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Abstract
FEM analysis for stress determination of fold-and-thrust belts of the South Central High
Andes (SCRA) was carried out on Paleozoic to Quaternary rocks from the Coastal
0

Cordillera to Precordillera regions of the Chile and Argentinean Andes, between 30 and
0

33 south latitudes. A two-dimensional vertical cross-section including 8 layers through the
Andean crust up to Moho has been represented by a finite element model composed of an
assembly of 2699 elements and 1456 nodes in a state of plane strain conditions. The model
is assumed to be multilayered lithospheric crustal block undergoing convergence. and we
choose to demonstrate our results by applying horizontal displacement rate (average velocity
of 6.50 cm/yr) of descending Nazca plate. The failure of elements is defined by adopting the
concept of Mohr-Coulomb failure criterion. The assigned rock rheology and physical
properties of each layer in simulation make the model behavior as elastic body in which well
defined failure location gives a hint of thrust development. Studies of lithospheric
deformation of the fold-and-thrust belts in this zone where structural style varies from thinskinned to thick-skinned fold-and-thrust belts have revealed various compressional states of
stress. The maximum compressional stress (0'1) was generally oriented in an E-W direction.
Along the westernmost part of the Coastal Cordillera, the strain deformation is extensional
in some elements. which can be explained by a co-seismic crustal bending readjustment.

Overall study results imply that most of the basement-involved deep thrusts (about 20 km)
and deformation. occurred within the upper crustal parts that lie in. Layers-4, 5 and 6, are
more likely related to crustal anisotropy.

1. Introduction

The Andean Cordillera (Figs 1 and 2) is the world's archetypal example of' a subductionrelated mountain belt along the western continental margin of South America above the
subducting Nazca plate. In this non-collisional geotectonic environment, it is now accepted
Received: January 10. 2007
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that the huge amounts of crustal volume related to plateau formation of the Andes (up
to 75 km crustal thickness) is principally due to crustal shortening concentrated at the
easternmost edge of the Andean orogen during the Neogene (McQuarrie, 2002).
The Andean Cenozoic fold-and-thrust belts from 30 to 33°S in Chile and Argentina
varies in structural style from thin-skinned to thick-skinned and most of which allowed
establishment of the age of uplift for the High Andes and shortening along eastern-most
edge of the same latitudes (Perez, 2001). Cristallini and Ramos (2000) estimated a total
of 136 km shortening in the Precordillera segment, while amount of orogenic shortening
was estimated about 18 km in the Principal Cordillera. In this orogenic belt, the thinskinned structural style is typical of the external zones of fold-and-thrust belts, whereas
the thick-skinned style occurs in the hinterland and internal zones (Abascal, 2005). For
instances, in the South Central High Andes (SCHA) region (Figs 3 and 4), the classic
eastward-verging thin-skinned (about 3-8 krn) fold-and-thrust belt develops in
Precordillera and westward-verging fold-and-thrust belt develops in Coastal Cordillera,
although, in the Internal zones including Main and Frontal Cordillera, the dominant
structural style is thick-skinned (about 20 km), Jordan et al. (1983) pointed out that this
change has been attributed mainly due to inherited crustal properties.
Because of scientific interest, mechanics of fold-and-thrust belts and accretionary
wedges have been extensively studied during the last twenty years (e.g., Davis et al.,
1983). Some important studies concerning fold-and-thrust belts have focused on the role of
rheology of the basal decollement, showing how markedly different wedges develop above
a frictional or a ductile layer, respectively (Davis and Engelder, 1985; Costa and
Vendeville, 2002; and Koyi and Cotton, 2004). Some other studies on thrust systems have
paid particular attention to the style of thrusting, changes in fault attitude, displacement
rate and amount of ramp angle. In general, the structural evolution of a thrust system
depends on stratigraphy, mechanical property of the rocks, duration and rate of
deformation and uplift versus subsidence ratios (Doglioni and Prosser, 1997). In
particular, the mechanical property, rheological characteristics of the layers of the
deformed rocks (e.g, presence of competence contrasts) appeared to be of great
significance in influencing the final geometry of the structures and the kinematics of the
thrust system (Koyi et al., 2004).
0S

Fold-and-thrust belts along 30-33° S of the South Central High Andean area are
characterized by deformed belt of Mesozoic and Cenozoic sedimentary and volcanic rocks
that overlie the Permo-Triassic volcanic basement of the Choiyoi Group (Ramos et al.
1996). Most of the deformations occurred within Choiyoi group. The deformation style of
the Choiyoi basement and the sedimentary cover are very different. Their contrasting
rheological properties are one of the factors that contribute to the complex structure of
the region (Cristallini and Ramos, 2000). Although, rheological characteristics of strata in
different fold-and-thrust belts allover the world has been studied extensively in different
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mountain belts (e.g. McQuarrie, 2004) during the last twenty years, but, in this part of
the Andes, it is still obscure. In this circumstances, an important factor like numerical
modeling have been taken into account to show experimentally the rheological effects on
the tectonic deformation in the upper crust of the South American plate by applying
displacement/absolute velocity rate of descending Nazca plate along the flat-slab
subduction zone. In this study, significance of rheology on fold-and-thrust belt systems
has paid particular attention. We concentrate to get rheological insights into the
development of basement-involved thrust belt by applying elastic finite-element modeling
techniques. Thus, this contribution is an extensive attempt after Cristallini and Ramos,
(2000) and to provide new insights into the mechanics of basement-involved deformation
of the Andean belts present at this latitude. Three major objectives of this study are:
(I) to ascertain the nature of stress that could be interpreted as a potential rupture zone
and provide an estimate of the possibility of failure as faults developed along core of the
South Central High Andes,
(2) to establish the geometry and mechanical behavior especially rheological link between
basement-cover and basement-involved E-W vergent thrusting of the area, and
(3) to correlate thin-skinned and thick-skinned deformation in this region to events in
entire Andean orogeny and consider the main factors controlling deformation.
1.1. Materials and Methods
(1) Geological cross-section prepared by Cristallini and Ramos (2000)
. (2) Physical properties of strata of the cross-sectional area
(3) Finite Element Mesh
(4) Finite Element Program by Hayashi (unpublished)
(5) Mohr-Coulomb Failure Criterion
(6) Focal-Mechanism Solutions of study area
Three-steps of study have been considered by using aforesaid materials
(t) At the first step, the belt geometry i. e. a geological cross-section (Fig.4) presented
by Cristallini and Ramos (2000) after Introcaso et al. (1992) is highly simplified
(Fig.B). Then the study is focused on the identification of the main geometric and
rheological parameters controlling the deformation in fold-and-thrust belts of this
region by a numerical model.
(til In the second step, concentration was made to calculate principal stresses that could
be interpreted as a potential repture zones and give an estimate of the possibility of
failure of elements from the concept of Mohr-Coulomb Failure Criterion.
(iii) In the third step, the rheological role of basement-involved uplift is introduced within
the belt and its effect on the deformation pattern is examined by Focal-Mechanism
Solutions.
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1.2. Limitations
The present study, elastic mechanical analysis of SCRA fold-and-thrust belt contained in
brittle crust, was performed using finite element code by Hayashi (2002). The program
has been applied to two-dimensional geometry. The modeling approach restricts the
interpretation to the most robust features of the experiments. The Mohr-Coulomb
rheology is obviously inappropriate to represent the weak rocks of both the upper and
lower layers, and we considered only approximate upper layers weakening by principal
shear-stress at the model layers. Hence we are confident that the comparison of the
general tectonic features, e.g. the distribution and propagation of thrusts, style of
thrusting, changes in fault attitude, displacement rate and amount and ramp angle are
little affected by the limitations of the modeling technique. Although the correlation to
natural orogens remains qualitative, but allows intuitive understanding of the tectonic
evolution of fold-and-thrust belts in this region. In any case, we have to bear in mind that
interpretations of the modeling results remain quantitative because of the intrinsic
limitations of numerical modeling.

