Chapter 6

Discussion and Conclusions

As outlined in chapter 3, the present data analigsibased on the teleseismic tomography
approach in which a slice from a three—dimensi¢&dD) object gives us information about its
two-dimensional (2-D) properties. The discussiorel@esented is based on the interpretation of
these “slices” along two profiles in the Centrald&®s. The described properties and velocity
anomalies are restricted to our observation pfil@herefore, no 3-D interpretation is
performed for the present data as it is not possibl speculate about the extension these

anomalies have north and south of our study ae25°8& and 25.5°S.
6.1. The Altiplano anomalies

The results for botliP- and S-waveanalysis correlate well and show good agreemetit thie

low- relative velocities at zones of incipient nadt (Heit et al., submitted). We see a strong
low-velocity anomaly that has the aspect of a lapdending from the west to the east beneath
the Central Volcanic Zone (CVZ), the Altiplano matu and the Eastern Cordillera. This
anomaly is flanked by two high-velocity anomaliese on the western side, corresponding to
portions of the interacting Nazca and South Amerigktes (fore-arc) and the other on the east
related to the boundary between the Eastern Cerdithnd the Interandean, Subandean, Chaco

Plain and parts of the non-exposed Brazilian sHieigure 6.1).
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Between the CVZ and the West Fissure (WF), a lolsery anomaly (QBBS) is observed and
interpreted as the origin of fluids associated with melting in the mid-crust responsible for
volcanism in this part of the subduction zone. &keent of fluids at the border of the Altiplano
(Schurr et al., 2003) around the CVZ could be esldb the presence of the WF that acts as a
natural thermic border between blocks of differémperature. Schurr et al. (2003) found
similar results for the Atacama Block in the soatlour study area. The rising fluids associated
with faults delimiting the QBBS are interpreted BNCORP Working Group (2003) as the

origin of this highly-reflective anomaly.

It is also possible to detect, above the subductmme and below the Moho at ~68°W, a low-
velocity zone interpreted here as partially meltedntle material (see Figure 6.1) possibly
generated as a consequence of dehydration of thatusting slab and hydration-melting of a
heterogeneous mantle wedge. The progressive hedtitng base of the crust should affect the
interior of the crust where MASH processes may ocdine MASH standing for Melting
Assimilation Storage and Homogenization processdefised by Hildreth and Moorbath (1988)
for those zones of possible remelting in the loareist that produce tonalitic magmas that may
differentiate later on their way through the coatital crust. Results obtained by other authors
also support the presence of this “underplatinglitructure (Lamb and Hoke, 1997). Another
possibility for the existence of this anomaly i firesence of hot asthenospheric mantle material

that accumulated at the base of the crust

The Uyuni-Kenayani Fault Zone (UKFZ) is a prominélt system that penetrates the upper
portions of the crust and reaches segments ofaiverlcrust (in Mertmann et al., 2001 — see
Figure 4.6) and correlates with a low-velocity amtynobserved at 67° W, in accordance with
the results presented here and those of other muf{Naan et al., 2000; ANCORP Working
Group, 2003; Haberland et al., 2003). This low-e#gloanomaly may be related to the upper
limit of a partially melted intra-crustal body thedincides with the prominent layer called the
Low-Velocity Zone or Altiplano Low Velocity Zone {Z or ALVZ) (Yuan et al., 2000).

A continuation of the ALVZ to the west correlatesry well with the presence of the volcanic
arc but nevertheless the most important fluid podi appear to be present underneath the
Altiplano-EC border region. The anomalies in thestveetween ~68°W and ~68.5°W could be
interpreted as a part of the ALVZ, probably not Ivdfined due to the low resolution of the
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detected anomaly at depth. To the east, this LV@Zears to reach as far as 65.5° W at the
easternmost part of the EC. The extension and mres# this layer of melted material could be
explained in accordance with geological featurehsas the Main Andean Thrust (MAT) (e.g.
Allmendinger et al., 1997; Mertmann et al., 200th&uber et al., Submitted). The MAT is a
prominent detachment zone located at the bordevesgt the EC and the Inter- Subandean
provinces and could be affecting the entire portddthe upper crust (see Figure 4.6). We can
speculate that the MAT represents a fault zone evbleanges in lithostatic pressure, temperature
and mineralogical variations take place, encouggthe movement of fluids and melts at
greater depths. The role of the QBBS and the AL¥ZAgotential decoupling surface and the
thermally controlled weakening of the crust werggasted by other authors (e.g. Elger, 2003;
Victor et al., 2004; Elger et al., 2005) as a passisubhorizontal shear zone transferring
shortening eastward along a decoupling surfac¢hitncase the MAT seems to be acting as a

