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1 Abstract

The structure of the Earth’s interior reflected in the setstamography images is quite com-
plex. Since the onset of both the numerical modeling of cotiwe and the global seismic to-
mography, great effort has been dedicated to reconcildtsesfuboth approaches. Convection
modelers tried to vary the parameters of their thermalftteechemical models to get the mantle
structure and its characteristics as close as possible tothographic ones. On the other hand,
the real resolution power of the tomographic inversion wasstjoned and investigated, which
is necessary before one can draw the reliable conclusiams &tre dynamic processes in the
mantle.

In this work, we deal with the problem of the correspondenicn® tomographic images
and convection models employing both these approaches, W assume that the seismic ve-
locity anomalies in the Earth’s mantle arise from the théstracture driven by convection and,
using a snapshot of thermal convection model to construthsyic data, we study the ability
of the tomographic inversion to retrieve the geodynamic ef&dBoth regular and irregular
parametrizations are employed and the sensitivity of therse problem to explicit regulariza-
tion (damping) is assessed. Due to the uneven distribufigowrces and receivers, the differ-
ences are found for inversion outputs for models with regatal irregular cells. For the ir-
regular parametrization, the structures located in the-egelered regions are resolved quite
successfully, though the resolving power decreases withdélowever, only rough resolution
is observed in the badly covered regions. An explicit regegdion is not needed, when the data
errors are not included. On the other hand, for the regula@rpetrization, the inverse problem
is very unstable and oscillations occur, unless an expégtilarization is applied. The resolving
power of the inversion decreases considerably with an asing Rayleigh number of the input
models.

In the second part of the thesis, we adopt a more traditiguaieach. We rely on the results
of the real data tomographic inversion, where the thickgoirthe slabs is observed in the lower
mantle and we try to get such behavior of the slabs in our negiscale convection model.
Our code based on Gerya and Yuen (2003) is applied to the sfutig fate of the subduction
in the upper part of the lower mantle, especially, to the #fadkening predicted by the seis-
mic tomography. Two models are employed. For the simple sr@chl model with constant
viscosities in each material, some thickening is obsereethie low contrast between the sub-
ducting plate and the mantle material. However, this thakg is not able to explain the to-
mographic observation. For the model driven by thermal Bnay with strongly non-linear
viscosity, the buckling (Ribe et al. 2007) or thickening bétsubducting plate is observed
for models with relatively low stress limit and a viscosityciease at thé70 km boundary.
Further, the presence of the major phase transitions isriapofor creation of the buckling
instabilities.



2 Preface

Both the forward and inverse modeling play an important moliearning about the processes
in the Earth’s interior. The tomographic inversion allovesta map its structure. Since the late
nineties, the high resolution tomographic images haveigeava detailed information about
the Earth’s mantle structure especially in the subductmrez (e.g. Masters et al. 1996, Grand
et al. 1997, van der Hilst et al. 1997, Bijwaard et al. 199%deuet al. 2003). From these
images, we can estimate the shape and the dip angle of tieeopli$ behavior in the transition
zone. The tomographic images suggest different scenaribe subduction process. In some
zones (e.g. Java, Central America, Kermadec) the slabstegeemetrate into the lower mantle
while in other zones the plates may be deflected (Tonga, tmir. Further, in most regions
(e.g. Central America, Java) the significant thickeninghefsubducted plate is observed in the
lower mantle.

For years, geodynamicists have been attempting to reeotiaiise results of seismic to-
mography inversion and the images arising from numericaletiog of thermal and thermo-
chemical convection. By varying the parameters of the geanyc models, they aim at obtain-
ing the convection patterns and their characteristicslaimd those arising from the seismic
tomography. To be able to make this comparison, it is essantknow the resolution and the
characteristics of the tomographic inversion. Especidig discrimination between the real
anomalies and artificial features caused by the inversian important issue.

Problems of the resolution of the kinematic seismic tomplyyaare subject of the first
part of the thesis. Here we aim to assess the ability of toapigr to resolve the different
geodynamical models of the mantle evolution. In the secantigi this thesis, we concentrate
on the forward geodynamical modeling. We consider the $ihe@ric subduction process in
models with strongly non-linear rheology. We try to find syidrameters that yield the slab
morphology similar to that from the tomographic images.

3 Resolution of global geodynamic models by seismic tomog-
raphy

3.1 Motivation

Interpretation of the lateral heterogeneities of seisnaeawelocities in the mantle is one of the
most important issues in the geodynamical application@fésults of seismic tomography. In
particular, distinguishing between thermal and chemidgiims of the heterogeneities is critical
because the dynamical significance of the heterogeneitgiffasent implications on the mode
of the Earth’s convective heat transfer. It has been wellknfsom the early asymptotic analy-
sis (Turcotte and Oxburgh 1967) that for high Rayleigh numix@nvection is characterized by
thin thermal anomalies (horizontal boundary layers, upagd and downwellings). Thus, it is
very important for the inversion procedure to determinértteckness, how they are deflected
by phase transitions, whether potential layering of macievection and/or the existence of
small mantle plumes can be determined, what are chardatefiavelengths of temperature
anomalies at different depths, etc. The kinematic seisamography is a suitable method to
reveal the mode of the convection. However, it is very imgatrto know what the resolution of