2. Tectonic setting of the South American Plate (SAP)
The tectonics of the South American plate (SAP) (Fig. I) , which is not attached to any
significant length of subducting slab, is dominated by non-slab tectonic forces such as
those due to lateral density variations within the lithosphere (i.e., cooling oceanic
lithosphere, associated with "ridge push", acting outward from the Mid-Atlantic Ridge; the
Brazilian continental margin; and elevated' topography of the Andes) and forces
transmitted across collisional boundaries along the Peru-Chile Trench. The SAP therefore
provides an ideal location to investigate the relative contributions of non-slab tectonic
sources within the lithosphere. The South American plate consists of about equal amounts
of oceanic (5196) and continental (4996) lithosphere. The young oceanic lithosphere
(younger than 66 Ma) makes up of about 3596 of the plate area, and old oceanic
lithosphere makes up about 1696. The continental areas are divided between submarine
passive margins (1096) and regions above sea levels (about 3996). The mean elevations of
the whole plate and of oceanic and continental areas are about -2100, -3800, and +600m
respectively (Coblentz and Richardson, 1996). The boundary geometry of the South
American plate (Fig.I) is as follows as mentioned by the aforesaid authors:
(i) The plate is attached to only about 500km of subducted slab, mostly along the Lesser
Antilles and South Sandwich Trenches.
(ti) In contrast, convergent boundaries make up more than 9000km of the plate boundary,
the majority of which is associated with the subduction of the Nazca plate beneath the
western margin of the South America. Subduction occurs along the entire western
boundary of the plate.
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North of 45°S, the Nazca plate subducts under South America. and the axis of the
Peru-Chile Trench (PCT) define the western margin of the South America plate.

(iv)

South of 45°S, the Antarctic plate subducts under South America along the AntarcticChile Trench (ACT). Most of the southern boundary is defined by the Scotia margin
(SCO).

(v)

The

eastern

plate

boundary,

defined

by the

Mid-Atlantic Ridge

(IvlAR), is

characterized by high topography of ocean floor. This ridge system extends more than
7000 km, making it nearly equal in length to the convergent boundaries.
(vi)

The boundary between North and South America (NANn is diffuse and in therefore
poorly constrained.

2.1. Segmentation of the subducted Nazca Plate
The Andes mountain system is commonly used as an illustration of a "simple" orogen
formed by subduction of an oceanic plate beneath a continental margin. Over much of its
length, the Andes consist of a magmatic are, flanked on the west by a trench and on the
east by a foreland thrust belt and basin. These characteristics of an "Andean-type margin"
are recognized in the geological record of various convergent margins. Although the
Andes arc morphologically continuous along strike for more than 4000 km (from about 5
° 8 to 45° 8), distinct broad-scale tectonic segments can be identified (Fig. 2). These
tectonic segments are located above segments of similar scale in the subdueted Nazca
plate. defined by major along-strike variations in the deep of the Benioff zone. The
coincidence of lateral variations in the geometry of the descending Nazca plate and in the
Andean physiography and geology is remarkable (Jordan et al., 1983).
South of Ecuador, the descending Nazca plate is divided into four major segments as
inferred from the spatial distribution of intermediate-depth earthquakes. From about 2°S
to 15" 8 and 27" to 33°8, the Benioff zone dips only about 5° to 10° east, whereas from
15°8 to 24°S and south of 33° S, the zone inclined about 30° east (Fg.2). At the north end
of the Chile-Argentina flat-subdueted slab (Fig. 3), there is gap along strike (between 24° S
to 27°S) in the distribution of the intermediate-depth 025-300 krn) earthquakes. The mean
mantle in this area appears to be virtually aseismic. Continuity of fore-arc features and
magamtic-arc features suggests that the major change from steep to flat subduction
occurs near 27"S. Above the aseismic region, there is an area of complex transitional
tectonics in the upper plate. The down-dip lengths of the two nearly flat segments of the
subducted plate are similar. about 750 km measured from the axis of the trench to a
depth of about 160 km. The intervening more steeply dipping segment is slightly shorter,
about 650 to 700 km to depth of about 300 km. The segment south of 33°8 is significantly
shorter, less than 500 km measured down-dip from the trench axis to 160 km depth
(J ordan et aI., 1983).

Generally, subduction at angles of 25-30°
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called "subduction of normal type",
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mcarun g n s ubd uction of t he Chilea n ty pe. On t hc oth er ha nd, "su bhot-izontnl or flat-slab
su bduction" makes r efcr cnce to a gent le dip a ngl c o f 15" or less. Su bhor izonta l or f1 al -sla b
s ubduct ion occurs in cen t ra l Ch ile fi nd it is correla ted to cha rac teris tics phenom ena a t t he
s ur face. Firs t , no Qua te r na ry volca nic ncti vitv is prese nt over thi s gentle a ng lc s ubduction
zo ne. thus def in ing an impor ta n t ga p in t he ac tua l A ndean volca nic a rc. Second, th ere is
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an absence of a central valley in central Chile. (Cahill and Isacks, 1992).
Beneath the central Chile and western Argentina (28-33°), the subducted Nazca Plate
has a low dip angle «10

0
)

being almost subhorizontal, and it extends eastward for

hundreds of kilometers at a depth of about 100km before reassuming its downward
descent (e.g. Cahill and Isacks, 1992). The different structural provinces of the Central
Andes were controlled by the Wadati-Benioff subduction geometry. A flat subduction
segment without arc magmatism that underlies the Precordillera and Sierras Pampeanas
structural provinces, is recognized north of 33°30' with subduction angles between 5 and