decoupling surface, probably reaching the ALVZ.
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Figure 6.1: Schematic cartoon at 21°, representthg combined P- and S- wave results.
Receiver function Moho (Yuan et al., 2000). CVZnt@# Volcanic Zone; QBBS: Quebrada
Blanca Bright Spot; UKFZ: Uyuni-Kenayani Fault ZgndAT: Main Andean Trust; ALVZ:
Altiplano Low Velocity Zone. The positive anomalyhte east of the profile has been interpreted
as the Brazilian Shield covered by Neogene and €unaty sediments. The necessity of a
Transition Zone above the oceanic mantle, bendathsubducting slab, is deduced from the
variations in both P- and S-wave analysis. The Moipgical units: CC: Coastal Cordillera;
LV: Longitudinal Valley; PC: Precordillera; WC: Wiesn Cordillera; EC: Eastern Cordillera;
IA: Interandean; S.And: Subandean; CP: Chaco Plain.
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To the east of our study area, we detected thespcesof a high relative-velocity anomaly at
~65°W correlating well with the eastern end of E@. This cold, high velocity unit could be
indicating the presence of the Brazilian shieldarhydng the Interandean, Subandean and Chaco
Basin provinces. The presence at this longitudehef Brazilian shield (BS) has also been
proposed by other authors (Wigger et al., 1994;t¥\&ttal., 1995; Lamb, et al., 1997; Lamb and
Hoke, 1997; Beck and Zandt, 2002) and we beliex# the strong Brazilian shield is the
basement that supports the eastern morphologiagted and acts as a backstop that imposed

shortening-uplift at the eastern border of the Asrdehain.

The evolution of the Altiplano (e.g. Isacks, 1988ubbels et al., 1993; Allmendinger and
Gubbels, 1996; Allmendinger et al., 1997) startedkoout 25Ma and went through a series of
diastrophic phases that ended with the last ugptitt deformation of the plateau at about 9-5Ma
(e.g. Allmendinger et al., 1997). The shorteningsesl in the Altiplano and shifted to the east,
where the Brazilian shield is located, having anterteffect that could be responsible for the
final closing stage of the Altiplano basin and pgresent-day aspect of the plateau. At the same
time, shortening in the Puna plateau continuedoup-2 Ma (Allmendinger and Gubbels, 1996;
Allmendinger et al., 1997) and could be interpredsc delayed tectonic reaction proving, in this
case, that the distance that separated the Puteaplrom the shield may have been bigger than
in the case of the Altiplano. In other words then&inad more time and space to continue its

evolution.

However, we are unable to see the subduction oBtheilian lithosphere as suggested by other
authors (Wigger et al., 1994; Watts et al., 199BmAndinger et al., 1997; Lamb et al., 1997).
The ideas of a subducting lithosphere can not Indirooed with the present data. The strong
changes in velocities observed in the upper crodicate that the transition between the
Precambrian Brazilian shield and the morpho-umtghe east is abrupt and probably related to

major structures in the upper crust.

Many authors interpret Andean uplift as being tbgutt of various interacting factors (Isacks,
1988; Cahill and Isacks, 1992; Wigger et al., 199mendinger et al., 1997; Lamb et al., 1997,
Lamb and Hoke, 1997) but the remaining issues conwg lithospheric thinning, magmatic

addition, stability of the plateau and the amourghmrtening are still not well constrained. The

movement or displacement of the basal parts ofitth@sphere is usually proposed to explain the
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high elevation of plateaus. We believe that thdrhiglocity anomaly for the Lithospheric Block
(100 km -150 km depth) between ~67°W and ~66°Waat indicates the removal of the base of
the lithosphere.

Observations by Hoke et al. (1994) postulated #igtence of a thin lithosphere at 20°S for parts
of the Eastern Cordillera, to explain the elevaldd signature in the geothermal systems. The
distribution of velocities at the base of the craistl upper mantle suggest that there could be an
influx of materials from the asthenosphere that¢@# the base of the continental crust. Myers et
al. (1998) detected the presence of a zone of l®en(€100), in the same area, that they
interpreted as being evidence of near solidus tondi If this is the case, we will expect to see
a shift of the isotherms at this point, probabliated to the removal of the high density base of
the lithosphere( e.g. Beck and Zandt, 2002). Defation has already been proposed by other
authors (Bird, 1979; Housemann et al., 1981; Kay kay, 1993; 1994; Withman et al., 1996;
Kay et al., 1999; Schurr, 2000) to explain the abseof a mantle lid and the rapid uplift of the
Tibetan and Puna regions that produced stableguiatever a long period of time. With this type
of model, thick and cold lithosphere delaminatesrfrthe base of the crust and sinks into the
mantle. Our model, presented in Figure 6.1, suppthit idea for the Altiplano area. We will
discuss about this particular phenomendedéminationin section 6.4.

6.2. The Puna anomalies

The Argentine Puna is a key region for understapdire evolution of the Central Andes and
particular characteristics that are observed inpoafile bring to light some questions concerning
the distribution of anomalies in correlation witlorphological units.

A similar distribution of positive and negativeatVe velocity anomalies are observed as for the
Altiplano previously discussed area: low-velocityomalies at both flanks of the Puna and a
high-velocity structure on the eastern border & hateau. However, a difference from the
Altiplano is observed in the central part of then®plateau where a high-velocity zone is present
beneath the area of Salar de Antofalla (SA) (Figu. This high-velocity anomaly has been
interpreted by Goetze and Krause (2002) as a panecCentral Andean Gravity High (CAGH)
that is believed to include some of the ultrabaseks that form the “Faja Eruptiva Occidental”
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(an Early Paleozoic magmatic arc) (in Coira eti82).

