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NUMERICAL MODELLING OF TECTONIC EVOLUTION OF
THE WADATI-BENIOFT Z0NE BENEATH THE AMNDEAN
REGION. THE EXTENDED VERSION.

JES0S RERACGCALY, JIR[ NEDOMAL, AND ZDENEK KESTRANENT

Techaival Heport No V-842, JO8 AF CR, Frague, 2o

ABETRACT. Inporiant coniroversies exlar aboul the seismotectanic character-
Erles bn che Ancdeain region, in relation both o the morphalagy of the Wiodali-
Beniudl zeme (WERE] and wa the foenl mochanism rospansible for the very deep
th=aiikm) Seuth Americon earchoguoie.

Biosel on numerical modelling aed the wse of good qualbiy rolocabnd hypocen-
vres, nnd other doctonie data, we propese Lo demons=trate that the Nazen slals
portien pmong 2495 wned OLa%, is in o process af o top-ie the narith aleos in
swch o way that its deep corresponding oxiremes seom Lo be, ot present times,
nt Incicucles 29°5 amal UG"5, respectively, The seismic datn also permlited e
elaborote an wpdotad and more decailed eontowr mop of e WEE topography.
In this map it is passible o coerelate the chonge on the slab's dip heneath the
cointral ond nortlern Peruvion regions with the subdeetban af thi Nowes assis-
mic Tidge and with o prabable north-westorn migration of the slab comprisicg
the sulbduciod aceanic ridge. The hypothesis presenced in this paper, Lhat
sugpests & northwards transintion of the slob in the lespsition zene ot arocund
fifkm depeh, permbts to nfor & ol berizontal meckanism far the very deep
Souch Americon earthupuakes, similarly to the fecsl mechonizm determined Tor
the large deep Dolivinn gvent of June 10EL

Humericol modelling of this ramewark is based on the plate weetonic hy-
puthesis and the theosy of contoct problons widh friction in (thermo-]elnsticity,
Wi sholl seswme thot cle Mazea plote moves during the the poriad 2horter
than & characteristic time £ = 20 where @ s the edflective viscosity nnd e is
ihe elnstic righdicy [Nedama [1908)), b o uniform veloricy.

The preblem leods to analyse the contnct prabloms wilh fricticn in elastic
teadies that are subject fo body oad externol foress and that are in muionl
caintoct between several elnstic tock bedies. Then the problben leads to salve
the variatiann] inequeality problom. Nweioecically the problem represents o FEM
approcimation of the varintivnal ineguality preblem ond 13 equisalent o min-
imize the potentinonl encrgy over the sol of odmissible displacements. Tl
nmarlen] vesnlle ecneccning interplate stresses, normnl and tongeintisl com-
proind= displacements and stresses will b dizensand,

This resenrch wos portlally sipporiod by the grane COPERXICOS-TIPERGEOS
T-EIT 937006 oo by he grant of the Ministey of Eduention, Youth and Sports
of tle Crech Republie Mo OE-407,

1901 Watkematies Subject Clissifoebion, Primory: BGO0R, TETRG, ISLAE, TAMOG,T3K2E See-
ardnry: SEAG], FANLD, B0CI0, TIOI0, 71060

ey monfs wid phroses, Geodynamics, Andes, suladustion of the Naees Plate benenth the
South American Plate, seimalagy, plate tectanle theery, sontact problem with friction, varlatlann)
inequality prablem, finite eloment metlod |
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The Andean eegion is loecated in one of the mest scismically active regions in
Lhee world, It is the largest region between 10N and 4375 in which acean-contineont
convargenee i85 the present event, The Andes are the resolt of the subduction of
Lhe Mazcin Plate beoeath the South American plate along the Peru-Chile Lrench
sinee the Cretacecus. This eontinental margin orogenic belt i more than TO0DEkm
lempil. I presents distinct broad scale tecionic segments, which correlate witly
the veriations in the geometry of the subducted Maxen plate {Barazangi, Isacks
(1976), Jordan et al, (19831), These segments are conspicous in the Central Andes
between 15°8 and 2775, Along the Poru-Chile trench, 1he subduction of the Mazes
Plate under the Soutl Americon Plate is woll underlined by the Wadati-Baninff
wone {WEZL

The WEZ beneath the Andean region hes been frequently studied by using
the scismic activity (Figs labe) and che plate tectonic theory, Isacks, Molnar
(1971), Barazang, Lsacks (1076),(1070), Sacks (1977}, Smalley, Isacks {1987) and
Rodrignez, Tevera (1991), Bervocal, Fernandes {1906) indicate the existence of
specific fealures in the Nazea slab beneath the Andean region, namely the changes
of the WHE dip, having an almost flat belaviour under central and northern regions
of Pern and centeal vegion of Chile/NW Argentine.