particular tomographic techniques is to answer these igunsst

The resolution is best shown by the resolution matrix (e.g@véque et al. 1993, Vasco
et al. 2003, Soldati and Boschi 2005). However, the comjuutadf the resolution matrix is
computer demanding and time consuming (Boschi et al. 200 is one of the reasons why
rather synthetic resolution tests like checker-board(iegt Inoue et al. 1990, Su et al. 1994,
Vasco et al. 1995, Karason and van der Hilst 2001, Fukao. €2Qf13) or layer-cake test (e.qg.
Bijwaard et al. 1998) are used. In these tests, the artifsgemic velocity structures are used
to obtain the synthetic travel-time data. These input sstithstructures are often constructed
by means of particular parametrizations and then this saanangetrization is employed in
the inversion of the synthetic data. It is clear that thisrapph can reveal only a part of the
resolution problems, as it neglects mainly the projectioare

Detailed resolution tests should thus start from modelse@sic velocity structures con-
taining a broader variety of wavelengths than those yielyewmography parametrization and,
simultaneously, these input models should be in agreem#éntive physics of mantle dynamics.
Here we assume that the heterogeneities in the mantle aezaged only by thermal convec-
tion. The ability of travel-time tomography to resolve thma anomalies developed in mantle
convection simulations has been investigated by "seisommgraphic” filtering (Johnson et al.
1993, Mégnin et al. 1997, Tackley 2002). However, it cantm@as that the short-wavelength
anomalies can leak into long-wavelength (Trampert andd&ni@996), if the wavelength of
the anomalies is underestimated. Thus, the tomographecsion should be employed (Honda
1996, Bunge and Davies 2001, Béhounkova et al. 2005).

3.2 Method

In our synthetic travel-time inversion, the arrival timegsRPoand pP waves are used. For the
linearized high-frequency asymptotic ray theory, the gelafor the i ray is defined as (for
derivation see e.g. Nolet 1987)

di =T, — Ty +e; = / As(r)dly; + & + &, (1)
Los

where0 denotes the reference model quantitiEsandTy,; are theith travel time and reference
travel time, respectivelyL; is theil" ray path in the reference models = s(r) — so(r)
is difference between the slownesand reference slownesg. ¢; represents the error of the
1" travel time. This error includes the picking error, the mesltion error, the error of the
origin time and the error of the station correcti@p.is the linearization error arising from the
approximation of theth ray path by theth reference ray path under tl“n@;@ﬂ’ < 1 condition.

To solve an inverse problem, a continuous seismic velotiticgire has to be represented
by discrete set of model parameters

As(r) = Z Asjc;(r) 4+ ((r). 2)

HereAs; isjth parameter)/ is number of parameters;(r) is thejth base function and(r) is
a parametrization error. In this thesis, the piecewisetemisunctions:; with non-overlapping
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cell support are used:

() = { ¢ ifrisinthe;t cell @)
0 elsewhere
The base{c;}}Z, is orthonormal (c;, ¢;) = d;:) andC; denotes the volume of theh cell.
Here the irregular parametrization proposed by Abers anecksr (1991) and Spakman and
Bijwaard (2001) or regular parametrization with the equitsce area (ESA) cells are used.
By substituting (2) into (1), we get the set of linear equateescribing the tomographic

problem
M

di=>» milij+e+&+¢G  d=G-m+e, (4)

Jj=1

wherem; = C]._%Asj is 1 unknown parametef;; = G; is arc length of thet reference
ray in the jth cell. ¢; denotes the integral of the parametrization erfar) along theith ray
¢ = fLi ((r)dl;) ande; = €; + & + (; is sum of all errors foith ray.

Problem (4) is usually solved as an overdetermined one. We hwre datad;, i =
1,...,N) than the unknown parameters(, j = 1,...,M) N > M. If the error vectok is
non zero, i.ee # 0, the data cannot be exactly explained by the model vaatoDn the other
hand, even if there are more data than unknown parameters)vierse problem could be still
underdetermined due to the uneven ray distribution in théhEgand insufficient ray coverage of
some cells. Hence, we consider the inverse problem in time for

() m=(0)+(5), ©

whereG - m = d is set of equations corresponding to (4].- m = 0 describes the additional
requirements with weight to stabilize the underdetermined problem. This method lisata
"damping” or "regularization” (see e.g. Menke 1987). Théusion of this problem (predicted
modelmP ) represents the best fit of the data veet@nd the additional condition with weight
A using thel.,-norm

S=|ld—G -m|, + I -m|}, = min. (6)

We use LSQR algorithm (Paige and Saunders 1982a, Paige amdie3a 1982b) to find a
solution. For the ill-conditioned problems, the choiceh# proper damping factoris another
crucial issue. For this purpose, the L-curve criterion isdu@iansen 1992).