The CAGH is a dense body about 400 km long andkb®@vide that lies at depths between ~10
and ~40 km (see Figure 5.1). A good correlationlserved for the tomographic section where
low-velocities coincide with negative residual aradynvalues (under volcanoes) and high-
velocities correlate with positive residual anomsli(between the Antofalla and Galan
volcanoes). The negative anomalies reflect redwssthities related to fluids and/or melting
below the volcanoes. The positive anomalies aratgel to places where there is no
melting/fluids, i.e. between the volcanoes where 8alar de Antofalla is located (Hackney,
pers. comn).(Figure 5.4).

The western border of the Puna profile shows whainterpret as the effects of ascending melts
that correlate well with the position of the voleaarc (CVZ). The negative anomalies on the
eastern border of the Puna plateau may be relatadtriend of volcanic edifices from north to
south where some of the back-arc volcanoes areteldcée.g. Tuzgle, Qevar, Galan).
Observations by Schurr et al. (1999 and 2000) fooigth attenuation (low Qp) beneath the
Tuzgle volcano to the north of our study area thaly be included in the before mentioned
trend.

The variations that are observed on the eastem cfidhe profile (border region between the
Puna plateau and the Eastern Cordillera) couldelzed to a ductile lower crust that becomes
thicker under a compressional regime. This has b&nproposed by Kley and Monaldi (1998)
to explain shortening in the north of Argentina d@he south of Bolivia. The high velocity in the
east is then related to the presence of intrugidenaetamorphic Paleozoic rocks that “separate”
the plateau from the Eastern Cordillera. The limiposed by such an old structure could be
responsible for the sharp difference in relativioeidies west and east of the Luracatao-Taculil
ranges. A difference in temperature for intra-abusdcks would play a role in the distribution of
weak-zones for the ascent of fluids and magmatts is observed in the back-arc volcanoes
(e.g. Tuzgle, Qevar, Galan), where the signatui distribution of volcanic activity on the

eastern side of the plateau suggests this situation

In Figure 5.1 the edge of the Puna plateau is gdo#ind correlates well with the change in

velocities and temperatures observed for both - &nwaves. The most important back-arc
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volcanoes are located where these NW-SE trendimgamnents intersect the structure that
represents the border of the plateau (~NE-SW). Eleme@ suggest that deep reaching fault
systems associated with shortening, on the eatheoplateau, are the conduits for back-arc
volcanism concentrated on the eastern margin oplleau. The fault systems originate in the

brittle zone of the crust and propagate to theiduzbne or vice versa.

To explain the shape of the branched anomalies aingrnfrom both clusters of events at ~100
and ~200 km (Figure 6.2), it is necessary to casile geodynamic location of the southern
Puna that represents the final portions of theeplatand is located in a transitional area

involving flat-slab subduction.
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Figure 6.2: Cartoon showing the interpretation detcombined results from P- and S- wave
tomography with a branched ascent path for fluigdisrising from the Benioff zone (clusters of
earthquakes) at depths of ~100 km and ~200 km.ahbenalies detected in our study suggest
that the presence of a highly hydrated oceanictasuselated to the thermal variation caused by
an incipient flat area that enables the releasdluitls at greater depths than usual. The aspect
of the ascent paths can be the associated withuarrélow type model for setting the fluids in
movement. The position and distribution of isottepiay a very important role, as the high-T°
isotherm of 1400°C should induce a flux of meltedemal towards the volcanic arc or nearby
volcanoes as Antofalla.
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The reasons for the presence and evolution oftaléé are still not well understood. A possible
cause usually suggested for explaining this sibnais the fact that the Nazca oceanic plate and
its lithosphere are relatively young, thin and plagsbuoyant. Other results associate the flat-
slab areas on both flanks of the Central Andes thighbuoyancy of anomalously thick oceanic
crust where the aseismic ridges are present (auge@ie, Nazca and Juan Fernandez (e.g. Cabhill
and Isacks, 1992; Kay and Abbuzzi, 1996; Gutschei.e2000). In contrast, Lamb and Davis
(2003) suggest that the flat-slab zone in the Andesssociated with climatic changes along-
strike that leave zones of low shear stress whereh-sediment fill lubricates the subduction
system, leading to a low angle subduction zone.nvilade, zones of high shear stress where the
trench sediments are absent lead to normal sulbtudti any case, the presence of the flat-slab
area to the south of the Puna plateau indicateéghbahermal state and heat-flow models for the
lithosphere and asthenosphere must be affectedebgresence of an unusually shallow oceanic
lithosphere. It is also expected that these therraghtions associated with a down-going slab
that remains at shallow depths will retain moreewndhat can be later released at progressively

greater depths (Figure 6.2).