The WEE beneath the southern Peru and northern Chile cegion was sonslvsed
through data collected by local selsmaographic networks {Hasegawa, Sacks {1951),
Grange ct al, (1954}, Doyd et al. {1981)). These analvses confirmel the foromoing
rasults of Barazangi, Tsacks (1979) of o WBZ with a gently dip in centeal Peew amd
a steep dip slab [T30°) in its southern portion. Combe, Suare: (1994), Comte et
al. {1904} indicate phase tronsformaetion elong the slab with normal and reverse
faulting at arround 100km and 200km of depth. Delowis el al, (1996) determined o
WHE with a seismically coupled plate interface and localised reverse fanlts among;
20-530kin depth with variable azimoth up to 80km Jepih and with constant seimuch
NNW to MW, below it, until 250km. The rotation of the stress axes by eelating
thie deeper portion of the slab is obzarved.

The seismic activity amcng T0-300-500km of depth and the concenteation of e
deep earthgualkes in relatively narrow zones oriented almast in the M-8 direction was
useful for important information to determine the mechanical propeeties and the
stress distribution of the descanding slab, Tue o Billington and Isacks [1975) and
Beck et al. {1905) the determination of the physical mechanism of deepr carthonales
is u fundamental problem in seismaology, But there are important controversies
ahout the seismoleclonic characteristics in the Andean region, in relation both
to the morphology of the Wadati-BenielT zone, all along the intersction regions
between the plates (soe eg, Cahill, Isacks (1902), Berracal, Fernondes {1906)).

The aim of this papar i3 to present certain mathematical model of Andes pre.
aented on two profiles - profile 52 across the Villarica woleano and profile 5105
pcross the Peru-Chile border (Figs 2B and 2k), The model will be based on the
abservalion of epicentros of earthgqnakes (see Engdahl et al. [1997), Berrocal, Fer-
nandes {1906)) and on the shape of the WBZ (fig. 3) ss well as on the analyses
afl the decp fanlts together with a spatial distribution of voleanoes [(Fiza) (see
Deway, Lamly (1992], Lépes-Escobar ef al. {1995)) . Moreover, knowledge shout
movements of both global Bthospheric plates as well as of their subblocks are very
important information for mathemestical modelling and machematical simulation
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of plate tectonie processes in the region studied. On the olher hind, the numeri-
cal apalyses will bring new information and understanding about tectonic processes
taking plaee in the Andean region, namely Uhe interplate stresss and seeismic zones
abserved oo the WBZ.

2. THE MODEL.

Sinee the geodyoamicsl processes caking place in the thosphere of the Andean
region and in the upper mantle diciog the whole evolutionery geologicel epoch
contiome from ehe Tertiary up to the present, thus the mathematical model of Lhe
anhduction of the Nazea Plale bepesth Lhe South American lithospherie plete muisc
be derived from the mathematical global plate tectonic model (Nedoma {1982),
(198Ga-c], {19808 b,c), (200071, which will be as follows:

Let 0,7y, op be the orthogonal Cartesian coordinate syatem, where N is the
space dimengion and let 2 = (2,25 ] be o point o chis Cericsien system. Let the
o Iithosphere and the upper mantle, being in an inicial scress-steain state and created
by & system of elastic anisolrapic or Botmopic lithospheric plates or geological blocks,
respectively, occupy a region ©, Let £ be the region in BY, N = 2.3, with o
sufficiently smooth honndaey 20, Mereover, we shall sssume that 0 = wr_ 08
Ll the boundory @0 be divided into disjoint pares - T, T and T sucl that
alt = o ul', ul, Uy, where che parls Ty, T, T and Ty are open scts in 582
. Assuwme that Lomeé cocficients A and g ss well as anisctropic elastic coelficients
e are bownded [unctions, We then shall assume that l‘,;a*,ﬂ;fﬂ s El‘l[ﬁ‘}. Ll
I'= (&) be a time interval, £ = 0« 7,80 = 30 = 1. Lel u=ulx,{] be the
displacement vector. Let us denote the cutward unit normal to the boundary G63
by = (5], The I:qunti-:mu of motion for every subdomain 020 of © read as follows:

(1) o5 — g (e )] = FU ok, = 1,0, (xt) e,

which E'|:|:r the case, i the IJt]:nqphmin:: plate or gealogicel Blocks move during
relacively shorl gealogicel peciod by an uniform velocicy (then we will speak aboul
the quasi-dynamic case], leads to the form

(1a) ”—’t'j;‘ + R =04 7=1,., N =18 in 2,
where F* are by forces, A repepted index implies summation Trom 1 1o N,
The relation between che displacement veclor u ={w;), 1 = 1,..., &, end the amall

atrain lensor oy is d-LJ‘:LL*d bar

() e = egilu) = S(B5 4 280y 5 7= 1, LW,

The relation b-etwenn L 12 etrass and strain Lensors is defined by the Hooke's Do

(3] Th = chiemit ) LI =1L N =18

n thc anisotropic easae, whereas in L.Im oL rapis o

(4) ehipe = p b + By ] + N 8id,

where A", o' represent the Lamé coelficients. The cocfficients 3y Torm o matrix
of the type OV = &« A x N} and satisfy the symmetry conditions

{3) t%.l.-r = G = L71-[."1' o C§_|:|L-

and

(6] 0 < a2 ofyix)E; ,-Eu | £]7%< A < 4oo for rex € 1Y,

t e co vfg_r "-|J'|.1

where ap, Afy are constents independent of x £ ' and for the isotropic case
ap = 2minf{p{x);x € ') and AL = max{dp' (x) 4+ I {x);x 2 ')

We shall consider the condition of lopding on the Earth sweface Ty in the form
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{(TIrymy=FmTyx .

