &t 'égular time intervals during the experiment and convert

lithosphere and hence significant temperature variations, it iéhe d‘ata. FO digital elevation mpdels (Willingshofer et aI.,.
important that the modeling framework includes the spatialzoos’ Willingshofer and Sokoutis, 2009; Cruden et al., 2006;

and temporal strength variations associated with temperaturBYSklywec and Cruden, 2004; Luth et al.,, 2010). The strain
changes. monitoring system in its present development allows pre-

The presented experiments are large but cylindrical mod-Cise spatio-temporal re.solution of thg 2-D deformgtion of
els since we did not implement any lateral (i.e. along-strike)the mModel suLface. This dallfows tracking when, during the
variations of the model structure, mechanical properties ofXperiment, the various deformation structures are active.

any other initial or boundary conditions. We presented cylin- CouPled with stress monitoring and the ability to produce
drical models because such simpler models allow us to inVe'tical sections through the frozen model in the end of
2002, 2004; Boutelier and

troduce the key parameters controlling the solid-mechanicdn® experiment (Boutelier et al., 200: !
interaction of the lithospheric plates during the process ofchemenda, 2008), the strain monitoring system provides the

oceanic subduction. Furthermore, these experiments pelr_equired data to understand how stress and strain develop in

mit detailing the advantages and limitations of our approx-the model.
imations and modeling set-up. However, the new apparatus
clearly has the potential for modeling the above-mentioned’-3
non-cylindrical geodynamic problems. The present study
should therefore be seen as a first step in a series designed o , o
to study such three-dimensional non-cylindrical processesThe stress monitoring system aIIovys '”_Ves“ga“r_‘g parame-
rather than the final step. _fers that control the subduction regime in cylindrical exper-
iments and then the same effects can be assumed in more
complex, non-cylindrical, three-dimensional models. For
example, kinematic models of the Andes show that trench-

parallel normal shortening as well as trench-perpendicular

time = 680 s
bulk shortening = 42%

TN
-

Imposing a subduction regime in non-cylindrical
thermo-mechanical experiments
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Fig. 12. Views of the model surface in Experiment 3, with the velocity vectors and convergence parallel normalgtraiine magnitude

of strain is calculated for a time increment of 2 s between correlated images. The active faults are drawn with solid line while inactive faults
are drawn with a dashed line. The PIV images confirm that the shortening is initially accommodated by a pop-up located above the notch
with two opposite verging thrusts rooting near the roof of the n¢ghThe PIV images also reveal that the fault located near the back wall

is important at the beginning of the experimemtlf) but becomes inactive while the future main fault develapsl).

normal shortening existed in the center of the plate bound-oblique parts of the plate boundary. However, both the stress
ary curvature while the Andes were built (Kley, 1999; Hindle conditions on the interplate zone and the 3-D geometry of
etal., 2002, 2005; Oncken et al., 2006; Arriagada et al., 2008this zone control whether the trench-parallel stress in the cen-
Gotberg et al., 2009). Two-dimensional, numerical simu-tre of the curvature is a tension or compression. Low dip

lations reveal that trench-parallel compression is producedngle and high convergence obliquity angle favour trench-
near the symmetry axis of a seaward-concave plate boundanyarallel compression. In order to investigate how deforma-

if interplate friction is high and/or the subducting lithosphere tion develops in the centre of the curvature, it is necessary
has a low flexural rigidity (Boutelier and Oncken, 2010). In to produce 3-D modeling with the proper stress conditions
contrast, trench-parallel compression is reduced along thalong the plate boundary. In the experiments presented in
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7.4 Towards dynamical thermo-mechanical
experiments

Experimént 33— |

T Our experimental set-up will be further developed and
will progressively evolve toward a fully three-dimensional,

thermo-mechanical and dynamical experimental set-up. The
development path includes several milestones. The first
one, presented in this study, was to develop a three-

o(Pa)

multiple active
fault zones

one through-going
subduction zone

0 ‘ . ! ! ! i dimensional thermo-mechanical set-up based on the previous
0 100 200 300 400 500 600 700 two-dimensional setups (Chemenda et al., 2000; Boutelier
time (s) etal., 2002, 2003, 2004). The next developmental stage will

include proper viscous interaction between the lithosphere
Fig. 13. Convergence parallel normal stress recorded in the back of”md asthenpsphere ina klnematlc frgmework _and in the last
the overriding plate in Experiment 3. The stress keeps increasin$tage we will prOduce 'dynamlc experiments with a constant-
at the beginning of the experiment despite the formation of multiple orcle boundary Condltlon-. )
shear zones. The stress decreases only once one shear zone become8ince we want to continue developing the presented mod-
through-going. Strain is then localized into this zone (see Fig. 11b)eling framework, we must keep the same density of the as-
and stress decreases. thenosphereg, = 1000 kg n73) and adjust the viscosity of