6.2.1. Fluids and temperature in the mantle underite Puna.

The role of water is important for lowering the tired point of the overlying rocks particularly
in those regions where a hydrated slab releaservdate to phase transformations such as
amphibolite to eclogite at 100 km depth. The debgdn of amphiboles is however, a pressure-
dependent effect more than a temperature depeondentSchmidt and Poli, 1998). In all cases,
the oceanic lithosphere experience progressiveingeaind pressure changes due to the
subduction and releases the remaining portionsabémfrom the eclogite at a depth of ~200-250
km, where the initial melting should also take plat these depths (Schmidt and Poli, 1998). By
successively addingJ@ to the overlying mantle, the partially molten eanust grow upwards.
Assuming the position of a high temperature isathée.g. 1400°C), one would expect to see a
movement of mantle material towards the volcanic Some of the models of thermal activity in
subduction zones show that high temperature isotheabout 1300°C, must be located beneath
the volcanic arcs and that the depths of the subduslab surface beneath the volcanic front are
in accordance with such isotherms (Schmidt and B888).
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In the case of the Puna, all andesites and sonmemibgites always have some mantle material
for arc and back-arc volcanoes, such as the Tuaiggte Cerro Galan areas (Lucasspers.
comm). For explaining the presence of mantle matanialolcanic rocks, a thermal anomaly in
the asthenosphere is suggested as in Figure §.21@&00°C isotherm). This thermal anomalous
zone would also be responsible for the aspect @stdhbaition of the ascending paths for melts
that separate into two branches where the lithaspasthenosphere boundary is expected (100-
130 km). The presence of a return-flow for fluigaving the slab at the Benioff zone can be
described on the basis of our interpretations atcd, fluids that leave the Benioff zone will
ascend parallel to the surface of the oceanic diaie to physical forces associated with
subduction and temperature variations and/or miadie way to the surface (or base of the crust)

in a more or less vertical manner (Figure 6.2).

Is it possible that water remains in the eclodit reaches the final step of dehydration at depths
of ~200 km? This depends mainly on the thermalilgtalof the hydrous minerals. At a given
temperature the mantle does not need too much ftuidigger large amounts of melting. The
suggested position of the isotherms showed in Eigu2 should reflect the behaviour of the
peridotite at the lithosphere-asthenosphere boyndaB). Small amounts of water in olivine
will change the physical properties of this majomponent in mantle rocks, in the way that
changes in viscosity and ductile flow may occumaich lower temperature than indicated in
most standard subduction zone models (Schmidt ahd1®98). Having near-solidus or melted
material in the mantle does not necessarily implyifig a defined large scale flow pattern, since
thermal or density inhomogeneities can also ddfeal small scale flow patterns that transmit
the movement to other portions of the mantle wiieeefinal transformations deliver fluids that
ascent towards the base of the crust. The platdatherefore be affected by a thermal influx
from below, induced by water movement that lowdrs melting point of the neighbouring
rocks. These thermal anomalies in the asthenosgtes=ps the plateau elevated over a long
period of time without the necessity of delaminati®n their way to the surface, the melts and
fluids can form melting zones in the upper crugowe~20 km. Information about the thermal

expansion of the Central Andes might still be neeeconfirm this statement.
It has been suggested that only a small portiathefvater initially contained in the subducting

lithosphere will escape from the slab in the deptige suitable for magma formation and that a

large portion of the water will be dehydrated datieely shallow levels (Schmidt and Poli,
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1998). This effect should occur in the oceanic ttatsdepths of ~80 km, depending on the
temperature of the subduction zone, where certaasg transformations allow minerals to retain
some percentage of water (e.g. minerals as lawesenlbgites in cold subduction areas and
Zoisite-eclogite in warm subduction areas). If afiyhese minerals, according to their stability,

is able to reach deeper portions of the asthenosptieen a part of the water will also be able to
descend to greater depths and will be lost forvatcanism (Schmidt and Poli, 1998). In our

case, for the Puna plateau we speculate that ttex delivered to the system from the subducted
slab at about 200 km is related to the decompaositiominerals that takes place between the
phlogopite decomposition depths (~150 km) and & flehydration of the eclogite (lawsonite

and phengite phases) at depths of ~300 km.

In cold subduction zones, where the stability Selof some hydrous phases and serpentine
overlap, water will be transported to greater deg@hd will not be available for arc magmatism
(phlogopite decomposition in Figure 6.3), playingybe a role in the evolution of back-arc
volcanism as observed in the Central Andes. Irtivellg warm subduction zones fluids will be

delivered from the dehydration of serpentine (Sctirand Poli, 1998).
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Figure 6.3: this diagram after Schmidt and Poli 989, shows a possible model for the
formation of a volcanic front. Open arrows indicadke rise of fluid, short solid arrows indicate
rise of melts. Long arrows indicate flow in the ril@rwedge. The diapirs represent a partly
serpentinized mantle. Phase transformations atkiiGdepth are directly related to the thermal
state of the subducting plate.
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As shown in Figure 6.3, the dehydration from petitdcand oceanic crust occurs at almost any
depth to ca. 150-200 km, with water generally add above the subducting lithosphere. The
region in the mantle, where partial melt is indézhtwill therefore play a significant role in the

movements of the melts towards the crust, so teavolcanic arc will develop above those areas

where the amount of melt is sufficient to give risearc magmatism.

Continuous water release to depths greater thark@06ue to the breakdown of lawsonite and
phengite will ensure the formation of hydrous petitg¢ in the mantle wedge via the direct
release of fluids towards the overlying mantle (Rmid Schmidt, 1995) as suggested in our
cartoon (Figure 6.2). A return-flow type model tbe Andes, based on our observations seems
to be the most possible case for explaining theemant of fluids towards the crust, while other
authors suggest, that a corner-flow model as thvendrmechanism for the type of tectonics can
be discarded as it induces an excessive stresagem the overriding plate (Husson and Ricard,
2004); without a significant corner-flow below tkelcanic fronts mantle wedge temperatures
would rapidly cool down and arc magmatism wouldsee&Schmidt and Poli, 1998). Both

examples reflect how little these mechanisms aderstood.