IDo. The segment to the south of this latitude has arc magmatism and an average dip of
the oceanic slab beneath the continent of 30°. The flat slab configuration between 28-33° S
resulted in a strong contractional tectonics for more than 1000km inland into the Sierras
Pampeanas, where thick-skinned tectonics is observed (Jordan et al., 1983).
2.2. Segmentation of upper-plate geology in Argentina-Chile-Bolivia
The regional geologic framework of the Andes in southern Peru, Bolivia, Chile and
Argentina has been extensively described different authors. The Andean convergent
margin is a region of intense crustal deformation, with six great subduction earthquakes
(M 7.8) in this century. The regional pattern of seismicity and volcanism shows a high
degree of segmentation along strike of the Andes. Segments of steep-slab subduction
alternate with aseismic regions and segments of flat slab-subduction. This segmentation is
related to heterogeneity on the subducting Nazca Plate (Gutscher et aI., 1999).
Areas above the 30°-dipping Benioff zone, the outer trench slope has normal faults, a
major valley divides coastal mountains from the Andean range with its active volcanoes,
and the foreland is primarily deformed by thin-skinned shortening. In contrast, areas over
a flat-subducting Nazca plate include less faulting in the outer trench slope, no
longitudinal valley, no active volcanoes, and foreland deformation is dominated by a
combination of thin-skinned thrusting and shortening of the basement. In the eastern
Andes and foreland regions, based on cross-section, four distinct segments were recognized
by Jordan et aI., (1983). That are(1) the Bolivian Altiplano, the eastern Cordillera, and the Subandean zone, between 15°S

and 23°S,
(2)

a "transition zone" comprising the Argentine Puna, Eastern Cordillera, and Santa
Barbara system between 23° Sand 27° S,

(3)

the Frontal Cordillera, the Precordillera, and Pampeanas Ranges between 27°S and
33°8, and

(4)

the eastern parts of the Cordillera Principal and areas of widespread basaltic
volcanism south of 33°S (to 46°8).

Segment 3 coincides with the nearly flat segment of the subducted Nazca plate, whereas
segments 1, 4 and probably 2 coincide with 30°-dipping segments of the subducted plate.
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Our s t udy area, Sel i A . is located wit h in th e seg men t a (see Fig.:n .

Fi g . : ~

Geolog ica l set ti ng o f the fla t-s la b region ill t he Cen tra l Hig h Andes. A rg ent ina a nd Chile. Th e
solid lines indi ca te t he (Toss-sect ion a long 32°S L. Dashed line indica tes t he a pproximat ely
boundm-y hct wcun t he fla t-s tub Llll") a nd :10' dippi ng' su bd uct ion zon e. F.T.B
Bell (Cris talli ni a nd H UIlIOS , 20( 0)

=

Fold a nd T h r us t

3. Geolo gy or major geo-tectonic un its in t he Se li A, Argentina- Chile
T he Andea n Cor dillera is th e classic exa m ple

or a

mou nta in cha in fo rm ed d ur ing the

s ubd uction of a n oceanic s la b unde r a con t ine nta l pla te. III this no n-col lis ion a l geo tect onic
env iro nme n t, it is now accept ed th a t t he huge a mou nts of cru s tal volume rela ted to
pla te a u forma t ion of th e Andes (up to 7;' k m crus tal th ickne ss , Yu an ot al., 2002)

lH

principa lly d ue t o crus tal s ho rte ni ng co nce nt ra ted a t t he ea s te rn -mo st edge of th e o ro g en
d uri ng th e Neogene (Klcy ct nl.. IHml a nd 1\:1 cQ uHrr ic, 2002) . But a remai ning q ues t io n is
how to re late t his buildi ng mechanis m a t a lit hos pher ic sca le with th e process es OCCUlTing
a t th e wes tern side

or the

o roge n where t he Nazca und Sou t h Am er ican plates a re ac t ually
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in teracti ng . Th ere arc s ti ll no a ppro priate a nswers to t his qu estion (Tassam . 2005>' In th e
DS

Seli A, alo ng la titudes bet ween :m_33

. five g iant geo-tectonic units existed fro m west to

casl , s uch as - (1) Coastal Cordillera

In

Co rdillera in th e cen t ra l re gi o n, (3)

Fron ta l Cordillera in the cen t ra l regi on.

Precordil lera an d (5)

S iC I T3S

t he wes t ern re gio n . (2) Principal or Ma in
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Based on t he degree of basement involvemen t . Ram os et u l. ( 996) div ided th e foldand- t hrus t belts o f t he Principal nnd F ron ta l Cordillera in to th re e dis ti nct. seg ments as (I)
La Ram ad a. (2) Acon ca gu a (sec Fig .:D. and (:1) Mal a rgiic fold a nd t hrus t hells . Th e

pr-ime s truct ura l di ffe rences a mong th ese th ree distinct. seg ments regardi ng tecto nic
evolut ion in t he Sout h Central And es
:il

aJ 'C-

In th e nor t h . t he La Ham ada fold a nd t hrust belt is com bined thin -skinn ed a nd th icks k inned wit h base me nt -involv ed a nd is th e result o r tecto nic inversio n or a La te
Tri ass ic rift syste m.

liil The cen t ral Aconca gu a fold a nd th ru st belt is a t hi n -ski nned sys tem wit h

11 0

basement

involved , a nd
(iii)

While to t he so ut h , th e Malm-gii o belt is also t he re su lt of tecton ic in versi on o f a La te
T riass ic-Ea rl y .Jurnssic r ift sys t em,

As a cons eq uence. th e P rincipal a nd F ront al Cordilleras in t hc La Ham ada a nd Ma la rg'iie
seg men ts are s imilar.

Blocks of t he Pen na-Triassic basemen t a rc included in both

Cord illeras. In con t rast, in the Aconca g ua seg ment th e Frontal Cordillera is a s ing le. huge
block of t his Pcrmo-Trinss ic basement. wh ich is not ex posed in the Pri ncip al Cordillera
(Ramos el a l. 19H6L Geolog y o f t he five ma jor geo -tecto nic un its includin g La Ram ada