Let the boundary T, =! T, U Ty, Let us asswme that a portion of the examined
realogical body does not move at o certain pact of boundary which will be denoted
by 1Ty, W thus have e.g. the conditions

{8 2 =" gy (=0 on 'y = I

Pucthermors, we con simulate the movement of en invesing place by the displace
ment vector given at the boundary T,

(0 ag =% g (F0), 6 =1,..., N, on 3, = 1.

Assume that cthe investigated Andean region 2 consists of 5 lithospherie plates
and blocks 0, ¢ = 1,..,, 5, so thet 22 = UL, 0, and let several neighhouring plates
or geological blocks [we will speak ahout geological boadies), suy % and 0F, aro in
a mutual contact. Denate the common contect boundery between both gealogical
badies (* and O before deformation by . Let us denote the cutward unit normal
to the contact bowndary TS iy no= (m:), Let t = (45) be the unit tangential vector
to the contact boundary I';':'". Further, denote by v, = Figt; Lhe stoess vetor, its
normal and Langential components by T, = Tn; = Tnng, T = T—ren, and
the normel and tangential components of displacement vector by w, = wn; and
W = 1 — w0, Denote by u®, o {indices k@ correspond with the neighlyonring
geological blocks in contact) the displacements in the neighbouring blocks. All these
quantities are functions of spalial coordinates. Then on the contact houndaries T
the condition of npon-penetration

(1) af —uf, 0 on TH = J

hialidss,
For the contact foroes, doe Lo dhe lew of action and reaction, we find
() =s=r mrd = =1

Since the normal components of contact forees cannot be positive, e cannot
be tensile foroes, then

(=l =r 20mTH =T,

Dluring the deformation of the geologieal bodies they are in contact or they are
not in contact. IF they are not in contact, then ol — x, < 0, and the contact Forces
are equal o zero, Le. 7E = —18 = 8 = {1 the geologicel bodics are in contact,
e uf —uy, =0, then there may exist non zero contact forces 7% = —#l =5 <,
These cuses are included in the following condition

(13} [l —al)r¥ =000 TH x b,

Further, if both geological bodies are in contact, then on the contact boundary
the Coulombian type of friction acts. The frictional forces g acting on the con-
toct boundary TF are, in their absolote value, proportional to the normal stress
component, where the coeflicient of proportionality is the cosfficient of Coulombinn
friction =¥ {0,

(14) g2* = F* |78 | -

D tor the acting frictional forces we have the following cases:

If the absoluce valwe of tangential forces ™9 s less than the Frictional forces
. then the frictional forees preclude the mutual shifls of both reologica] bodies
being in contace. If the tangential Torces 77 are cquel in their absolute value (o the
[rictional forces, so that are no forees which can preclude the muotual, ie bilateral,
motion of hoth geological bodies, Thus the contact points change their position in
Lhe direction opposite to that in which the tangential sleess component gots, These
facts are describad hy the following conditions:

{15a) if vf — af, = 0 then | T# |= g&
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(18b] if | 75 = g*' then uf —uf =0,

which means Lhal the friction forews are sufficicnd to proclude the mutual shifting
between the sssumed bodies and

(15c) if | v |= g# then there exists a function @ 2 0 such that

:uf = m =

which meang that 1he Fiction Torees are oob sullicicod to preclude the muoiual-
biluteral shitting of both sssumed geclogical hodies. This shift acta in an oppaosile
direction 1o the acting tangential foroes,

When FF = 0 then g7 = 0 and then 7F = — = 0, and we speak about the
cose of contact problems without friction, In the cose if 7 = 1, Le. if the second
body is approximated by an absolotely rigid material and the frictional forees are
eqpeal 10 wero, then Ega (100,012),{13) redoce to

(16} vy = 0,7y = D2ty T = [

In zome problems che conditions of syimmelry

(1T} w, =01y =0, j=1,.., N

can be used on the axis {or plane) of symmetry, This bype of conditions ts usclul
namely for 3D model problemes.

The amplitnde of the Coulombign coeflicient of friction i not known, but for che
existenee of a solution 3t cen be estimated {see Hlavdeek of al. [1083), Haslinger
et al. (1906), Jarudek [1983) Tor the elastic cose sl Nedoma (1O87),(10598) for che
Lhermio-elostic cose) ez for the izotropic case by

(18] | F < (eufen)?,

where o, and o, are the velocities of 5 and P seismic wavea. We see (hal Lhe
eoefficient of friction dependa on the material propertios only,

Remark 2.1, We say ol the pretlem investigated will be coercive if T3 2 0 for
all 1 = 1,.., 8 and semi-coereive if of least one pert of Ty = W0 T, say T, i
anipiip.