Romanyuk and Rebetsky (2000) analyzed the densiyrilaeology of the down going oceanic
crust of the Nazca plate and the importance oflflun the weakening of mantle minerals. They
suggested a model where the subducting plate ipased of two layers, one mainly of basalt
and the other of gabbro being the later denser tharfirst (2.8-g/cn? basalt and 2.95-g/cin
gabbro); with density increasing with plate depthe Nazca plate mantle is believed to consist
of harzburgite, which is gradually replaced by spiherzolite at greater depths. Where the
oceanic crust experiences dehydration and metansonpkhe basalt—eclogite transition provides
significant amounts of fluid that are released hg bceanic plate. This fluid leads to the
serpentinization of the mantle and to the “wet” tingl of the mantle wedge peridotites that form
the volcanic arc (Davies and Stevenson, 1992). &hdeas also support our interpretation

cartoon from Figure 6.2.

The analysis of noble gases (e.g. Helium) releasdalibbles in geothermal springs or contained
in olivine crystals of mafic rocks, provide a clas to the volatile components origin. This
simple method illustrates the degassing signatfirdHe and shows that there are two main

factors that govern the helium degassing rate antbpic evolution in a mantle undergoing
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whole mantle convection: (1) the ocean crust foromatate, and (2) the concentration of helium
in the mantle (Class and Goldstein, 2005). Theegfardistinctive signature for volatiles that

have a mantle or crustal origin can be obtained.
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Figure 6.4:% He /*He analysis from olivine inclusion (Pilz, pers. ecam2005) and one of our
teleseismic tomography sections (P- waves). Lontgwalrow: fast ascent of hot melts with little
contamination; Short white arrow: slow ascent ofldes melts with higher crustal

contamination. Rectangle shows the area of comgarisMoho topography and crustal
structures from receiver function data.

By comparing our results with He /“He air normalized ratios, we see a strong cormati
between the plotted values for the area of theamtcarc that suggest a crustal source of the
volatiles with our interpretations of the obseragwmalies related to the group of earthquakes at

~100 km. Towards the east of the C\fZHe values for the Antofalla volcano show a deeper
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source located in the asthenospheric mantle, wighvavalues indicating a shallower origin. East
of the block from Salar de Antofalla, where the &&i Pampa volcano is located, the ratios
indicate lithospheric to crustal sources. This emitk can be used to reinforce our previous
explanation that the branched-shape anomaly ramseseelt ascent paths towards the volcanic
arc that in some cases reach the surface withcheissal contamination caused by the influence
of unusual high temperatures (1400°C isotherm)yofalbourable fault zones guided ascent. To
the east, the materials reach the base of the arilsiver temperatures (~800°C) and experiences

greater crustal contamination (Figure 6.4)

We are not able to observe clear evidence for dak#tion or its remnants in the analyzed
section. Receiver function data (RF) for our petlbes not show crustal variations that could be
interpreted as being affected by such a process.Md¢ho depth remains more or less constant
between 60 and 65 km. The eastern side of the RRlgishows a double layered Moho
interface, with one surface above and the othevb@5 km. Since this is the border area of the
Puna plateau, we interpret this as a place wherehbrtening of the Eastern Cordillera affects

portions of the entire crust.

6.3. The Role of Delamination in Andean Evolution

The role of lithospheric delamination has been pseg in recent years to explain the rapid
uplift and thin lithosphere with the associated magsm in the Puna Plateau (Kay and Kay,
1993; Kay et al., 1994; Schurr, 2000; Schurr etZ803). This process remains controversial as
it involves the removal from lower portions of theust and upper-most lithosphere that “detach
or delaminate” and sinks into the asthenosphere.prbcess of delamination must be related to
density increase in the mafic lower crust (basalticst at the Moho discontinuity), changes in

mineral composition and thermally-anomalous mal®ria

When modelling the South American subduction z&@wholev and Babeyko (2005) presented
lithospheric delamination as being triggered byghbbro-eclogite transformation in a thickened
continental lower crust. Mechanical failure of thediment cover at the margin of the plateau,
where the BS is located, should be the leadingga®dn the mechanical weakening of the
overriding plate during tectonic shortening. Actidelamination, in their opinion, impedes

corner-flow by delaminated material that intensifshortening as a result of increased coupling
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between the plates and the mechanical weakenirigeobverriding plate. In their model, the
trench (roll-back) has also been migrating westwaohtributing to the delamination and

shortening that they interpret as a major factocamtrolling Andean orogeny.

In our study we are able to see the effects of seoneof delamination in the Altiplano plateau
(Figure 6.1) where we interpret the presence oftlteodpheric block for explaining high-

velocities at depths of ~150 km. The shape of tigh-kelocity anomaly detected below the
Altiplano can be supported by the model showediguie 6.5. For the Puna region, at 25.5°S,

we are not able to see a similar effect that cbeldhterpreted as delamination of the lithosphere.
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Figure 6.5: After 35 Ma the evolution of the Cehtfendes show an important drift of the
continental plate to the west and effects of datation in the back-arc area. An incipient
underthrusting of the shield can also be seen (Botand Babeyko, 2005)

For considerations about the thickness of the darsboth plateaus —a thicker Altiplano crust
was usually proposed for differentiating betweeripfdno and Puna- we use the receiver

function images obtained from present data as &qgaan the next section.