the fluid to a specific value derived from the existing scaling

this study, we have explored some parameters that control th@f viscosity and the assumed value of the asthenosphere vis-
stress conditions along the plate boundary. In experiment 10sity in nature. The scaling factor for viscosify can be
the non-hydrostatic normal stress is high (12 Pa equivalenfleduced from our scaling factors for stressand for time
to ~ 120 MPa in nature) because the subducted slab is neu-"- With the values presented in this study we found that
trally buoyant. To favor trench-parallel normal shortening in 7% = 2x 101%. Therefore if we assume that the astheno-
the centre of the curvature, we should therefore rather use &Phere has a viscosity ofx110'°Pas, we must use a fluid
denser material to model the subducted lithosphere. IndeedVith @ viscosity of 257 Pas, and if the asthenosphere vis-
Experiment 2 showed that the effect of the slab pull force duecosity is assumed to bex110°* Pas, we must use a fluid
to the negative buoyancy of the subducted lithosphere was t¥/ith @ viscosity of 257 Pas. Using a characteristic length
reduce the non-hydrostatic normal stress. However, the derf 2cm corresponding to the thickness of the oceanic litho-
sity should not be too high or trench-perpendicular tensionsPhere in our model, we can can compute the Reynolds num-
would be produced. In this case, the model interplate stres8ers R. = pV L/n) associated with each end-member value
conditions would not correspond to the interplate stress conof the asthenosphere viscosity. For a model asthenosphere
ditions that we hypothesized for the Andes and whose effect®f 2.57 Pas corresponding tox110'%Pas in natureRr, =
we wish to investigate. Finally, we can increase the inter-1.95x 1073, while for a model asthenosphere of 257 Pas
plate friction and thus the shear traction acting on the inter-corresponding to % 10°! Pass in natureR, = 1.95x 10>
plate zone. In Experiment 2 the depth-averaged shear tracthereforeR, <1, the viscous forces are large compared to
tion was 13 Pa (equivalent to 130 MPa in nature), which inertia and the flow patterns in the mantle due to the motion
is very high and would therefore likely produce deformation ©f the plates should be properly reproduced.
of the thinner, hotter and hence weaker arc/back-arc (Currie The second developmental step will be to impose a
and Hyndman, 2006; Currie et al., 2008). However, shealconstant-force boundary condition in order to produce dy-
traction would have to be imposed on the upper shallow parflamical experiments. Our modeling apparatus is computer-
of the plate boundary where the contact between the plates igontrolled and the computer can already either store the force
seismogenic and thus frictional. It is therefore possible, usvalue and maintain a set convergence rate or it can adjust
ing simple cylindrical experiments as presented in this studythe convergence rate and store the displacement, in order to
to tune the value of some parameters such as the density @chieve a set force. This feature will enable us to perform
thickness of the subducted plate, or the interplate friction, indynamic experiments, taking into account the effects of ve-
order to produce a specific subduction regime characterizetpcity variations on the thermal structure and thus strengths
by its stress conditions on the interplate zone. The effecin the model.
of a specific subduction regime can then be tested in non- EXxperiments will be conducted using various boundary
cylindrical experiments where the 3-D geometry of the plateconditions. For example, the constant force measured in a
boundary (i.e. dip angle and convergence obliquity angle)oceanic subduction experiment with a neutrally buoyant slab
can be changed. can be imposed in a second run as a constant-force boundary
condition. We expect to produce the same subduction ve-
locity during the oceanic subduction stage that produced the
proper thermal structure in the subducted slab. Furthermore,
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if we also introduce a continental passive margin, we expectollisions, which generally initiate in one location and propa-

a velocity reduction during the burial of the buoyant conti- gate laterally along the plate boundary, as in Taiwan (Suppe,

nental crust, whose effects in a three-dimensional thermo4984), Timor (Searle and Stevens, 1984; Harris, 2011), or the

mechanical set-up are poorly constrained. More complexUrals (Puchkov, 2009).

types of boundary condition used in some recent numeri- The modeling framework presented in details in this study

cal simulations (i.e. constant velocity for a certain time or and including new temperature-sensitive elasto-plastic ana-

amount of convergence, followed by a constant force/stressjogue material as well as a new modeling apparatus with

(Faccenda et al., 2008, 2009) should also be possible. force monitoring and precise strain monitoring posesses the

Implementation of viscous interaction between the litho- potential to be the foundation for multiple investigations into

sphere and asthenosphere is just a matter of choosing the complex 3-D interactions between lithospheric plates.

new material that has the appropriate physical properties to
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