segment is descr ibed s uccessively' as follows,
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3.1. Coastal Cordillera
The 3-13 km thick sequence of volcanic rocks that extends 1200 km along the Coastal
Range in central and north central Chile is mainly represented by highly porphyritic (2030% phenocrysts) lavas with unzoned Ca-rich plagioclase (Morata and Aguirre, 2003).
Between 33° 40 and 34° 5 8, the Coastal Cordillera is largely composed of extensive Mesozoic
granitoid batholiths, as well as Paleozoic metamorphic and plutonic rocks. The contact
between the basement and the Jurassic-early Cretaceous plutonic complexes has been
described as a ramp-flat extensional fault system. This extensional fault system has been
related to a retreating subduction boundary (Taylor et al., 1998). Important extension is
recorded in Triassic times along the Coastal Cordillera and in the Principal Cordillera
after the amalgamation of Pangea (Alvarez and Ramos, 1999).
3.2. Principal or Main Cordillera
Cenozoic shortening in the Main Cordillera started at the time 22-20 Ma both in the
northern and southern portions of the Andean region between 30-34°8 (Ramos, 1996). At
this time, the volcanic front was active along the Chilean slope of the Principal Cordillera.
The Farellones volcanic arc was active, and thick sequences of andesite, dacite, and
rhyolite lavas and pyroclastic rocks were unconformably covers over large areas (Ramos
et aI. 2002). The absence of Quaternary volcanism in the present-day flat slab region
results from the absence of asthenospheric wedge underneath the continent (Jordan et al.,
1983). According to Ramos et al., (2002) the main deformation phases and uplift of the
thin-and thick-skinned fold and thrust belts of Principal Cordillera occurred between 20
and 8.6Ma.
3.3. Frontal Cordillera
In the South Central High Andean region, between 30° and 33° 8, La Ramada fold-and
thrust belt is one of the prime tectonic structures in the Frontal Cordillera (Fig. 4) and
is dominantly a product of the Cenozoic Andean orogeny. The La Ramada segment is
located to north of Aconcagua, and consists of a series of basement uplifts such as the
Santa Cruz, Mercedario-Ramada, EI Espinacito and La Cerrada Cordilleras.
This fold-and-thrust belt at 32°8, allowed establishment of the age of uplift and
shortening for the High Andes at these latitudes (Perez, 2001), and is characterized by a
deformed belt of Mesozoic and Cenozoic sedimentary and volcanic rocks that overlie the
Permo-Triassic volcanic basement of the Choiyoi Group (Ramos et al., 1996). The
deformation style of the Choiyoi basement and the sedimentary cover are very different.
Their contrasting rheological properties are one of the factors that contributes to the
complex structure of the region (Cristallini and Ramos, 2000).
Folding and thrusting are the main mechanisms by which geologic structures are
internally thickened and shortened. In many cases, the basal detachment horizon is located
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above a rigid crystalline basement near the base of the sedimentary sequences. This style
of deformation, in which. the basement remains undeformed is referred to as "thin-skinned
tectonics"(Epard and Escher, 1996). The Cenozoic structural evolution of the fold-andthrust belt in the High Andes of Chile and Argentina, around 32°S, shows in time and
space the interaction of thin-skinned and thick-skinned deformations (Cristallini and
Ramos, 2000). In case of "thick-skinned tectonics" the basement is deformed prominently
as found in the deep structures of the South Central High Andean areas. The major
thrusts have relatively steep dips (>55°), even those faults close to the foreland. The
structural style is depicted in the cross-section (Fig.d) where two levels of detachment can
be inferred. The lower one is controlled by basement, which underlie about 20 km, and the
upper (about 3-8krn) one that lies in the gypsum-rich sequence of the Auquilco Formation
(Late Jurassic). The lower detachment level was based on geometric constrains. Most of
the main ranges at the Ramada fold and thrust belt are controlled by the lower
detachment (Ramos et al., 1996).
In deep structures of the La Ramada fold-and thrust belt three deformational stages have
been identified by Cristallini and Ramos (2000), these are:
(i) The first started with N-NNW-trending structures (Cordillera de Los Penitentes,
Cordillera del Medio) detached in upper Jurassic gypsum, and is typical of a thinskinned fold and thrust belt.
(u) In the second stage, the basement is involved by tectonic inversion of Triassic normal
faults producing a thick-skinned fold and thrust belt that refolded older structures
(Cordillera Casa de Piedra), and consequently a passive and ductile deformation of
post Jurassic deposits took place.
(ill) The basement deformation with high-angle reverse faults at the Ramada-Espinacito
massif terminated at the east border of the Triassic rift system producing a sticking
point in that sector. This was responsible for the third stage, characterized by NNW
out-of-sequence thrusts developed in the westernmost sector.
3.4. Precordillera
The present-day tectonics and uplift of the South Central High are concentrated further
west in Sierra de Pie de Palo i. e. in Precordillera. The 50 km wide Precordillera thrust
belt is situated in the western part of the Sierra de Pie de Palo (Ramos et al., 2002). East
of the Precordillera is the Bermejo Basin, a foreland basin located between the thinskinned thrust belt and thick-skinned basement uplifts of the Sierras Pampeanas further
east (Jordan et al., 1993). The Precordillera itself has classically been divided into Eastern,
Central and Western belts based on Andean and pre-Andean geological characteristics. The
eastern Precordillera consists of mostly west-verging structures that probably involve
basement. The Central and Western Precordillera form an east-verging package of mostly
emergent thrusts faults that carry Paleozoic and younger cover rocks. At the La Ramada
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latitudes, the main shortening was assimilated in the Precordillera fold and thrust belt. A
total of 136 km shortening was estimated in the Precordillera segment. A total of 122 km
contraction was obtained for the Western and Central Precordillera and 14 km in the
Eastern Precordillera. It is interesting to note that the maximum surface shortening was
found in the Precordillera sector, while the maximum crustal shortening was located
under Frontal Cordillera (Cristallini and Ramos, 2000). At least three major brittle
deformational periods have been recognized in the Precordillera. The majority of the
brittle deformational occurred during the late Tertiary Andean orogeny (Ramos et al.,
1996).
3.5. Sierras de Pie de Palo (Sierras Pampaenas)
The Pampean flat-slab segment of the greater Andean orogenic system can be defined in
part by a gap of active arc volcanism in the main Andes. Present-day tectonics and uplift
are concentrated further west in Sierra de Pie de Palo (Fig. 4). This neotectonic activity
matches the Eastern Precordillera uplift during late Quaternary times. Geologic evidence
in the Sierra de Pie de Palo indicates that the range was covered by late Pliocene distal
synorogenic deposits derived from the Precordillera (Ramos et al., 2002). Uplift of the
basement blocks of the' Sierras Pampeanas was the result of Andean compression during
late Cenozoic times. Tilting and rotation of the mountain blocks were controlled by
decollments at the depth of the brittle-ductile transitions in the basement located at
different depths. On the basis of the location of intraplate focal mechanisms two
decollement levels were proposed, one at about 12-15km and another at 22-25km depth as
illustrated by Jordan et. al (1983 and 1993).

