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Abstract. Thermochronological (apatite fission track, AFT) and sedi-
mentological data from the central Andean high plateau and its
eastern foreland reflect the Tertiary tectonic evolution of this pla-
teau. AFT data define several stages of exhumational cooling in the
plateau and its foreland: A first stage (AFT dates of 40 and 36 Ma),
restricted to the central Eastern Cordillera, can be attributed to ini-
tial thrusting increments following the Incaic Phase. Around 33-
30 Ma, cooling occurred along basement highs over the entire pla-
teau; kinematics were thrusting (eastern Cordillera) as well as nor-
mal faulting (Altiplano). From 17 Ma onwards, exhumational cool-
ing took place in the eastern foreland (Interandean-Subandean),
reflecting the eastward migration of the thrust front into the Chaco
foreland basin.

Sedimentary data agree with the AFT data. Before 32 Ma, fine-
grained playa-mudflat deposits indicate tectonic quiescence in most
parts of the endorheic basin. Around 32 Ma, a strong change to
coarse clastics took place. Between 32 and 18 Ma, alluvial fans and
fluvial deposits formed adjacent to fault-bound basement highs.
Later growth strata indicate thrusting activity. Since about 10 Ma,
flat-lying continental deposits indicate tectonic quiescence from the
Altiplano to the Eastern Cordillera, whereas in the Chaco the present
foreland was created.

The data are discussed in terms of the development of the ac-
tive continental margin and a possible scenario is suggested: The
Incaic Phase (45-38 Ma) might have been linked to a slab breakoff
and subsequent flat slab conditions. During the associated gap in
volcanism (38-28 Ma), flat slab subduction may have caused hydra-
tion of the upper plate mantle and the initial formation of the pla-
teau. Later plateau uplift could have been caused by crustal thick-
ening owing to tectonic shortening, first within the plateau and its
foreland and, since about 10 Ma, in the foreland only.

13.1 Introduction

It is generally accepted that the formation of the Altipl-
ano-Puna Plateau resulted from the convergence of the
Farallon and Nazca Plates with the South American Plate.
Gephart (1994), for example, has shown that both Andean
topography and slab geometry are highly symmetrical
around a vertical NNE-trending plane that corresponds
to the Euler equator and to the Farallon Euler pole of ap-
proximately 35 million years ago. Small-scale asymme-
tries in topography and slab geometry have been attrib-
uted to the shifting of the Euler pole after 20 Ma. Thus, it
is concluded that the initial stages of plateau formation
occurred during the late Eocene to early Oligocene.

The causes of plateau formation and the single stages
of its evolution have, however, remained a matter of de-
bate for a long time. In his widely accepted model, Isacks
(1988) assumed that plateau formation started approxi-
mately 28 million years ago, caused by processes in the
asthenospheric wedge that were effective in thinning the
lithospheric mantle of the upper plate. By contrast, James
and Sacks (1999) attributed these early stages to a time of
flat slab (nearly horizontal) subduction which caused a
magmatic pause during much of the Oligocene. Flat slab
subduction led to a low geothermal gradient and hydra-
tion (serpentinization) of the upper plate mantle, result-
ing in an early uplift, and extensive shortening deforma-
tion in the Eastern Cordillera.

The resumption of volcanism some 28 million years
ago indicates the installation of a new asthenospheric
wedge beneath the upper plate and, following James and
Sacks (1999), a steepening of subduction. In this stage,
plateau uplift is assumed to have occurred owing to litho-
spheric thinning and distributed shortening (pure shear
mode) of the upper plate over a “heated and weakened
zone” (Isacks 1988). Since 18-12 Ma, the Brazilian shield
has been thrust underneath the Andean orogen by trans-
ferring the principal location of shortening, first into the
Interandean and later into the Subandean Belt (simple
shear mode; Baby et al. 1992,1997; Dunn et al. 1995; Kley
1996; Moretti et al. 1996; DeCelles and Horton 2003;
Gubbels et al. 1993). The model of Isacks has been modi-
fied by Lamb et al. (1997) and Lamb (2000) for the present
stage of the plateau. These authors suggested that the thin-
skinned thrusting in the upper crustal foreland is accom-
modated by ductile distributed shortening beneath the
plateau.