4. MUMERICAL SOLUTION OF THE PROBELE.

To solve the problem mumerically we derive its variational {weak) solution, As-
sume that the demain 83 s cecupied by the Nazes snd South American plates,
which are amsumed to be isotropic or anisotropic, and moving by an uniform veloo-
ity during the investigated shorl {Trom the geological point of view) time pericd and
Lhat Lomé cocflicinents A and p as well as snisoteapic elastic coellicients o are
bounded functions. Tn the Fllowing For our apalyzes of the subduction of the Nazea
Plale beoeotl the South Americal Plate we shall eonsider the 21 semd-coereine
quaesi-dynamic case [Nedoma (1994), (1998]),

Let 1< BY, N = 2,3 be o union of domains, oeeupied by & peologicnl budies,
with & snfficiently smootl boundaries #03', consisting of three pares o 1y, T,
il = 'y U, U, all defined above. Lot 3 = {xy).4 = 1,2,{3) be the Cortesian
co-ordinates amd let 0= [, L= (&) = (=nrz,mn) be the outward normal and
tangentinl veetors to 80 Let ws look for the digplacement vector u o= {u;) €
W) = [HU)Y, where HY) s the Sobolev spece in the usual sense [see
Nedoma (1093)1, Lot eg{u). 75;(u) be the small strain tensor and the stross tensor,
respectively, and p* = g'(x) & O the density. Let for every time ¢ T pronets
of body forces F; € L*{8)) components of surface forees B € LA, Jand cocfficients
of elasticity oy, € CUITY satlsfy the usnal symmetry conditions and the waual
ellipticity and eontinnity conditions, Let o € L3 be given slip limits.
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Let us denote by (L) the sealar product in [L*(S0]Y, by <., the scalar predoct
in [LET)Y, by || - [ln the norm in [H4(E]Y, & being an integer, where 550
denotes the Sobolev spaco in the ususl sense. Lot us denote Ty

Vi={viveWs=[H Y« [ Y v =0on T, U T, )

V={v|veW,v=ugon'l.UT,}

the spoces and sets of virtnal displacements, respectively, and by

Ko=Iv|vel vl —ul <0on Ug T4

the set of sl admissible displacements.

Multiplying [La} by ¥ — u, integreting over 02 Tor all ¢ {(we will use the nolallon
wt] from the investigated geological time period, using Lhe divergence theorem and
honndary canditiens, Lhen we have to solve the following variational prolilem:

wi will find function u £ X %, such chac

(19) afu, v —up+ < @, | v — vi | = |uf = uf |22 S(v —u) ¥v £ K v,

where for u,v € W owe put

aju, v = E?..L alu, v} = _I';-, Sijreg(a)ey (v)dx,

Siv) =T, 8% = Jy Frsds o+ fi Prvds,

FonV) = J, rae 85 | V¥ — i | ds =< gif,| vf - vf |

The problem {19) represents the variational inequality and is equivalent to the
following veriational formuilation:

Find a function u e K %, such chat

(20} L{u) < Liv] ¥v & KW,

where Liv) is defined by

(21) Liv} = Lg(¥) + dgul¥), Lalv} = Salv,v) = 8],

which means that we minimize the functional of potential encrgy Liv) on the
set of all admissible displacements {while in the case of the classical BYP in elas-
Cicity we minddse the functional of potendial energy on the space of all virtusl
displaccments).

To prove the existence and uniqueness of the wariational [weak) solution we
introduce the set of all rigid displacements and rotutions

P=uUf_ Mahere for N =3 P = {v|ve [H{P, v = at+b* xx} and

for N =2 P = {v' | v' = (v}, eh) & [HHR", o = a) — Wz, g = ab + g ),

where o, b® are arbitrary real vectors for & = 3 or & are arbitrely rosl scalors
for W =12,

Then we can find that there exises a weak solution of the problem under the
condition

(22) Slw] = fpafw] Yw e KN F io

Joy Frwztaeote i, Fiavgeds — -ruk.rl‘é" At | wl —wl |ds =0
Ww e KNP,

representing Lhe necessary condition for the existence of the solution [Nedoma,
199881,

Finite Element Solution of the Problem

Let the domain 1 < BY he a bounded domain and let it be approximated Liar
# polygonal (for ¥ = 2) or polvhedral {for ¥ = 3} domain . Let the domain
£ty be “trisngulated®, Le. the domadn 0, = 0, OO0, i divided into & system
of wr triangles T, in the 200 case end into & system of o tetrabedes T, in the
A0 case, gencrating o trisngulotion T such that £, = LEE Ty, ond such that
two peighbouring triangles have only a verlex or an entive side commen in the 20
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cage, and that two neighlouriog tertraledra have only a vertex or an entire edge
or on entire face common in the 3D ease. Denote by & = maxcizm(diom Ty}
the maximal side of the tiangle Ty, in the 2D case andfor the maximal edge of
the tetralislron in the 310 cese in Ty, Let pp dencte the radius of the maximal
circle (for 2D casa) or maximal ball (for 3D cuse), inscribed in the simplex T3, A
family of trisngulation {Typ0 < & < fy < oo, i5 3add to be regalar if there exists
a constant dy = 0 independent of & and such that bfpn = oy for all & £ [I:ll .fau]

W will assume that the sets T, 0 Ty, Fof Do BomiTo: ConPe Tan Ty o0 Ty
coincide with the vertices or edges of T),,.