4. Numerical modeling in the Andean region
To our knowledge, the first numerical analysis for the evolution of deformation and
topography of high plateau of the Andes was carried out by Wdowinski and Bock (1994).
A temperature dependent viscoplastic flow model of continental lithosphere was used to
investigate the evolution of deformation and topography of the high-elevated plateaus like
Altiplano and Puna. Richardson and Coblentz (1994) performed an elastic finite element
analysis of the lithospheric stress field in the Cordillera Blanca region of Peru to evaluate
the lithospheric stress state and constrain the South American intraplate stress
magnitudes. A two-dimensional finite element grid consisting of an assembly of isotropic,
elastic quadrilateral elements in a state of plain strain was used to represent the
lithosphere. Their modeling results indicated bounds of 10 MPa and 75 MPa for the
magnitude of the average horizontal stress averaged over the 100km thick lithosphere.
Coblentz and Richardson (1996) represented another finite element analysis concerning
intraplate stress field of the South America to evaluate the relative contribution plate
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boundary forces and intraplate stress sources. Hereafter, Talukder and Hayashi (2006)
applied a two-dimensional finite element modeling technique to analyze the state of stress
and the fault development within the Subandean foreland region of Southern Bolivia and
Northern Argentinean Central Andes assuming the lithospheric crustal block as a
multilayered elastic slab exhuming under plain-strain condition. In this study, we take an
approach similar to that of Richardson and Coblentz (1994); Talukder and Hayashi (2006)
and use an elastic rheology dependent model to investigate large-scale compressional
lithospheric deformation regarding thin-skinned and thick-skinned fold-and-thrust belts in
the South Central High Andes.

5. The Model
5.1. Location and configuration
The modeling performed in the present study was conducted along the profile shown in
FigA. The profile is centered on 3r 40 to 32° 50 S. This vertical cross-section is based on
Table la Proposed layers, equivalent stratigraphic units, Formation/ Group and common rock
constituents
Layers Stratigraphic units
Layer-8 Quaternary
sediments
Layer-7

Fomations/ Group
Farellones Formation

Prime rock types
Breccias and volcanic
agglomerates, with white
acid tuffs, andesitic lavas
Breccias and volcanic
agglomerates, with white
acid tuffs, andesitic lavas
Red sandstone, conglomerates, breccias and
volcanic aglomerates
Red sandstone, gypsum,
yellow and gray-green
mudstone, green shales

Cristallini and
Ramos, 2000

References
Cristallini and
Ramos, 2000

Tertiary
strata

Farellones Formation

Cretaceous

Diamante and Juncal
Formation, Mendoza Group

Jurassic

Tordillo, Auquilco, La
Manga, Los Patilos
Formation

Trissaic

Choiyoi Group

Rhyolitic ignimbrites, granite intrusions

Cristallini and
Ramos, 2000

Upper
Paleozoic

Upper Paleozoic Formation

Marine sediments intruded
by Permian granites

Cristallini and
Ramos, 2000

Sandstone, conglomerates,
mudstones associated with
minor gypsum
High-grade metamorphic
rocks and granitoid
intrusions.
High-grade metamorphic
rocks and granitoid
intrusions.
High-grade metamorphic
rocks and granitoid
intrusions.

Jordan et al.,
1983

Layer-6

Cristallini and
Ramos, 2000
Cristallini and
Ramos, 2000

Layer-5

Layer-4 Lower
Paleozoic

Cerro Morado Formation

Layer-3 Basement

Paleozoic Basement

Layer-2 Basement

Paleozoic Basement

Layer-l Basement

Paleozoic Basement

Lucassen et al.,
2002
Lucassen et al.,
2002
Lucassen et al.,
2002
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a density structure and is consisted with the available crustal information for the Andean
region based on seismic and gravity data (Introcaso et al., 1992; Crislallini and Ramos.,
2000). The lower crustal lithospheric boundary remains up to Moho discontinuity that lie
at depths 10-30 km under Coastal Cordillera, 35-60 km under Principal Cordillera, 60-69
km beneath the Frontal Cordillera and 40-50 km under Precordillera which makes like a
concave curve beneath the crust at different depths. The crustal lithosphere was simplified
(Fig.5) and was divided into eight layers as Layer-I to 8 (see Table 1) based on density
variations and individual rock layers from Paleozoic basement to Quaternary sequence.
The model is extended up to 410.50 km and consists of a 69 km thick continental
lithosphere that thins towards trench as it overrides the subducting oceanic lithosphere.
This two-dimensional vertical cross-section through the Andean crust up to Moho has
been represented by a finite element model (Fig.S) composed of an assembly of 2699
elements and 1456 nodes in a state of plane strain conditions. Lithospheric deformation
along aforesaid latitudes is dominated by compressional regime. Compression is well
documented, with many examples of thin-skinned and thick-skinned fold-and-thrust belts
including Precordillera, in Frontal Cordillera and Principal Cordillera. The major fold-andthrust belt zone in the modeled area is over 400 km and shows E-\V compressional
characteristics.
Wdowinski and Bock (1994) stated that the lithospheric deformation in this region is
driven by tectonic (surface) and buoyancy (body) forces. Tectonic forces are induced by
a subducting plate that shears the overriding plate along the slip layers and horizontally
indents the overriding plate inland. Buoyancy forces arise in response to horizontal
Table Ib Layers, covering geotectonic units, prominent geologic structures and generalized sketch of
fold-and-thrust belts
Layers

Covering geotectonic units

Prominent geologic structures

Layer-l

Coastal Cordillera, Main
Cordillera, Frontal Cordillera,
Precordillera, Sierras Pampeanas.

Some extensional
faults
beneath Coastal Cordillera

Layer-2 Main Cordillera, Frontal
Cordillera, Precordillera

No geologic structure

Layer-S

Frontal Cordillera, Precordillera

No geologic structure

Layer-4

Precordillera

Numerous blind thrusts up
to about '1-8 km in depths

Layer-S

Main Cordillera, Frontal
Cordillera and partially Coastal
Cordillera.

Enormous gigantic thrusts
ranges from surface to 20
km in depths

Layer-6 Main Cordillera

Some thrusts are visible

Layer-7 Coastal Cordillera

Ko thrust

Layer-8 Coastal Cordillera

No thrust

Generalized Sketch of
fold-and-thrust belts

Layers 4, 5 and 6
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average horizontal stress averaged over a 100-km thick lithosphere. So, the results of
rheological profiles of the aforesaid authors make it possible to assume with reasonable
confidence an elastic behavior for the materials in this region as far down as 69 krn.
Five prime mechanical properties [01' individual rock layers such as density, Young's
Modulus, Poisson's ratio, friction angle and cohesion used in experiment are listed in
Table 2 and Fig.7. The density values were obtained from a 20 Andean crustal gravityseismic model along 33°S that was carried out by Introcaso et al. (1992). The average
values of density of different rock layers ranged from 2960 kgl nil for Layer-I to 2670
kgl rri\ for Layer-B. Young's Modulus of 127.80, 124.30, 120.08, 90.30, 107.60, 65.50, 60.50

and 57.80 for layers I, 2, 3, 4, 5, 6, 7 and 8, respectively were calculated (using equation
[2], Timosenko and Goodier, 1970) in accordance with the homogeneity of rock rheology.
(V,/ ~j'- I ]

E=

p

V~

-[1]

(1+v)(1+2u)

········ ..·.. ····· ..·······-[2]

(l+lJ)

Where E= Young's Modulus, Vp = P-wave velocity,

P=

density and v = Poisson's ratio.