In this thesis, we take into account a linear problem:z‘EHeay and the'" reference rays
are identical, i.e&; from the equation (5) is equal to zer§ & 0, Vi). Moreover, we neglect
all non-projection error, i.e. picking error, mislocatierror and error of stations corrections
(e; = 0, Vi). We concentrate only on the role played by the projectioaref(r) (the whole
unpredictable part of the equation (5) is caused by the gtiojeerror). Therefore, our obtained
resolution should be considered as an upper limit. In realihere non-projection errors are of
course present, the resolution would be worse.

Following the work by Bunge and Davies (2001), the thermahaalies from 3-D spherical-
shell convection are used to construct a synthetic inputahafdeismic velocity anomalies, and



to compute the differential travel-times (delays) for aeepf synthetic earthquake events and
an array of stations positioned on the spherical shell. T$teiloutions of sources and receivers

is chosen from the ISC (1964-2001) database. From this dsg¢alwe use, 500 randomly
chosen locations of events with, > 5.5 and 462 stations. Chosen stations are not closer than
4° to avoid linearly dependent rows in the matéix

For the ray-tracing, the program CRTérveny et al. 1988) is employed. Since we assume
a linear problem, the rays are calculated only once z(‘fheay is identical to the!h reference
ray). The rays are traced through the depth dependent mB#ENMRDziewonski and Anderson
1981) where the ocean layer is omitted for simplicity. Weetako account only teleseismic P
(epicentral distance between the given source and redsigeeater thar25°) and for sources
in the depth greater thel)0 km also pP waves. The total number of ray§25, 054.

Synthetic seismic velocity anomalies are derived from tlelehs of basally-heated thermal
convection of Zhang and Yuen (1996) for the Rayleigh numlbrs= 3 - 10° and Ra = 10°
with constant viscosity and thermal expansivity. The dfidegree of the spherical harmonic
expansion of the model is 256 and thus the horizontal rasolof the model i9).7°. The verti-
cal resolution has 128 points. Further, we suppose thattgdingarly depends on temperature.
The delays are computed by integrating of the seismic slesvaromalied\ s along the rays.

We use both regular (equal surface area — ESA) and irregaleanpetrization. In the
regular parametrization model, we empBiy 428 cells 207 km x 4° x 4° cell size on equator).
The irregular parametrization reflects the uneven distiobwf the sources and receivers. The
irregular basis is constructed using hit equalizing akiponibased on van der Hilst et al. (2004)
and it is defined by the minimal resolutiot8( in horizontal and~ 960 km in vertical direction
using equi-angular cell), by maximal resolutidn1@5° in horizontal and~ 60 km in vertical
direction using equi-angular cell) and by the demandediregach cell {, 000). After applying
the hit equalizing algorithm, we g8%5, 886 cells.

We analyse the inversion results using the percentage fithéwin the synthetic tomog-
raphy, contrary to the real data tomography, both the inpdt@utput structures are known.
Therefore, we can compare them and we can evaluate the rffycdd the inversion. We em-
ploy spectral and correlation analyses of the results tgpawenthe synthetic input models with
the results for both regular and irregular parametrizatidioreover, the error arising from the
projection of the real structure on the adopted paraméimizés analysed. Hence, we concen-
trate on projection of the input model on the base, i.e. oratleeage of the input model in each
cell.

3.3 Results

In the Earth, the distribution of the rays is non-uniform. the regions close to sources and
receivers, we may find well covered cells. On the other hamelareas having very low ray
coverage can be found especially below the Pacific. If theduializing algorithm is applied,
small parametrization cells can be found in the well-codtgrarts of the mantle. In poorly-
covered regions, rather large cells can be found. The hintc@nges between 63 and 9992.
Hence the cells (16 cells which is 0.04% of the total amourtietls) with coverage lower than
1,000 rays still exist due to a priori choice of the largest possid#ll. Approximately20% cells
have hit count betweeh, 000 and 1, 100, 19.9% of cells range betweeh, 100 and 1, 200 hit
count. Only 4% of cells reach hit count higher tia000. Clearly, the hit equalizing algorithm



is effective but it is limited by the a priori choice of the pareters. Hence, we may expect a
relatively well-conditioned inverse problem even withthe regularization.

The inversion results are rather independent on the danepieifjcient up to approximately
A = 3,000. The correlation coefficient between the input and outpuli@mis rather indepen-
dent on the damping in this range. Only weak increase ocoutkd range betwedhand1, 000
(for Ra = 3 -10°) or 2,000 (for Ra = 10°). For higher), the correlation decreases. Also the
norm of the model vector decreases only slowlyXaf 500. The damping improves the inver-
sion results only slightly. Therefore, we restrict ourgslto the inversion without the damping
(A = 0) for the irregular parametrization. The improvement cdusgexplicit regularization is
hardly visible and we avoid artificial damping procedure.

For the regular parametrization, the hit count is uneveabse the cell distribution does not
reflect the uneven ray coverage. The hit count ranges betaerd32, 200 rays, 15% of cells
have the hit count between 0 and 100 rays, 70% cells have yheoveerage lower thai, 000
rays. The cells with no information ("unpredictable cejlsan be found at the depths up to
~ 1,000 km. We suppose that the velocity anomaly is zero in these cdlsno ray coverage.
For greater depth, the cells with no information do not oc@ur the other hand, the number of
cells with coverage higher than000 rays is also relatively high (11% cells). Therefore we can
expect an ill-conditioned problem and the damping wouldé®essary to obtain the acceptable
solution.