6.4. Receiver Function data and the tomographic ingges

The receiver function (RF) method is based on #lae that teleseismic waves passing through a
seismic discontinuity convert part of their enetgys- waves which arrive at the station after the
onset of the P- wave within the P- wave coda. Bglyming the energy released during the

conversion from P- to S- waves it is possible ttedesome discontinuities beneath the station,
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for example the Moho. The different aspects of teeeiver function method and the

guantification of the data is outside of the foofishis work. For more information the reader is
referred to the literature cited at the end of sk (e.g. Yuan, 1999; Yuan et al., 2000; Yuan et
al., 2002).

The results from teleseismic tomography are contpai¢h receiver function images obtained
from the analysis carried out in our group at tHe&ZG@ising the same data set. For the first time,
the final results of the Moho discontinuity at ~31(Altiplano) and ~25.5°S (Puna) are obtained
from our data and show a good correlation with tgraphic images and previously obtained RF
images (Yuan et al., 2000; Yuan et al., 2002).

In the case of the Altiplano, it is possible to seaniform Moho discontinuity that goes from
depths of ~75 km beneath the volcanic arc, thimedath the Altiplano to ~65 km and thickens
again below the Eastern Cordillera region to 7380 To the east the Moho flattens to depths
of ~50 km between 65°W and 64°W. The subducted cdabbe clearly seen down to a depth of
~120 km, while at greater depths it is only infdrigy the position of some interfaces that are not
properly defined. The presence of a low-velocitpraaly in the upper crust can be seen as a
zone of horizontal extension along a large pathefprofile (Figure 6.6, centre and bottom in the

case of the Altiplano).

For the Puna area, the Moho discontinuity bendalptateau remains flat at about ~60 km. We
are not able to see the portions of the Moho bénik&t volcanic arc due to the limited extent of
the profile. To the east, below the border betweena and the Eastern Cordillera, the Moho is
not well resolved, but a thickening beneath theaGalolcano area at ~67°W is expected, as in
the case for the Altiplano profile. The slab canbetdetected in this RF image. Meanwhile, the
presence of internal structures in the crust resnaisubject of discussion, but nevertheless, there
Is a good correlation between those structurestlaadimits of low- and high- velocities in the

tomographic images (Figure 6.6).
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Figure 6.6: Top: Results from receiver function jRIAta, indicating the Moho and oceanic slab
discontinuities for both Altiplano and Puna. Centted bottom: P- and S- wave teleseismic
tomography with information from RF. The white egxjle for Altiplano highlights the position
of the low-velocity zone beneath the Altiplano.

By comparing receiver function data from both phate (Figure 6.7), particularly information
about the Moho topography and depth, it is possiblesee that there are small differences
between both profiles at 21°S (Altiplano) and 25.%Puna). In the case of Altiplano the Moho
beneath the central part of the plateau can beaee®5 km depth while for the Puna the depth
of the same feature is some ~60 km. Internal strastdetected by receiver functions suggest a

very similar response for both plateaus along majostal faults (e.g. MAT).
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Figure 6.7: A) The Morphological units: CC: Coastabrdillera; LV: Longitudinal Valley; PC:
Precordillera; WC: Western Cordillera; EC: Easter@ordillera; IA: Interandean; S.And:
Subandean; CPlain: Chaco Plain along Altiplano pleft 21°S. UKFZ: Uyuni-Kenayani Fault
Zone; MAT: Main Andean Trust. B) The MAT (Main Aarddrust), along the section at 21°S,
which affects the entire structure of the upperstrand reaches portions of the lower crust
Simplified after Mertmann et al., 2001 and Scheugteal., submitted. C) Receiver Function
Altiplano showing the crustal structures and thenddgreen lines) plotted together with Puna
RF data (black lines). D) Diagram integrating RFustal discontinuities with slab for Altiplano
(green line) and Puna data (black line and smatitamgle in figure). The different colours (pink
and greys) are suggested structural blocks that banidentified and reflect the similarities
along both profiles.

The distribution and aspect of the Moho topogragphgws changes that occur at both latitudes

that are probably related with the limits betweeorphological units on the surface. In Figure
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6.7D the position of some crustal discontinuitieBect the similarities between both plateaus,
and may be indirectly, the influence such strugunad in the geodynamical history of the
Central Andes. There is a possible relationshipveeh magmatism in the upper plate and
deformation that suggests that, the formation of #tiplano Plateau was initiated by

magmatically-controlled thermal weakening of thestr(Elger, 2003 and Elger et al., 2005). The
presence of this thermal effect may indicate thatrhajor deformation structures are related to

the low-velocities in the upper-crust detectedun study.