The objective of our work is to illuminate the plateau-
forming processes in the Central Andes by investigating
the geological record within the plateau and its eastern
foreland. We have carried out thermochronological, sedi-
mentary and structural work in the plateau and foreland,
and have particularly focused on the Tertiary strata of
the Altiplano, which we compare with those of the
Subandean Zone (Figs. 13.1 and 13.2). The Tertiary Alti-
plano sediments reflect the tectonic activity of the early
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stages of plateau formation, whereas the basin sediments
of the Chaco foreland reflect lithospheric loading of the
foreland lithosphere resulting from the thrusting of the
Brazilian shield beneath the Andean orogen. Our sedi-
mentological work was accompanied by apatite fission
track (AFT, e.g. Wagner and van der Haute 1992) analy-
ses along an E-W traverse at about 21° S, from the West-
ern Cordillera to the Subandean, in order to date the ex-
humation and uplift history.

13.2 Geological Setting

The Central Andes formed in a long-lived convergent set-
ting in which, since the Jurassic, several oceanic plates
were subducted beneath the leading edge of the South
American Plate. Subduction resulted in the formation of
amagmatic arc that, due to tectonic erosion, has migrated
about 200 km eastwards since 120 Ma, moving from the
Coastal Cordillera to its present position in the Western
Cordillera (Fig. 13.1). This volcanic arc is located along
the western margin of the Altiplano-Puna Plateau, which
(with a mean 3.8 km elevation) mainly belongs to the
back-arc region of the Andean arc system, but also com-
prises the Chilean Precordillera at about 21° S where it
forms the western monocline of the plateau (Isacks 1988).
Eastwards, the Altiplano-Puna Plateau is limited by the
Eastern Cordillera with elevations exceeding 5000 m. On
the eastern slope of the plateau, the (west to east) Inter-
andean and Subandean Belts represent detached and de-
formed foreland sediments, whereas the Chaco represents
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the present foreland basin. The Interandean to Chaco
units reflect the lateral growth of the Andean orogen and
its thrusting onto the stable Precambrian Brazilian Shield.

In the north Chilean Precordillera, along the western

margin of the plateau, rocks and structures of the Palaeo-
gene magmatic arc crop out in orogen-parallel, bivergent
ridges and are underlain by Mesozoic formations and a
Palaeozoic basement (Giinther 2001). Its major structure
is the Precordilleran Fault System (PFS), a bivergent,
transpressional zone that originated as a trench-linked,
strike-slip system within the Eocene magmatic arc (D6bel
et al. 1992). Several world-class ore deposits (e.g. Chuqui-
camata) exist along this fault system.

The Altiplano forms a wide, low-relief and mainly in-
ternally-drained basin that is covered by undeformed
Upper Miocene to Quaternary volcanics and sediments
(Fig. 13.2). This basin is morphologically structured by
isolated, N-S- to NNE-SSW-trending ridges with eleva-
tions ranging from 4000 m to 5350 m. These are built
from Palaeozoic to Neogene strata that, in mid to late
Miocene times, underwent dextral transpressional defor-
mation with thrusting toward the east, and have dextral,
strike-slip displacements along the Uyuni-Khenayani
Fault Zone (UKFZ, Fig. 13.3). The eastern margin of the
Altiplano is marked by the San Vicente Fault System
(SVES) where Ordovician sedimentary rocks of the East-
ern Cordillera were thrust westwards onto Palaeogene
deposits of the Altiplano in the early Miocene (Miiller
2000; Miiller et al. 2002).