As expected, the inversion results strongly depend on thepaey coefficient. Due to the
oscillations, the correlation is low if no damping is emmdy For higher damping, the cor-
relation increases and reaches its maximumXoe 1,000 (Ra = 3 - 10°) and\ = 2,000
(Ra = 109). If we increase the value of the damping coefficient eveneyitie minimization of
the model vectom overweighs the minimization of vectdr— G - m and the amplitudes of the
anomalies are suppressed and the correlation decrease=, lttee choice of proper damping is
an important issue. The L-curve analysis (Hansen 2000)ad tesdetermine the most suitable
value of damping. From this analysis, the optimal value efdamping coefficient is between
2,000 and 3, 000 for models based on both Rayleigh numbers. This value quorets quite
well to the maximum correlation between the input and outpotiels reached in synthetic in-
version (which cannot be computed in the real inversion).tke corner value determined by
L-curve analysis, the correlation is very high although &mmot be the absolute maximum of
the correlation coefficient.

3.4 Discussion and conclusions

The upper limit of the resolution of the irregular paranedtion model is given by the size of
basic cells which is 1.125n horizontal and~ 60 km in vertical direction. On the other hand,
the lowest resolution is very rough — the size of the largessgble cell isl8° in horizontal and
~ 960 km in vertical direction. In order to have approximately thengenumber of parameters
(and comparable computer demands), the used regular piaizatien grid is coarser — its
best possible resolution is 4n horizontal and~ 207 km in vertical direction. Therefore, we
cannot reach the best resolution of the irregular pararativin model in well covered regions
under the same computational cost. On the other hand, inabdypcovered regions where
the low hit count demands large irregular parametrizatieliscthe regular model has better
resolution (provided we use proper damping). By using fiegular grid, we could reach the



resolution comparable to the resolution in well coveredmesgof irregular model, but at the cost
of considerably higher number of model parameters andetbier, more memory demanding
and time consuming requirements.

For low Rayleigh numberRa = 3 - 10°), if we compare the spectra for the inversion results
for the irregular parametrization without damping and hsstor the regular parametrization
with damping\ = 1, 000 with the spectrum of the input model, we get that both paramset
tions can predict the input spectrum quite successfullyél@r, the boundaries corresponding
to the edges of the biggest cells appear in the spectrum ajutpt model parametrized by
irregular cells. For higher Rayleigh numhin = 106, the spectra of the inversion results with
the optimal damping (irregular parametrization withoutngéng and regular parametrization
with A = 1,000) correspond to the input one again quite well. However, tileiénce of the
large cells for the irregular parametrizations is even nadreous than for the inversion with
Rayleigh numberiza = 3 - 10°. The width of the boundary layers in the model using the ir-
regular parametrization seems to be higher than the widtheoboundary layers in the input
model.

The negative influence of the large parametrization celdsdase of the irregular parametri-
zation also explains values of the correlation coefficidite regular parametrization seems to
reflect the input model better than the irregular paramatiom — the correlation between the
input and average models is higher for the regular parapagitvn than for the irregular one.
Also the correlation between the input and the inversiopuwifor optimal dampingX = 2, 000
for regular and\ = 0 for irregular parametrization) reaches higher valuesHerregular para-
metrization.

Another important question is, how tomography can reveabdgeamic models
(Mégnin and Romanowicz 2000, Becker and Boschi 2002). Dilgyaof our kinematic tomo-
graphic inversion to retrieve geodynamic (convection) eled quantified using the correlation
between the inversion input and output of seismic veloasyrithutions as a function of depth
and spherical harmonic degree. For Rayleigh nundbee= 3 - 10°, the correlation is relatively
high up to degree- 20 for irregular parametrization. It has, however, a minimurthe depth
h ~ 900 km where is the lower edge of the large cells. Moreover, as dggdethe correlation
is independent on the damping coefficient in the rahgel, 000. For the regular parametri-
zation, the correlation is rather low especially above00 km if the damping is not used. For
higher value of lambda = 100 and\ = 1, 000, the correlation increases abov&00 km. For
the damping coefficient = 1, 000, the correlation is relatively high up to the degree5 for
depthsh = 0 —400 km andh > 1,200 km. At the depth oft00 —1, 200 km, the high correlation
can be found up to the degrees5.

For Rayleigh numbeRRa = 10°, as expected, the value of the correlation is consider-
ably lower for both parametrization than for the lower Rahenumber due to the shorter-
wavelength character of the input anomalies. The cormaidtr the irregular parametrization,
does not depend on the value of the damping coefficient. Hexyhve amplitude of correlation
is rather low in most parts of the mantle. Only abdve- 200 km and under ~ 2,400 km,
the correlation coefficient is relatively high up to the d=gd5. The correlation between the
input model for Rayleigh numbeRa = 10° and the output model using the regular parame-
trization depends on the value of the damping factor. Footitput model without damping,
the correlation is low especially betweéd) km and1, 600 km. If we increase the value of the
damping coefficienf = 100, the correlation increases. For the optimal damping 1, 000,



the correlation is relatively high up to degree30 at depthsh < 400 km andh > 1,600 km.
However, it is rather insignificant at depth rangg® —1, 600 km.