In the segment our study, the P-wave velocities of the upper and lower crust were
obtained from Introcaso et al. (992) to calculate (using equation [1]> Poisson's ratio of
0.253. The mean P-wave velocities range 7.05 krrr/s for Layer-I to 5.2 km /s for Layer-B.
A constant VI/V, ratio of 1.74 was chosen from Graeber and Asch (999), where they
stated that the average VI/V. ratio is low «1.74) in the upper and lower crust and high
(>1.74) in the deep crust of the central Andes. So, the initial S-wave velocities were set
using a constant V,./V ratio of 1.74 by them. We calculated values of S-wave for partial
h

requirements. The two other physical parameters such as internal friction angle cb, and
cohesion C, have been obtained from the Handbook of Physical constant (Sydney et al.,
1966) and did slight manipulation in accordance with compositional constituent and
tectonic occurrence of individual Layers from 1 to 8.

6. Boundary condition
There is general agreement that the current phase of mountain building in the Andes has
occurred over much of al least the late Cenozoic, with significant uplift during much of
Miocene period and the Andes can be considered to be evolving in a steady state
(Richardson and Coblentz, 1994). According to Coblentz and Richardson (1996), the origin
of E-\V compressive stress regime in the South American Plate results from the
interaction between the ridge push force and the collisional forces acting along the
western margin. The South American intraplate stress field likely results the interaction
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of two principal tectonic processes: (1) buoyancy or topographic forces (dominated by the
ridge push force acting along the Mid-Atlantic Ridge) and (2) compressional stresses
transmitted across the plate boundaries (dominated by the forces along the Peru-Chile
Trench).

41O.S0km
Fig.8 Imposed boundary condition of the model

In our E-W transect along 32°S, force generated due to the convergence of Nazca
plate, has been considered as the prime driving forces of the crustal deformation. This
assumption is reflected in the boundary conditions used' in the present study. The
boundary condition applied to the model is shown in Fig.B. The upper surface of the model
is free and represents the Earth's surface. Horizontal convergence displacements or velocity
(average velocity of 6.50 cm/yr: Klotz et al., 2001) of the Nazca plate have been applied
, along the bottom side of the crustal layers. Equivalent horizontal nodal displacement has
also been applied along the right side of the model. Free-slip boundary conditions h8;ve
been used along the left wall of the model such that the left side is fixed in the horizontal
and free in the vertical dimension. The bottom, representing undeformable Moho, is fixed
in the vertical and free in the horizontal dimension. The. arrows (Fig. 8) are not drawn
to scale. Arrows designated in the bottom are gradually decreases from the right side to
the left and finally zero along vertical dimension to the left side.

7. Method of solution
7.1. Finite element technique
The Finite element method has been introduced as a powerful and widely used numerical
technique, which deals with the various problems. It is defined as a computer-aided
mathematical technique for obtaining approximate numerical solutions to the abstract
equations of calculus that predicts the response of physical systems subjected to external
influences. This introductory definition of the method identifies the broad spectrum of its
applications in areas of engineering, science applied mathematics and recently for the
study of structural geological problems.
An important approach for the restoration of geological problem is elastic
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deformation of rocks body related to two major physical properties such as Young's
modulus and Poisson's ratio (Timoshenko and Goodier, 1970). In our modeling, an
approach similar to that of elastic properties of rock has been applied by a computer-aided
program coded by Hayashi, unpublished software (2002). Primarily based on a geological
cross-section including deep structures (Fig.d) by Cristallini and Ramos (2000) followed
after the crustal gravity-seismic model of Introcaso el al, (1992), a two-dimensional finite
element model of the area has been constructed (Fig.B).
Here, a summary of how the method generally works is described. The cross-section
of the problem is divided into smaller regions or subdomains, called elements. Adjacent
elements touch without overlapping, and there are no gaps between the elements. The
shape of the elements is intentionally made as simple as possible, such as triangle and
quadrilaterals in two-dimensional model. The nodes and elements are collectively referred
to as a mesh. The process of defining the size, shapes and locations of the elements, and
assigning numbers to each node and element is called mesh generation. We use a
procedure of mesh generation based on triangular elements because a planar triangle is
the most easy-going geometry for an element in 2-dimensional finite element analysis.
The model composed of an assembly of 2699 elements and 1456 nodes with mesh of more
or less similar sizes with spatial dimensions of 410.50km length by 69km depth. The
elements used are three-node, isoparametric triangles, with linear shape functions and thus
constant strain and stress. This simplified model is constructed by using finite element
code developed by Hayashi (unpublished) and EPS girding technique (Hayashi, 2002), to
d~termine the stress field and failure elements assuming the linear elastic behavior of
materials under plain strain condition. Therefore, the geological section's block that is
being transformed in a finite element mesh is adopted with a mesh of constant-strain
triangular elements. In this numerical calculation, all deformation directly related to
failure of rock layers is generally simulated by elastic behavior of rocks.

7.2. Mohr-Coulomb Failure Criterion
During the last few decades, many numerical modeling have been carried out to examine
the failure criterion of rock materials. The most frequently used criterion for brittle
failure of rocks is the Mohr-Coulomb criterion. Although many failure criteria have been
developed, but, the Mohr-Coulomb failure criterion was chosen because it is commonly
used in the study of rock mechanics to determine the peak stress of a material subjected"
to various confining stresses.
In two-dimensional case, this criterion involves only the maximum and minimum
principal stresses, a l and a 3, and therefore assumes that the intermediate stress a 2 has no
influence on rock strength (Al-Ajmia and Zimmerman, 2006). Following that theme,
Hayashi (unpublished) developed a finite element method to construct a two-dimensional
geological cross-sectional-based numerical model for prediction of inhomogeneous rock
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Fig.9 Construction of Mohor-Coulomb failure envelope demonstrating the concept of failure
proximity (After Melosh and Williams, 1989), where c, is cohesive strength and f is the angle
of internal friction