Let & € 13 e an arbitrary interior vertex of the triangolation T, Generally
the basis function wj, (where af, is a sealar or vector function) is defined to be a
fumeticn linear on cach clement Ty, € Ty and eaking the valwes wf (Ry) = 8;; ot the
vertices of the triangnlation, where £; is the Kronecker symbol. The function )
represenls o pyromid of heght 1 with its vertex above the poiol 7 ond with its
support (supp w} ) consisting of those triangles or tetrahedra which have the vertey
A in comenon, The basis function hes small suppart sinee dis(supp o7, < 2h and
the parameter i — 0. Furcher, for simplicity, we shall discuss the 30 case, where all
phyvsical parameters will be independent of the xy co-ordinate only, Such problems
lzad to solving the 200 mode] problems only (Nedome [1983), (1937),( 1998}

Let ug assume that ¥ = 2. Let ¥, be the apaces of lineer finite elements, ie. the
apnees of cmaLinunu].s vector functions in £, plecewise linear over T, i.c.

Vi = v € [C08)2 % . x [ NV | v, € (AT ¥, € T)

AT

Koy ={v el [of — vl <0on Ul = K11

A funetion uy € Ky, 8 snid to be a Goite element solution of the maodel problem
stndicdd, if

(23) Limgy < Liv]) ¥v £ I,

which is equivalent to minimize the FEM approximation of the functional of
potentiel energy over the approximstion of the set of all admissible displaccments
Iy,

To find an spriori estimale for the error of the solntion | vy, — v | where v is
an exact solution snd wy i 2 FEM solution of the moede] problem, then using
modification the Falk’s technigue, we find {zee Nedoma (1998]) thet under the
certain assumplions | u = wy, |= O0h), & — 0.

Finite element technigue used requires the solution of the contagt problem with
friction by using the numerical approsimation of & saddle point. Dy an approxi.
mation of & saddle is meant a point (., Ay} £ Ky = Ay of a Tunctionsl £, the
soegalled Lograngian, on i = Ay, 3 o saddie point (u., A} © &« A exists and if

"I:' |:.'|.'|.,I|,II'I|||:| i: "I: ':".1.'“ -':I'h] E -'E' |:"!"_|“ -':ll.'q]

for wll pairs of functions (v, pn) € Ky ® Ap. The problem for a fixed ! 3
aquivalont to find vy, € Ky such thed

2d) Liua) = miny, e, BUR, ehy {Llvp o) = Llll:v*:l'i_IUTf';i iy ‘J-{'r{"m m_:ltl!.:-}.

where Ap is the approximation of 1he set of the Lagrangian mulcipliers oM, e,
of the set A = Ufp® | M e L3TH), | 0™ < Lae on T8, £ the Lagrangian and
where Lhe non-differential functional §,,(v) = -'I-ur",-' gt | v — vl | ds was replaced

by dga{vi} = .|rn_1'éi'. ""'l-"a.lﬂil!.l':‘f'ﬁt = ¥ Jels.
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For che numerical realization of & saldle poing, the Uzawn algorithm was used.
The Usawa algorithm is ss follows:

let ws ehoose }.E £ Ap, e A =10 let AL & An be known, then we find w0,
solving the Fallowing problem _

(25) minw,e e {L0va) = Lofvi) + Jpa Mgl (v, — vi, s},

el .3-.:,“""" = PN+ pa (k) — (o, Je)), where P ois a projection P
LHTYY — Ay defined as follows

€ ERTHL g eTH,

Ppoly) = ply) for | plp) (<1,

Frely) = 1 for ) = 1,

Ppefy) = =1 for ply} < -1,

a0 0 g = <o,y o wre sufficiently small numbers followdiog from the
convergenee theorem of the Usewa algorichm (see Nedoma [1008)),

Minimization of the Tunclional Livg) over the sot of sdmissible displiscement:
Wy Lhen i egquivalent éo the problem

[26] flw) = %WTC'W — bTw with linear constraints Aw < d,

where inour case the funcetional f{w) is gencraled from the functional Liv,}, O
is the stiffness mateix [dim 2 % m), which is positive (semi-Jdefinite sl generated
L the term ¢ [0 egepes;(udeg (via b (dimn) is the vector generated by the hody
and surface forces, ie. by the term [, Friopdx+ _|"r.r Fiargds and by the friction forces
L_J,-i. Mk ek — wlids and it changes due to the fiction forees in every step of
the Uzawa algosithm; A {dimae = n} s the matriz of consieainls gencrated by the
condition of non-penetration «f —al, = 0on T* i the definition of che admissible
sat of displacements &4 =0,