This means that on a global scale the regular parametnizegioore successful if an op-
timal damping is applied. However, we should keep in mind tha correlation and power
spectra are global characteristics. Apparently, glolthkéyregular parametrization gives better
results than the irregular one. But as we already mentiobedea the main advantage of the
irregular parametrization is that we can obtain higherltggm in the well-covered regions at
the same computational costs. Moreover, the inversiontieibeonditioned and the explicit
regularization is not necessary if the data errors are robtidied. If we compare the inversion
results for the irregular and regular parametrization eell-covered regions, we see that the
irregular parametrization has better resolution there.

Further, we have restricted ourselves purely on the effepaametrization error. There-
fore, we get the best possible resolution for adopted paraaton. If the picking error and
error arising from mis-determination of sources would beluded, the resolution would be
even worse. Hence, some extra damping would be necessadgtfotypes of parametrization
to eliminate the effect of these errors.

4 Regional scale convection models

In the second part, we concentrate on the convection magdeiife use the method by Gerya
and Yuen (2003) to solve the governing equation of the maotigection. Further, we take into
account phase transitions and strongly non-linear viggdale employ our code to perform the
simulation of the subduction processes. We focus on thdgmobf the slabs thickening in the
lower mantle.

4.1 Governing equations and method

We use the incompressible extended Boussinesq approgmatth infinite Prandtl number
(Ita and King 1994). Therefore, the density is assumed toobstant except for the buoyancy
term and the inertia is neglected. Moreover, the velocitd fedivergence-free (incompressible
fluid). Further, we neglect the self-gravitation.

Inside the model domain excluding boundaries, the lawsageovation have Eulerian form:

V-v = 0, (7)
—Vrn+V-o+Apg = 0, (8)
Pona@_f = V- (kVT) = pocy(v - V)T + poaTv - g +

+0 : Vv + QL + Hg, ©)
%—f +(v-V)O = 0 ()

Eq. (7) is continuity equation for incompressible fluidis vector of velocity. The momentum
equations is given in (8)y is dynamic pressurey is deviatoric part of the stress tensgris
vector of the gravity acceleration amp denotes density variation consisted of the thermally
induced density variations, chemical density variatioms density variations due to the phase
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changes. Eg. (9) is the conservation of the energy (heatieqlalt describes the temperature
changes with time at given point (left-hand side (lhs) teoalised by heat diffusion (right-
hand side (rhs), first term), heat advection (rhs, secomd)teadiabatic heating/cooling (rhs,
third term), viscous dissipation (rhs, fourth term), ldatbeat (rhs, fifth term) and radioactive
heating (rhs, last term)I" is temperature; denotes timep, is a reference viscosity,, heat
capacityk thermal conductivitye thermal expansivity. For multicomponent (thermo-chetyica
convection, another additional equation (10) describhey dcomposition advection has to be
solved,C denotes composition parameter.

Beside the conservation laws, it is necessary to specifyltbelogical description of the
mantle material. We use the non-linear viscous rheologkerform

o =n(Vv) (Vv+(Vv)"). (11)

We use the method proposed by Gerya and Yuen (2003) to sohaiens governing the
thermal/thermo-chemical convection in a two-dimensio@altesian domain. This method
combines the Eulerian and Lagrangian approaches. Thensy3te8) is solved by the finite
difference method on a staggered (Eulerian) grid. The ropsteon (9) without advection and
latent heat is also solved by the finite differences on themarn grid. The heat advection term
plus latent heat part of Eq. (9) and compositional advedfign(10) are solved using the marker
technique (e.g. Shepard 1968, Christensen and Yuen 1984neyp and Eastwood 1988, Bird-
sall and Langdon 1991, Weinberg and Schmeling 1992, Gerga &000). The markers are
particles containing the information about propertiesheffiuid.

4.2 Long-wavelength slabs in the lower mantle

Recent seismic tomographic models mapping the subducteasan details provide unique
information about the structure of the subducted plateerpnetation of these heterogeneities
is an important issue. From high resolution tomographic ei®@e.g. Bijwaard et al. 1998,
Karason and van der Hilst 2001), fast seismic anomaliektimaally associated with the sub-
ducting plates seem to be significantly thickened after thexyetrate into the lower mantle.
Further, the plate-like character of the downwelling anliesavanishes and blob-like features
are observed in the lower mantle. This thickening might barifact of the tomographic in-
version — the relatively thin slabs could be interpretedhasktanomalies due to smearing.
However, the authors of the tomographic models pay spettaitéon to this problem. They
claim to have a sufficient resolution in the slabs in the lomentle (see e.g. Ribe et al. 2007).
Ribe et al. (2007) found that the width of the slabs may thickem 50 — 100 km above the
670 km boundary up to more thatv0 km below it in Central America and Java zones. Further,
they also suggest thickening by factors up to five in the Me$a Kuril-Kamchatka and Tonga.
Such an increase of the wavelengths of the cold downwelhmaygsindeed be required in some
geodynamical interpretations of e.g. long-wavelengthdyéiRicard et al. 1993) or long-term
variations of the Earth’'s moment of inertia (Richards efil807).