failure behavior under displacement or velocity loading conditions. In this conventional
method, the Mohr-Coulomb and shear stress failure criteria are used to examine the
failure behavior of an element at a specific point or discontinuity within a layer. In MohrCoulomb, the failure criterion consists of normal, a n, and shear stress, r , axes and a
failure envelope (Fig. 9) just touching all possible critical combinations of principle
stresses, a 1 and a 3. The criterion describes a linear relationship between normal and shear
stresses (or maximum and minimum principal stresses) at failure. The direct shear
formulation of the criterion is given by equation (0.
t = c+ (a n) tan et>
(1)
where, c is the cohesive strength and cP is the angle of internal friction of rock bodies
(Melosh and Williams, 1989).
In case of plane strain condition, which is the concentric theme of our model, it is
possible to calculate the third principal stress axis, a * which is perpendicular to (a 1- a z)
plane and calculated as
a * = v (a 1 + a J
(2)
Where v is the Poisson's ratio (Timosenko and Goodier,1970; Hayshi and Kizaki, 1972).
As the calculated values of a 1, a 2 and a * of every element of model is defined as the
maximum, intermediate and minimum principal axes of stress respectively. These values in
2-D stress field condition of every element in model is commensurated with the newly
calculated principal stress values a I, a 2 and a 3 (equivalent to a "). According to stress field
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and failure vulnerability of rock materials of model, it is possible to predict the location
where fault will develop.
Failure begins when the Mohr's circle first touches the failure envelope. This happened
under the situation when the radius of the Mohr's circle, (a 1- a 3) /2 is equal to the
perpendicular distance from the centre of the circle at (a 1+a 3)/2 to the· failure envelope
(Melosh andWilliams,1989).

( a 1~ a 3)

laihur.= C

cos cP + (a 1;- a 3) sin cP

The proximity of failure PI is defined as the ration between the effectivestress ( a 1~ a

::[th(

:~;:.a3 )ress
(a ~ a. :.~=
.
~
~.=~~~.~.~
~
.
~
~
.
~
.
~
:
~
.
~
:
~
.
~
~
~
:
~
:
)

(a1~

J'

(3)

3)
(4)

laU~

If the value of PI is less than 1.0, the Mohr circle is within the failure envelope and imply

no fault developed, but faulting occurred when the PI value exceeds 1.0.

8. Modeling results
8.1. Stress distribution
In order to subject the deformed fold-and-thrust belts structure to a horizontal
compressional stress field, we choose to demonstrate our modeling results by applying
horizontal displacement rate (average velocity of 6.50 cm/yr: for Nazca plate) from a
minimum of 1000 m up to a maximum of 10000 m. The spatial distribution of stress with
its magnitudes shown in the Figures10a, 10b,10c and IOd, where a I is the maximum
principal stress, and a 3 is the minimum principal stress aligned along the horizontal and
vertical arms respectively in the two-dimensional section view. In compressional regime,
the maximum principal stress (a 1) is horizontal, whereas the minimum (a 3) is vertical.
Richardson and Coblentz (1994) stated that the vertical shear stress within the lithosphere
for Andean-style topography is negligible. Our model under convergence boundary
conditions, where the principal stress a I is horizontal throughout most of the layers
(Figs.10a, lOb, IDe and lOd), imply that the nature of experimental stress field is
compressive, although minute tensional stress occurred within few elements. Stress
magnitude sharply increases with respect to gradual increase of displacement rate.
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displacement rate. Black and red colored straight lines represent compressional and extensional
stress, respectively

8.2. Stress distribution within failure of elements
The modeling result is presented based fundamentally on the balanced geological section,
the stress regime, overall elastic rheology and plane strain condition. \Ve examined failure
of elements in each elastic crustal layer by applying a sequence of displacement rate from
1000 m to 10000 m. For 0 m displacement i. e. in gravitational force, no reasonable
amounts of elements were failed in the model layers. In case of 1000m displacement rate,
no compressive failure was obtained inside the Layers of 4, 5, and 6 (Fig. l la): failure
started from 2000 m displacement rate, a very few failures were observed within Layer-5
(Fig. 11b) and gradually increased with imposed displacement rates. In case of 9000 m
displacement values, we adopted best fits result where most of the failure of elements
concentrated within the Layers of 4, 5, and 6 (Fig.l Ic) up to depth ranges about 8-20 kmthick lithosphere.
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9. Focal-Mechanism Solutions of study area
9.1. Predominance of horizontal compression
Jordan et a1. (1983) stated that a strong horizontal east-west grouping of compressional
axes of the focal-mechanism solutions exists for the upper plate earthquakes within the
entire region from Ecuador to Argentina and in the foreland and Eastern Cordillera of
Colombia (Fig.12). Although dip-slip solutions predominate, strike-slip orientations are
found in parts of Peru, Ecuador, and Colombia where the trend of the Andes is most
transverse to the regional stress orientation. The average stress direction <obtained from
focal mechanism data} and the inferred direction of relative motion across the NazcaSouth American plate boundary are sub-parallel. This coincidence suggests that the overall convergence of the two plates is an important determinant of the stress within the
upper plate in contrast to more localized and variable effects of uplift. magmatic
intrusion.

or

other

upper-plate

processes.

Focal-mechanism

solutions

of

several

earthquakes located along the magmatic arc of Chile-Argentina reflect the over-all eastwest compressive stress (Fig. 12, e. g. earthquake events 64, 71).

9.2. Relationships of seismicity to Late Cenozoic deformation of the Upper Plate
There is considerable seismic activity within the upper 50 km of the overriding South
American plate. This seismic activity is well separated from the inclined seismic zones and
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probably occurs in the crustal part of the South American plate. Deformation at middle
and upper-crustal depths is demonstrated by reliable determinations of depths of
earthquakes and most of the depths are between 10 and 25 km, but a significant minority
occurs at depths of 25 to 30km. Depths of many of the events are clearly below the
sedimentary section and indicate compressional deformation of the basement. In flat-slab
segment of Chile-Argentina, the areas of significantly seismicity characterized by focal
mechanism solutions with horizontal compressive axes, the iatest Neogene structures are
dominated by reverse faulting and folding, and indicative of important crustal shortening
(Jordan et al., 1983).
Five earthquakes exemplify the thick-skinned Pampeanas Ranges deformational style
(events 20, 67, 72, 73 and 74) (Fig.12). Event 72 was the large (Ms : : : 7.3) earthquake of
November 23, 1977, followed by the aftershocks 73 and 74. The depths of 15 to 20 km
indicate faulting in basement. The dips of nodal planes, all between 30 and 60°, indicate
reverse faulting rather than faulting along a nearly horizontal decollement or along
nearly vertical faults. These results are in good agreement with the geological evidence for
uplift of basement blocks exposed in the Pampeanas Ranges by movement along reverse
faults. Many of the nodal planes strike north-northwest, oblique to the northerly strike
of the convergent plate boundary (and the strike of the main Cordilleras) but more nearly
parallel to a common trend in the basement uplifts of the Pampeanas Ranges. This
0

suggests that the strain pattern of the Pampeanas Ranges is partly controlled by major
pre-Andean basement structures. Event 20 also displays the north-northwest trend and,
with a depth of 32 km, is quite clearly located in the basement. A large earthquake (Ms
: : : 7.4) in 1944 destroyed the city of San Juan (31
S to 68
W), located near the
boundary between the predominantly east-verging Precordillera-Frontal Cordillera system
and the mainly west-verging western Pampeanas Ranges (Jordan et al., 1983).
0

sr

030"