It is not possible to see variations in Moho togdry that suggest a variation in lithospheric
thicknesses in both cases. From the tomographigemé is possible to see that Puna profile
presents a more “hot” material that can be intégor@s astenospheric influx that could affect
the thickness of the lithosphere but evidence supypthis idea is still missing. If this is the
case, the effect of a thinner lithosphere bendePuna can be questioned as our data suggests.
In the future, S-wave receiver function analysishaf present data should clarify the position of

the LAB as this is the only method that can providermation about the LAB discontinuity.

6.5. Puna and Altiplano: a space problem?

This section discusses the results obtained byaim®graphic analysis where it is possible to
observe the presence of the Precambrian Brazitiehdson the east of the Altiplano profile. The
correlation between the position of the BS and mayactures limiting this unit should have

played a role that influenced the plateau forma#ind evolution.

Why did a plateau developed in the Central Ande$® W the history of both the Altiplano and
Puna so different in many ways and similar in cgRelf we compare topographic sections, as
noted by other authors in the past years (Whitmaal.£1996; Allmendinger et al., 1997), both
Puna and Altiplano differ in the distribution angape of the basins and in their altitude above
sea level (Figure 6.8). The Altiplano presents aanar less regular surface with no major
changes in topography inside the plateau. The Punthe other hand shows a more irregular

aspect and displays large topographic variatiotimding the internal closed basins.

One possibility is that plateau growth is a resilthe Brazilian craton compressing the weak

lower crust under the Altiplano from the east (Backl Zandt, 2002), while from the west there
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is the ENE movement of the Nazca plate. As thephdtio was compressed, the remaining
portions of the plateau in the south (where theaPsnlocated) were left as a triangle-shaped
block that experienced additional uplift, and hagrbactive for a longer time than the northern
parts. As discussed before, the uplift in the Adii started ~25 Ma and had stopped by ~10-9
Ma, while in the Puna this process continued urtMa.
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Figure 6.8: On the green background the topograplong the profile at 21°S (dashed line).
The topography of the Puna profile (grey backgroand thick bold line) shows the differences
in altitude and the irregularities along ~25.5°$helred square shows the position of the highest
station of the project (PC04, ~4800 m). The blueasg shows the position of the lowest station

(RF01~360 m).

One question that comes out when studying the Argdeslated to the different dipping angles
of the Nazca oceanic plate during the geodynanticstbry of the subduction zone and its
variation with latitude from the Colombian Andes time north to the south of Chile. The
differences in subduction angles may be assocuatibdthickness variations of the oceanic plate
(with a possible direct impact in the confluencte raf the plates) and particularly with buoyant
subducting lithosphere (Gutscher, et al., 2000; Manen et al., 2002a,b). In this context, the
position of the Altiplano-Puna plateau is empladeda particular geographic position with
respect to other major morphological units in treutS American continent, e.g. old, cold
Precambrian Brazilian Shield (Figure 6.9). We miagréfore, establish a parallel between the
existence of flat-slab regions where those fragmehbld, cold units are not present or at least
have been displaced by the presence of some magaments (i.e., TBL: Trans-Brazilian

Lineament in Cordani and Sato, 1999).
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Along with the TBL in the south it is possible iod another major suture or lineament present
in the area between the Guyana and Brazilian shieltlich is located beneath the Amazonian
Basin, where the presence of a proto-rift has Iseggested (Burke and Lytwyn, 1993). At the
same time, those parts of the Andes that develtgrgd-scale volcanic activity, mountain uplift
and a plateau, in the case of Bolivia and north&rgentina, are located in areas where
subduction has found opposition, in some way remtes! by old stable regions such as the BS
(Figure 6.9). The presence of the remaining pdrthe shield and the lineaments that separate
its portions could also be responsible for theedd@hces in morphology between the Altiplano

and Puna plateaus.

Figure 6.9: Bold Rectangles and related grey dastemtiangles show the correlation between
the flat-slab regions and the absence of the exp&secambrian cratons. Note the position of
the Altiplano plateau flanked by units with oppesitirections of movement i.e., Nazca Plate
(Angermann et al, 1999) and Brazilian Shield (Gu&poNorth and south of the BS, large
sedimentary basins developed covering continentgure zones. TBL: Trans-Brazilian
Lineament (in Cordani and Sato, 1999) could be oesfble for structural differences in the
plateau (Altiplano and Puna). The grey dashed latethe Amazonian basin is the AR?
(Amazonian Rift) as suggested by Burke and Lyt@983). Black dashed area from north to
south represent the Andean chain with the posiidihe plateaus marked
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As discussed in Section 6.1.3, shortening andtuplithe Central Andes are responsible for two
characteristic features: the thrust belt (Easteordilera) and the thin-skinned fold-thrust belt

(Subandean) on the eastern side of the Altiplamtepl. According to Sempere et al. (1997),
this compressional regime started around ~90 Mahasdbeen migrating eastward since then
(Jordan et al., 1997; Sempere et al., 1997). Thigdcbe related again with to presence of the
Brazilian shield.

In addition to the previous statements, we sugtiedtthe presence of the Brazilian Shield is
responsible for the change in block rotation (cloakd counter clockwise) (Beck, 1998) from
the Arica bending line between 19°S and 23°S, ltlagtbeen proposed as the symmetry axis of
the Central Andes (Gephard, 1994). This is alsdrérad of the movement of opposite direction

on either side of the zone of maximum shortenisgdks, 1988, Kley and Monaldi, 1998).