To be able to explain the slab long-wavelength characteck@hing or blobbing of the
slabs) in the lower mantle, the subducting plate has to pasagh some mechanical barrier. At
the depth ofi70 km, the significant increase of the viscosity is expected. Tibesiase by factor
10 — 1,000 is usually accepted (e.g. Hager and Richards 1989, Pefig$,Kido andCadek
1997, Lambeck and Johnston 1998). At this depth, the sulbbdugiate is also passing through
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the endothermic phase transition which forms another draagainst the slab penetration into
the lower mantle (Tackley and Stevenson 1993). Possiblénaméems of the slabs thickening
are compression due to the increasing viscous resistanhedepth (e.g. Bunge et al. 1996,
Cizkova andCadek 1997) or the fluid buckling (Ribe 2003). The compresso however,
supposed to thicken the slab approximately twice (Gurnistdager 1988, Gaherty and Hager
1994), therefore it may not be able to explain the tomog@psults. The buckling, on the
other hand, is supposed to explain even larger thickeniige(& al. 2007).

4.3 Results

We employ the forward modeling method to study the circumsga under which the thickening
of the subducting slabs occurs in the lower mantle. The de&ition and potential thickening of
the subducting plate in the lower mantle depends on sevarahpeters, especially on the rheo-
logical properties. Rheology of the mantle material is kndavbe non-linear but its parameters
are rather uncertain especially in the lower mantle. Thatig we first concentrate on a simple
mechanical model, where the subduction process is onlyrgedeby compositional buoyancy
(slab is compositionally heavier than the ambient mantié)the heat equation is not taken into
account. Both plate and ambient mantle have constant viexsvhich can vary between the
upper and the lower mantle. In this simplified model, we stclalgracteristic behavior of slab
deformation depending on the viscosity contrasts. Furtmdy slab pull is taken into account.

We study the effect of the viscosity contrast between thelsciing plate and the mantle
material in the upper and the lower mantle and the effectef/ibcosity increase at thig0 km
boundary. We suppose constant viscosities for each miaaeideeach phase. In these models,
we can observe some thickening of the subducting plate ortlyd model with relatively low
contrast between the subducting plate and the mantie/{,,, = 10) and with increase by
factor10 in the lower mantle. The width of the plate increases appnaxely twice with respect
to its upper mantle value. Such thickening is too low to expthe tomographic results. For
even higher increase of viscosity000 in the lower mantle, the subduction is bending after
penetrating the lower mantle, however, no thickening isoled.

Clearly some more complex model has to be considered to iaxihla tomographic ob-
servations. We employ the model driven by the thermal aniesdbr relatively old slabs
(t = 100 My), where the plates are defined purely thermally. The rhgobdghe mantle mate-
rial is based on experimental studies of the mantle mineFaigher, the major phase transitions
and complex driving mechanisms (slab pull, ridge push andtimarag) are included. On the
top of the subducting plate, there id@km thick layer of relatively weak material. This crust-
like layer enables the separation of the subducting andridieig plates. Its characteristics are,
however, quite simple (constant viscosity and no compwsti density contrast) compared to
complex properties of the real crust. In this model, we stilyinfluence of the stress limit
(0.1 GPa or 1 GPa), the boundary conditions on the surface (free-slip or tlesqribed veloc-
ity), the viscosity increase by factdr 10 or 30 at 670 km boundary and the viscosity of the
decoupling layer{0* Pa - s or 10?! Pa - s).

The characteristics of the slabs (e.g. dip angle, thick@nilepend on all tested parame-
ters. Generally, the slabs in models with the lower stress Gan rather easily break or buckle.
For models with higher stress limit, slabs in most models dbdeform significantly, hardly
any thickening occurs and bipolar structure of the stressaiesimilar to the one reported by
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Cizkova et al. (2007) are observed. The backward deflecevelops in most models, espe-
cially if the crustal friction is low. Some buckling is obsed only for model with relatively
high viscosity increasg0 at670 km boundary, stronger decoupling layer and prescribed veloc-
ity.

In models with no viscosity increase &0 km and lower stress limit, the slabs usually
break-off at the depth- 400 km after they penetrate into the lower mantle. Only in the model
with the weak coupling and the free-slip condition, the skbot detached. In models with
higher stress limit, the curvature of the slab arcs is highenodels with weaker decoupling
layer than in models with stronger decoupling layer. Moexpin models with weaker decou-
pling layer, the unrealistically high velocities develop.

In models with viscosity increase by factod and lower stress limit, significant deforma-
tions are observed in the lower mantle. However, they departtie strength of the decoupling
layer. The buckling occurs in the models with the weakertcinghe models with the stronger
crust, the tips of the slabs are deflected#&ikm. Then the slabs pass into the lower mantle
without significant thickening. For higher stress limitetbhapes of the slabs are rather similar
for the models with the weaker decoupling layer and for tmengfer decoupling layer with
prescribed velocity. For the model with the stronger detingpayer and a free-slip condition,
the slab curvature is smaller.