10. Discussions

The South Central High Andean fold-and-thrust belts from 30°S to 33°S in Chile and
Argentina is principally due to crustal shortening concentrated at the eastern-most edge
of the Andean orogen. In this study, we intend to show the main features of the fold-andthrust belt with a specific initial geometry related to basement-involved deformation from
the elastic rheological justification, rather than to make quantitative statements about to
the style of thrusting, changes in fault attitude in distinct parts of the model. We use the
two-dimensional finite element technique coded by Hayashi (2002), which solves for force
equilibrium and includes brittle as well as elastic rheology, to examine the crustal layers
behaviors of our model under compression. In order to investigate the dynamics that led
to the deformation of the fold-and-thrust belts in the SCHA area, we have simplified the
geometry of the orogenic belt (Fig. 5). A number of simplifications from a geological
cross-section (by Introcaso, et al., 1992: Cristallini and Ramos, 2000) were used to make
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the model. The crustal lithosphere was divided into eight layers such as Layer-1 to 8 (see
Tablel) based on density variations and individual rock layers from Paleozoic basement to
Quaternary age. The model is extended up to 410.50 km and consists of a 69 km thick
continental lithosphere; and composed of an assembly of 2699 elements and 1456 nodes in
a state of plane strain.
In order to incorporate the brittle deformation mechanisms of the model, we adopt an
elastic rheology as imposed by Richardson and Coblentz (1994) in the Andean region.
Generally, in elastic rheology, Young's Modulus, Poisson's ratio, density, friction angle
and cohesion playa great role in state of stress concentration and strain rate in a region.
Values of Young's Modulus of the layers were calculated in accordance with the
homogeneity of rock rheology. A constant Vp/Vs ratio of 1.74 was chosen from Graeber
and Asch (1999) to calculate Poisson's ratio of 0.253. The density values were obtained
from a 2D Andean crustal gravity-seismic model along 33°S that was carried out by
Introcaso et al. (1992). The average values of density of different rock layers ranged from
2670 kg/ nf to 2960 kg/ nf according to depth variations from top to bottom. Other two
parameters, i.e. friction angle and cohesion were taken from the empirical values of
preferred rock materials, calculated after Hand book of Physical constant (Sydney et al.,
1966). Later, a series of calculations were performed by slightly manipulating the
empirical values of those two parameters. Finally, as more reasonable values for best fits
results were chosen as described in Table 2 and Fig. 7.
The model is designed to show the important controlling factor in an environment
under compression. Horizontal convergent displacement of Nazca plate has been considered
as the prime driving forces for the development of upper plate fold-and-thrust belts in this
region. This assumption is reflected in the boundary conditions of E-W transect (Fig.B).
We imposed 1000 m, 2000 m, 3000m, 4000 m and 5000 m, 6000 m, 7000 m, 8000 m, 9000 m
and 10000 m displacement or velocity rate successively. The modeling results show that the
number of failure of elements increases gradually in accordance with increasing
displacement values. The principal stress and failure of elements in the model were
influenced by the variation of different physical properties especially high cohesion and
friction angle and changes in displacement boundary conditions. The first failure started
from 2000 m (Fig.l la) and was concentrated only in upper part of Layer-S, and a minute
changes were observed in case of 4000 m (Fig.llb) rate of displacement. Even though, for
values of 6000 m (Fig.Llc) and 800 m (Fig.lld), we didn't adopt any reasonable results. In
case of 9000 m displacement (Fig.Lle) values, we adopted best fits result where most of the
failure elements concentrate within and along the slip planes of Layers 4, 5, and 6
indicating locations of Precordillera, Frontal, Main and Coastal Cordillera, respectively.
Our elastic modeling results are in good agreement with the study of focal mechanism
solutions of Jordan et al. (1983). Focal-mechanism solutions of several earthquakes located
along the magmatic arc of Chile-Argentina reflect the over-all east-west compressive
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stress. Most of the events (Fig.12) occurred at the depths of 15 to 20 km indicate faulting
in basement. Event 66 occurred near the boundary between the Precordillera (Layer-4 in
our model) and the Frontal Cordillera (Layer-S), in the area of inferred thin-skinned
tectonics, has a thrusting focal mechanism (Jordan et al., 1983).
In this compressional analysis, most of the basement-involved deep thrust (about 20
km) , regarding to compressional deformation, occurred on the upper crustal part and lie
inside the Layer-4, 5 and 6, respectively (Fig.Lle), Formation of several shear bands due
to failure of elements between Layers 4, 5 and 6 and Layers 1, 2 and 3 is a reason to
change rheology' in the zone, leading to deformation-induced competence contrast. The
results of Klotz et al. (2001), a study on crustal deformation in the central and southern
Andes derived from GSP technology, suggested that all of the plate convergence along the
Chilean trench currently accommodated by the build-up of elastic strain which leads to a
high probability of future earthquakes in this region. In addition, Ramos et al. (2002)
notified a Neo-tectonic study based on GPS measurement, where the deformation in the
thrust front of the Precordillera is active. So.: both study coincide to our modeling results.
Finally, it can be mentioned that variations in the lithospheric component of stress
are related to shear zones cutting through the fold-and-thrust belt. The far-field major
principal component of the tectonic stress field was found to be oriented approximately EW. This is consistent with the most recent direction of regional crustal shortening based
on kinematic analysis of faults.

11. Conclusions
We have used an elastic finite element model to evaluate the lithospheric state of stress
related to fold-and-thrust belts in the SCHA region. Several important points of our
modeling are concluded as follows(1) Subducting Nazca plate-induced convergent displacement is responsible

for the

basement-involved thrusting along core of the South Central High Andes.
(2) Brittle failure mechanism, dominated by compressional deformation at middle and

upper-crustal depths between 10 and 25 km, is adopted for the development of
basement-involved fold-and-thrust belts in the region.
(3) Most of compressional deformation of elements were concentrated within Layers-4

(Precordillera), Layer-5 (Frontal and Main Cordillera) and Layer-6 (Main Cordillera)
rather than other layers (Fig.lle), which imply that fold-and-thrust development in
this belt were associated with amendment in rheology that leading to deformationinduced competence contrast.
(4) Finally, it can be mentioned that variations in the lithospheric component of stress
are related to shear zones cutting through the fold-and-thrust belt on flat-slab
segment along 32°S in the Chile and Argentinean Andean.
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