An argument that opposes this theory is that thmlgction angle of the oceanic plate in the
central Andes has changed many times, going frommaloto flat and again to normal, while the
velocity of convergence and subduction has alsogéad Presently, the subduction takes place
at a convergence rate of 8.5cm/yr (Angermann, 18868)the angle, on the basis of seismicity, is
~30° (Engdahl et al., 1995). The subduction angldd:therefore have changed due to velocity

variations of the subducting plate due to a retheféect of mineral transformation.

Other authors (e.g. Lamb and Hoke, 1997; Lamb aanvd3, 2003) suggest that climatic change
during the Cenozoic is responsible for the unusudth and height of the central part of the
Altiplano in the Andes and that the onset of hygredity along the west coast of South America
is responsible for the lack of a thick sedimenelathat would otherwise lubricate the interface
between the Nazca and South American plates, teisase in the southern Andes. Erosion,
sediment deposition and climate controlled sedins¢égntvation cause high shear stresses in the
western part of continental South America where bsulting deformation created a high

plateau without collision.

A higher Puna plateau with a more irregular surfaoeld be indicative of less space for
shortening and uplift than the Altiplano, probahbhduced by differences in lithospheric
structures or the absence of a thick layer of sedis This idea is demonstrated by Babeyko and

Sobolev (2005) who suggested that different shorgemodes for the Central Andes (pure and
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simple shear accompanied by thin or thick-skinreatonics) might be controlled by strength of

the foreland uppermost crust and by temperatutheoforeland lithosphere. In their model the

sediment cover plays a key role in tectonic evolutand support the idea of Allmendinger and
Gubbels (1996) that the thick layer of Paleozoidireents at the Bolivian foreland might be

responsible for the simple shear mode of shortenioigh of 23°S. For the southern Puna at
24°S, the weak sedimentary layer is almost absedittlae deformation pattern is described as
simple shear with thick-skinned foreland tectongsilar to the Santa Barbara system east of
Puna at ~26°S. A higher temperature of the leadohge of the Brazilian shield south of 24°S

than north of 23°S implying a thermal effect forp&ining the thick-skinned tectonics in the

Puna foreland has been suggested. In our modelBfma and Altiplano anomalies) we are able
to detect changes in relative velocities and tloeesinterpret that they are related to these
temperatures variations. The case of the Puna ¢avitfferent thermal state than the Altiplano

can be then linked to the distribution of deforratthat resulted from shortening variations in

the crust for both plateaus.

Considering these ideas, it is possible to explh& evolution of the plateau as result of the
confluence of many factors that determine the dtarstic aspects of the central Andean
region, but there is little that we can say abohitciv factors played the larger role.

6.6. Conclusions

The profile of stations at 21°S tomographic analysanfirms previous observations about the
presence of a low-velocity layer in the upper alipbrtions of the Altiplano (Altiplano Low-
Velocity Zone) and shows that this zone may extewdards the Eastern Cordillera where a
similar low-velocity body has been detected. A gassrelationship between this low-velocity
zone and the anomalies observed to the west betfeatholcanic arc can also be interpreted
from tomographic results. To the east of the peotihe transition to the Brazilian Shield seems
to be abrupt and is governed by the presence abrnfailt systems, such as the Main Andean
Thrust. The tomographic images do not show anyesmd supporting underthrusting of the
Brazilian lithosphere as suggested by some autidws.presence of a high-velocity block at a
depth of ~150km can be associated with the detagharalelamination of lithospheric material.
The crustal thickness from receiver function anedyshows a Moho that deepens beneath the

volcanic arc probably related to partially meltechterial accumulated at the base of the
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continental crust. In the centre of the profilenéath the Altiplano plateau, the Moho thins to
~65km and thickens again beneath the Eastern @oedilTowards the Chaco Plain in the east,
the Moho thins to ~ 40km. It is not possible toa@te variations in Moho topography that could

suggest variations in lithospheric thicknesses

The Puna profile data indicate the presence ofaabmanched pathway for the ascent of fluids
and melts. The western part is clearly relatechéofluids that reach the volcanic arc (Antofalla
volcano) while the other coincides with the present back-arc volcanoes along the eastern
border of the plateau (e.g. Galan volcano). Theogmaphic images suggest that the thermal
state of the Puna plateau is different from thahefAltiplano, indicating the presence of colder
asthenospheric material beneath the Altiplano asttehbeneath Puna. This thermal effect can
be interpreted as responsible for the higher elewatof the Puna plateau. Beneath the Salar de
Antofalla, a high-velocity block with seismic adtivis interpreted as part of the old and cold
Paleaozoic magmatic arc (Faja Eruptiva de la Pucédental). The presence of this block is
may be responsible for the distribution of volcamictivity localized at both sides of this

anomaly.

Receiver function data provide the best (up to)dmbages of the Moho topography for both
profiles (along 21°S and 25.5°S), indicating thedre are no big differences between Altiplano
and Puna crustal thicknesses (~65km and ~60km ctégply). The internal structures of both
plateaus, in terms of the distribution of fault teyss and detachment zones in the internal
portions of the crust, seem to be more similar traginally thought.
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