In models with the viscosity increase by fac8ox, the buckling occurs in most models with
the lower stress limit. In the model with the stronger dedimgplayer and prescribed surface
velocity, the buckling is observed only at the beginninglef subduction process. Then the
penetration into the lower mantle continues without buakiand the plate is thickened due to
the compression and the conductive cooling. For model wighstrong decoupling layer and
free-slip, only one fold occurs. Then the plate slowly peates into the lower mantle and its
width increases with increasing depth due to the compresaid conductive cooling. Slabs
in most models with stronger stress limit penetrate intoldesr mantle with difficulties. For
these models, the subduction process is almost stoppedtivbsiabs reacf70 km boundary
and the conductive warming of the plates is significant. erttodel where an additional push
induced by the boundary condition is transmitted throughrtiatively strong crustal layer to
the subducting plate, the slab penetrates into the lowetlenand the buckling is observed.

For several models where the slab thickening occurs, wesrbthe temperature anomalies
to the P-wave velocity anomalies using equation of stateedastic properties of the lower
mantle material. Following Ribe et al. (2007), the widthlué slabs is based on the isolines of
seismic velocity anomaly fdr.2 % and0.3 %. Let us compare them to the slabs widths by Ribe
et al. (2007), who estimate the slab width to be uptokm below the boundary &t70 km. We
obtain comparable slabs widths for models with lower stiiess weaker decoupling layer and
viscosity jumpl0. In these cases, the slabs widths are approximaé@lkm below the670 km
boundary. For models with the viscosity incre@8eat 670 km and lower stress limit, the slab
velocity in the lower mantle is low (up te 2 cm - y~!) and conductive cooling of the ambient
mantle is rather efficient therefore the plates become derably wider than in Ribe et al.
(2007). For these models, the slabs widths are in the r&sgie 800) km below the670 km
boundary. For the only model with higher stress limit whitiows lower mantle thickening,
the estimated width belo70 km boundary 490 km) is in agreement with Ribe et al. (2007).

12



4.4 Discussion

In our models, we study the influence of the stress limit, thendlary conditions, the viscosity
increase at70 km boundary and the viscosity of the decoupling layer. We cotra&e on
relatively old slabs# = 100 My). We use the activation parameters based on experimentally
derived values (Frost and Ashby 1982, Karato and Wu 1993,a¥aki and Karato 2001).
The yield stress of the power-law stress-limiting mechanis less constrained, however, the
values in the range betweén GPa and1 GPa are generally assumed (Kameyama et al. 1999,
van Hunen et al. 2004Cizkova et al. 2007). Further, the viscosity increasefdmtor 1,

10 and30 at 670 km boundary is investigated. We limit ourselves to the maximiscosity
increase’’ = 30, even though sometimes much higher increase (up(e- 1, 000) is predicted
(e.g. Forte and Mitrovica 1996, Kido aithdek 1997). For the viscosity increase by a fagtor
the subduction process is nearly stopped if no extra pugbpisea by the boundary conditions.
Hence, we expect that the slabs would not be able to penentatéhe lower mantle if the
viscosity jump is even higher. Finally, we investigate thitlience of the top boundary condition
and coupling between the subducting and over-riding plates

The resulting shape and the wavelength of the subducting plahe lower mantle depends
also on the decoupling between the plates, i.e. on the stremthe crust. In the oceanic plates,
the crust consists of less-dense basalt. As it subductgnsforms into stronger and denser
eclogite by series of phase transitions. The propertieeebasalt-to-eclogite metamorphism
and rheological properties of basalt and eclogite are nditkmewn and they strongly depend
on the content of water and fugacity (Kohlstedt et al. 199%ar et al. (1994) use dislocation
creep of diabase to describe rheological properties of baslalt and eclogite. For temperature
interval 600 °C and 1, 750 °C, they get viscosities between 10 — 7. 10%! Pa - s for &y =
10~1°s~1, Here we use a simple approximation of the crustal propertiecrust material has
no density contrast with respect to the mantle one and waresswo constant values of its
viscosity (L0'° Pa - s and 102! Pa - s) in agreement with the above mentioned results by Viaar
et al. (1994).

In our models, the thickening of the slabs in the lower masttused by two mechanisms
— buckling and/or thickening due to the compression. Thelng is observed in the models
with the lower stress limit and viscosity increase in thedownantle. For models with higher
stress limit, the significant slab deformation occurs onlthie model with a strong decoupling
layer, viscosity increase by factdt and a prescribed velocity on the top boundary. The thick-
ening in the lower mantle due to compression and conducteding is also observed. For
models with viscosity increas#), the widths of the plates are too high compare to the seis-
mic tomography models. The velocities within the lower nhauatre rather low and the slab
thickening due to the conductive cooling is significant.