For solving constrained optimization methods the gradient projection methaod,
like the steepest descent method adispted to constrained optimization problems,
can be generally useful. Since the functional f{w) is & quodratic functional, then
the conjugate gradient method with linear constraints and with or without precon-
ditioning or the penalized method, the elimination method and the method of doal
variables, respectively, can be applied (Daniel (1971), Brousse [19588), Luenberger
(1954}, Nedoma (1995), Nedoma et al. {19909)],

4, Disceesioys ofF Besuurs. QopoLEssioN

The vesults are based on the analysis of the spatial distribution of high quality
of carthguake hypocentres, cecurred in the Andean region in the period 1964-1995.
Moreover, the analysis of the sproe-time distribution of all dats of very desp Soutlh
American earthqnakes i3 used to define some seismotectonic fealures beneath the
Andean region (Mufioz, Stern (1988), Lépes-Escobar b al. [1995), Berrocal, Fer-
nandes (199G}, Engdahl el al. (1997), Giese et al. (1998)). In Figs 1 and 2 the
epicentres of carthouakes, chat have oceurred in the WEBZ beneath 1he Aodesn
region during January 1964 -Diecember 19495, are plotted, where in Figla the epi-
centres of events with b Gkm are platied, while in Fig.1b the epicentres of events
with £ = S0km are shown, both to include mainly the activity in the WBZ beneath
the Andean rogion between 09 to 5075 and in Fig. le and Figs 2e-r their disteilng.
tion with depth is given. The numerical analysis will be made on two profile seross
the Andes, which was divided in to 14th sections. We constructed our profiles
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crogsing the sections 82 and 5108 and we will dencte our profiles as the profile
52, which scrossing the Villacica voleano apd os the profile S310E, which crossing
the Parw/Chile border. The profile 52 indicates o dip of arround 20° and a maxi-
amaiim deptls of 1a0km (see Fig20).The proble S10BE shown in Fig2k, represents o
WY with esismic activity up to 300km of depth, followed by a seismic gap up 1o
S0k and then i continoous with £he very deep sctivity up to accound 600km of
depth. Section 105 seome to be a best representacion of the WEZ in the sonthern
Peru-Pern/Chile border region.

The collision of lithospheric plates represents the actual cansa of the large strosses
and steaing in the lchosphere, The lithosphere thus beboves like o stross suide,
Since this process pleys sn imporéant role in tectonophysics, therefore, we will study
this problem in greater details. Cne of the main goal of this stady is to show that the
msthematicn] model of the subdoction of Mozes plete below the South American
Plata, eorresponding to the plate tectonic theory, 5 more cormectly described by
variational Inegquelities (soe the provious scetion) than by the classical approach
lerding on che variational equalities. Such model problems accurately spprocimaete
the mtusl shiffs of the subducting and obducting plates az well a5 their pares -
geclogical blocks, along common conlact boundaries or aloog the common boundery
between the lEhosphere and the ssthenosphere, whelly in the sense of theplace
tectonic hypothesiz. On the conceary, the classicalapproech bosed on BV o the
theary of elagticily (visco-elesticity] cormesponds to the stetic models of the crust or
a partof the lithosphere resting on thair suppore, which do ot render Lhedr mubual
alaifting.

In our approach we will assume that, the present eelabive movements of £l invis-
Ing Mazes Plabe is of about 10 emfvr, while the present celative movements of the
South American Plate in ita centeal part is of ahoul 25cm/vr, which corresponds to
e eelabive mobion demfye of the sprosding of Atlentic cceanic lichosphera, Morae-
over, we will pssume that the investigated geological time interval will e the sum
of time intervals, which are shorter than the charecteristic time ¢, for which the
lithosphere behaves as an elastic medinm. In a real lithesphers and the upper parts
of Lhe manble apd for o Jonger geological time periods a noo-linear creep reprasents
the dominant mechaniam. Then the upper pases of Lhe Earth will be spproximeted
by the visoo-clestic or visco-plastic model problems. But in onr study, for simplicity,
we will study the bebaviour of the upper parts if the Earth during very short [from
the geologicel point of view) geological time period and, moreover, we will pesme
that during Lhis time the Nazen Plate moves by the uniform velocity 10cmfyr. The
models corresponding to the profile 52 - Willarien voleano and the profile 5105
aceoss the PerufChile border are based on the scismotectonic results of Engdahl
ct ol (19%45), Derrocal, Fernandes (10098), Hirchner et al. (1096), The models -
profiles 52 and 5108, asaume o lihospheric plstes of B0-100km thick, with densities
betwesn 2500-3400kam ==, velocities of seismic P-waves hetwean GLO0-8120 ey ~?
ani velocities of seigmic S-waves between 3540-4690 mece=', The surface confomu-
rotion was obtained from the distribution of intermediate and deep eart ligualos ne
well as of o sitwation of deep Taults,