In some of our models with the weaker decoupling layer, tlagepVelocities are unrealis-
tically high. This can be caused by several factors, e.gergstimation of the friction on the
contact between the subducting and the over-riding pleadesdow viscosity in the lower mantle
or by neglecting 3-D effects.

Our results agree quite well with previous works. Chriseengl996) uses a 2-D Cartesian
model of subduction with depth- and temperature dependsobsity and he obtains buckling
features for models with viscosity jump @80 km or with strong phase transition 60 km.

For a cylindrical 2-D model and composite rheology, McNaaetral. (2001) get the buckling
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instabilities and its degree increases with decreasing glaength. In a 2-D Cartesian model
with visco-plastic rheology, viscosity increase6at) km but without phase transitions, Enns
et al. (2005) also predict buckling — a higher degree of bagkis observed for weak and thin
plates.

We conclude that the presence of the major phase transitidhe mantle and a viscosity
increase enable the buckling of the relatively weak slathenrhantle. Further, we show that
the effect of the crustal layer (especially its strengthymave important implications. Hence,
in the future, we plan to concentrate on the effect of crugtigarameters in more details.
Especially, the effect of the water presence within the pimeerust may play an important role.
The water content depends on the plate velocity — the amdwvaiter content within the crust
increases with decreasing plate velocity (Gorczyk et a).720Consequently, the viscosity of
the crust increases with increasing plate velocity. Thispiposite to the effect of dislocation
creep. The unrealistically high plate velocities in somewfmodels can be suppressed by this
effect.

45 Conclusions

We numerically solve the equations describing the therhmracal convection using method
introduced by Gerya and Yuen (2003). This method combine<thlerian and Lagrangian
approaches. The momentum equation, continuity equatidrtfanheat equation without ad-
vection and latent heating are solved using finite diffeeemmethod. The heat and material
advection and latent heating part of the heat equation dvedasing marker technique. It
turns out that the interpolation of the temperature ancasqabperties of the fluid are essential
for numerical stability. For interpolation of the tempenas from markers to Eulerian grid, we
suggest and use here a different scheme than Gerya and Ya@3).(2

We wrote the code to solve the equations in a two dimensioade€ian domain using For-
tran 90. For solving the momentum and continuity equatiors the heat equation, we use
LU decomposition from LAPACK subroutines. The code is pataled using shared mem-
ory model and OpenMP instruction. For testing our code, wpleyseveral fluid mechanical
problems with analytical solution. Our results were alsmpared with the benchmark of
Blankenbach et al. (1989). Our code includes shear heatdigbatic heating and latent heat-
ing. It can handle chemically different materials, noreln viscosity depending on chemical
composition, phase transitions, strain rate invarianttantperature and pressure. It allows to
employ spatially dependent thermal expansivity, therroabcictivity and internal heating.

For high resolution model runs needed in detailed subducetiodeling, the computer de-
mands are essential. Therefore, further parallelizatioth@® code using distributed memory
is planned to get higher resolution of the Eulerian grid gomeksl-up the computations. In the
future, the elasticity which plays an important role in theqess of subduction should also be
included.

We apply our code to the problem of subduction and we studyateeof the slabs in the
mantle. Especially, we concentrate on the effect of the giakening in the lower mantle.
We employ two models. In the first simple mechanical modé nttantle convection is driven
by a compositional buoyancy. We study the effect of the \8ggacontrast between the sub-
ducting plate and the mantle material in the upper and thedenantle and the effect of the
viscosity increase at th&/0 km boundary. We suppose constant viscosities for each miateria
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and each phase. In these models, no buckling is observede Backening (by approximately
factor2) due to the compression is observed only for model with rathe viscosity contrast

of 10 between the subducting plate and the ambient mantle andvisitbsity increase by fac-
tor 10 in both plate and mantle materials in the lower mantle. Fostmmodels, no significant
deformation at the viscosity barrier at t6e0 km depth is observed. Only if the relatively high
viscosity increasel( 000) at670 km boundary is employed, the plate is bent when it penetrates
into the lower mantle.

In the second model, the subduction process is driven bynddeouoyancy. We employ
composite rheology including diffusion creep, dislocatareep and stress limiter. We find that
the buckling occurs for relatively weak slabs in the lowemnitt& In the models with viscosity
jump equal tol0, this effect is observed if the weaker decoupling layer isduand for both
prescribed velocity and free-slip boundary conditions. 3Wew that the presence of the phase
transitions (especially exothermic transition4ét) km) supports the creation of the buckling
instabilities. For higher viscosity jum@B(), the buckling is observed in all models except for
the model with stronger decoupling layer and free-slip ¢oral In this model, the thicken-
ing due to the compression and conductive cooling is obdenfetronger slabs are assumed,
the buckling does not occur in most models. In these modedsplates subduct without any
significant deformation. The resulting plate shapes deperttie boundary conditions, the vis-
cosity increase d&t70 km and strength of the decoupling layer. Therefore, we canludedhat
the long-wavelength character of the lower mantle fasnsieiselocity anomalies traditionally
associated with slabs could be explained either by the lmgkif relatively weak slabs or by
thickening due to the compression and conductive coolirtgerhigher viscosity lower mantle.
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