In order to model problems of both investigated apetions 52 and 5105, we will
apply the Lheory derived in Medomwa (1998), and which is shorily presents in the
previous section, for a imited part of the South American continental lithospheric
plate, the Mazea Plate and the upper mantle, we ove Lo mprove boundary con-
diticns an Lhe plate Jmits, These conditions replace the relacive motion of both
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lithospheric places at groater distanecs from the subduction wone. Furthermore, s
agsime thot Lhe Eacth's surfoe is load free. At gresier depth under the lithoasphere
we will assume that on these surfaces the displacements are very small, practically
ciual Lo zero.

In order to give the equations of motion we shall assume that both lithespheric
plates and 1he upper waotle sre formed by inhomogencous isotropic materials and
thet the varisbility in time of the hody and sweface foroes are slow, snd moreover,
et the mobion of tle lithosplherie plotes is uniform over the lest savaral million
voare (from which we will investigate from the geological point of view a small time
interval only ). Then the prollem can be studied a5 quasi-stationary and elascic
one ond the inerti forces can be neglected. In our aumerical study we will il
ourselves 1o the 20 case only. The Hihesphers 33 modelled by s non-homogencoos
and broken wp wediom restiog with friction over the asthenosphere and aubsducted
to the upper mantle.

The main resulls ace illustreted in Pigs 5-12 for the geological cime inberval
10yr=. In 1ig.h the geometey of the mode] problem corresponding to the profile
32 acrass Lhe volonno Villerica i presented. The numbers in Fig.h represent. conlact
points Iving in the subduction sone, on dhe comuoon boundacy of the Nazes Plate
omil the South American plate and their commaon houndaries with the upper mantbe
(the mesosphere). In Figs Ga-h the inlerplate stresses in Ma are illustreted. In
Fiyg. G the principal stresses in the whole stodied region is presented, while in Figs
fib-o their details {zooms) are given. Tn Figs GEh the stoes bensor components
Tie = 8u,Toz = 8pzy Tz: = &2 ame given, Their analyses indicate accumulation of
stresses in three main arens (see Figs Ga-h) and between them the areas with a great
deop of stresses, which can be iodicated both from the principal stresses as well as
from the components of stress tensor (&5, 8., 8. ). On Lhe results of Figs Gb-o one
can better to analyze the type of stresses, where — > <— represents compressicn
pni - represents extension, and then we can to say something sbout the
mechamigm of earthigquakes obeerved in these region, which will correspond Lo Lhe
mechanism known from the [racture mechanics . But one can alos analyse the
ather type of earthgquake mechenism (see Nedoma (1995),pp. G03-507). We saw in
seetion 2 that on the contact boundaries between collidied lithospherie plates and
Ilocks, we denoted them by TE, the Coulombien frietion acts. Then the analysis of
the earthquake mechanizm is hased on numerical analvsis of the contact conditions
CLOR-(L5) ab every time level & & (8,40, For detailed analysis see Nedoma | 1908,
Chapters 7 and 8. That 15 to sav that if the albeolute valoe of the tengential stressos
i5 legs than the Irictions] forees acting on the commoen contact Boundaries, then the
tangencial force precludes Lhe mutal motion of both colliding blocks or places, whers
Lhe frictional forces (we dencte them by g¥'} ave in thelr absolule volue propoctional
to the normal stress component, where the coefficiont of proportionalicy is the
eoefficient of Conlombian friction ZX, fe. ¥ = F¥ | +5 | | In this cose the
deformation energy further accumulates, I the absolute velue of the tangential
skresses reach the walue of frictional forces g, then there are no Forces which can
preclude the mnouel shifting of both colliding geoluzical bodics, ie. lithospheric
plates and geological blocks, Thuoe the contace points shifts in the direetion opposite
to that in which the tangential stress component acts. At the same Lime one part. of
the deformation energy, seoumulated in the subduction zone and ita nelghbouring
regions, s relessed in the form of the epcthouskes. These conclusions are valid
for investigations durlng very short time intervels and can be determined Teom
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the v, + 7 dependence. These studies are out of our present interests, since the
preseot sofbware does ool feilibabe such studies, The disgrums of normel ftangentinl
componente of displecement vector and che stress vector are presented in Figs 7
and B Feom the graph of o, on the contact boundarcies o the subduction zone
[murnbers no 85-+33) end between the South Americenlithospheric plate and the
asthenosphere (mwmbers no 53-+43) we see thal in the sulaloetion zone twoe bolged
out aress ccour, while on the contact boundary with the ssthenosphere {points
Mo B1{33)14-39, we numbered points on the contacl bounlarics from the buth sides
g0 that the contact point No 51 is the oppesite contact point to the one of Mo
53) normal component of displacement weclor is cogusl to zoro, so that we can
identify the shift of the invesing Mazes Plate and its sinking in the subwduccion
zome per investigated time interval (Leo between points Mo 51 sl Mo 210, Sinee
the bemperstuce of meltiog depends on the pressure and temperatuce, then if the
pressuce increases the temperature of melting alzo increases, (L L decreases theo the
Lemperalire of melliog also desresses, Since the pressure falss in the sress whan
the normal component of displacement vector i3 nonzern (e, points Mo 210 and
Mo 213 aod their close neighbourhoods) the rocks are melied or partially melted
[created the so-called magma), the gases are quickly released, resulting the volouno
chambers, We can indicete the voleanic chamber of the voleano Villarica in the
depth of about G0 km and i the distance 100kmfrom 1he Peru-Chile trench, The
norimal comypeonent of e displecement vecfor indicates the size and che shape of
voleanic chambers during the investigated time interval. The Lensile sbresses in
Bpure Fig, G indicete the ploces of deep fuults, Bocks absorb gases, which after
their relesse from the rocks, compress the magma, and then transport. il along Lhese
deep fanlts up 1o the place of the Earlh's surfoce, where the voleanoes Villerica,
Ouetrupilldn snd Lanim sre situated. The rocks wp to o certain distances Teom
these ancmalons geothermal regions ane alae receystallized and/or metamorphosed.
These snomaelous grothermel cegions are result of the above mechanizmas a5 well
ag of the effect of dissipation of deformaetion enerey into a heat and of the change
of the frictional effect into o heat.

In Fa.? the geometry of the model corresponding to the profile of the ssction
8108 is presenced. Similarly ps in the previous case the numbers represent contact
pnks Iving in the subduction zone of the Nezea Plate and che South American
Plate and their commaon hanndary with the asthenosphere, In Figs 106-g the distri-
buibions of stress ficld i the studicd region is presented. In Figs 1a-d che principal
stresges in the whole region studied as well as their zooms are piven, In Figs 10e-g
the s1ress LENSor components 5., Se., £, corresponding to the time interval 1000yrs,
are illustrated. Analysing Figsl0ab we elliminale places where stresses sre poen-
muiloded; the frst one 5 sibuated ot the depth of sbout 20km and in the distance
approximatelly d2km from the Pero/Chile trench; the second one is sicusted ot the
depth of sbout 175 km and in the distence from the PernfChile trench of aboul
330km and the third one at the depth of aboul 590km ond in the distence from
the Perw/Chile treoch of about 1000km, where the maximal compression is ob-
sorved and in the depth of about GLOkm and the distance feom the PerofChile
teench 993k o5 well o8 in éhe depth of ebout 357km and the discance from che
Peru/Chile trench of about 1015km, where extensions are abserved, Between them
the aseismic wones are obaerved (sec Pl 10s). Similecly ss in the previous Wil-
laricn volonno chse we can analyse the type of earthqnake mechanism {compression
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vorsus cxtension) and compare with the observed earthguakes, In Figs 10e-f rep-
resenting shress tensor components we can elliminate similar conclusions as in the
Villarica volesno case. Figs 11a,b and 12a8,b illustrate normal end tangential com-
ponents of displacement and stress vectors. In Fig. Ha we indicate & places on
the sinking lithosphere (contect points No 93 - Mo 83) in the subducting zone and
pwo on the contact boundary with the asthencsphere [contact points No 33 - No
77) where the normel componend of displecement vector w, is non-zero, but its
absolice value over the investigated cime interval B8 relatively small, approx, 100
tienes smaller Chen o the YVillaries voleano ease, which is in the celation of the very
deap subduction of the Nazea Plate below the South American Plate. The tans
pential component of displacement vector deseribes the mutusl movements in che
subduction zone as well &5 on the contaet boundary with the asthonosphere. Figs
12a,1v illusteate nosmael and Loogential components of stress vector, Their anelysis
indicate greater values of normal stress componant with great peaks at the point Ko
83 with coordinates [268km, 140km], Mo 80 with coordinates (440km, 102km) lving
between contact points No 83 and Ko 78 and No 279 lving near the contact jsoinl
with coordinates (FE8km, J00km) {zee Fig.120) aond ab the contact point Mo 34 with
coordinates [$80km,G12km) lving in the lower part of the subducted Tihospleee
and with the walwe of compresston of aboot -2 10" P, while the maximal value
of compression in the contact point Mo 83 is approc. -6.10"Pa. Smaller values
of normal displacement component o Lhe coge of the profile S10E have connection
with very deep subduction of the Nezea Plate below the South American Plate. On
the opposite side e pormael stresses o of oo order greater dheon in the Villarica
voloano caze. It is really too interesting that the contacty honndary of the sinking
Mazea Plate and the aurcoundings (vicinity) and the bottom of the South American
lithosphere snd the neizhbouring asthencsphere ave partially melted or in the Jocal
places are melted; the mechanisin of which i of the saune brpe as in the Villarica
vilowno cpse,
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