The Eastern Cordillera forms a N-S-trending, biver-
gent thrust system centered near 65.5° W (Baby et al.
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Fig. 13.2.a Geological map of the study area: ABC: location of the Apatite fission track thermochronology (AFT) traverse; white dots: AFT
sample locations; DE: section of Fig. 13.3; SCF: San Cristobal Fault; UKF: Uyuni-Khenayani Fault; SVFS: San Vicente Fault System; SBR: Santa
Barbara Ranges; CS: Camargo Syncline; SA: Sama Anticline; RSA: Rio Salado Anticline; CFP: Cabalgimiento Frontal Principal. Numbered black
stars: 1 - Santa Ines, 2 - Cerro Gordo, 3 - San Cristobal 2,4 - San Cristobal 1, 5 - Chita, 6 - Animas 2, 7 - Corregidores, 8 - Animas 1,9 - Ubina,
10 - Pulacayo. b Cross section along the AFT traverse ABC. IAT: Interandean Thrust; FTB: Foreland fold-and-thrust belt. ¢ AFT data and
modeled cooling and exhumation paths along the cross section: (*: westernmost data point, assumed source area of crystalline basement
pebbles in San Vicente Formation. Numbers refer to averaged exhumation rates in mmyr-!
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Fig. 13.3. Schematic section across the central and eastern Altiplano at ~21°S. For location (D-E) see Fig. 13.2. NQv: Neogene-Quaternary
volcanics, Ne: Neogene sediments of the San Vicente Formation, Pg: Paleogene sediments with Upper Cretaceous at the base-PzV: Palaeozoic
volcanics, Pzs: Palaeozoic sediments, SCF: San-Cristobal Fault, CF: Corregidores Fault, UKF: Uyuni-Khenayani Fault
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1992, 1996). It is predominantly composed of clastic,
metasedimentary rocks of Ordovician age, up to 10 km
thick. These rocks are disconformably overlain by either
Cretaceous to Palaecocene or mid Tertiary to Neogene se-
quences. In the late Cretaceous, after mid Cretaceous rift-
ing,a wide, post-rift basin developed which covered large
parts of the Eastern Cordillera and the adjacent Altipl-
ano (Sempere 1994; Marquillas and Salfity 1994; Fiedler
et al. 2003). Marine deposits of the late Cretaceous and
early Tertiary (El Molino Fm.) provide the last regional
paleoelevation record prior to Andean deformation (Kley
etal. 1997).

During the Eocene and early Oligocene, the central
Eastern Cordillera was the source area (Proto-Eastern
Cordillera, Lamb et al. 1997) of continental, upwardly
coarsening deposits (Potoco and Camargo Fms., Horton
and DeCelles 2001; Silva-Gonzélez 2004) in the eastern
Altiplano and in the area of the Camargo syncline (CS in
Fig. 13.2). Late Oligocene to Miocene coarse-grained sedi-
ments disconformably cover older strata in several N-S-
trending intramontane basins (Horton 1998; Kley et al.
1997) that were formed during intense shortening (Horton
1998; Tawackoli 1999, Miiller et al. 2002). The formation
of a regionally extensive, erosional surface, dating from
13 to 9 Ma, which is covered by undeformed strata, docu-
ments the end of deformation in the entire Eastern Cor-
dillera (Gubbels et al. 1993).

Descending to the east, the mean elevation diminishes
by about 1500 m to the Interandean and Subandean zones,
which form an east-vergent, fold-and-thrust belt and ex-
pose Palaeozoic to Mesozoic units. The widely-spaced,
thrust-bounded anticlines of the Subandean zone progres-
sively include the Neogene foreland basin sequences of
the Chaco and continue eastwards into the undeformed
Recent Chaco Basin (Gubbels et al. 1993; Isacks 1988; Kley
et al. 1997). At present, approximately half of the original
width of the Chaco foreland basin, between the Cabal-
gimiento Frontal Principal (CFP) in the west and the
gentle onlap of flat-lying sediments over the crystalline
rocks of the Izozog High (part of the Brazilian Shield) in
the east, has been incorporated into the Subandean fold-
and-thrust belt; there, shortening reaches approximately
38% (Baby et al. 1992, 1996).

Tectonic shortening thickened the crust to 70 km
(Wigger et al. 1994) beneath the Central Andean Plateau.
Quantitative analyses of structural profiles across the
whole back-arc have revealed that tectonic shortening
predominantly occurred during the Cenozoic. For the
southern Altiplano, 60-80 km of shortening was calcu-
lated (Elger et al. 2005), for the Eastern Cordillera, 90-
95 km (Miiller et al. 2002), and for the Interandean and
Subandean zones, 130-140 km (citations in Miiller et al.
2002), although some lower crustal flow out of the sec-
tion has to be considered (Hindle et al. 2002, 2005).

13.3 Exhumation History
(Apatite Fission Track Thermochronology)

The exhumation history of the central Andean Plateau
has been addressed using AFT thermochronology. A de-
tailed description and interpretation of the AFT data is
the focus of another paper (Ege et al. submitted). To date,
only a few fission track studies exist from the Altiplano-
Puna segment (Benjamin et al. 1987; Kontak et al. 1990;
Andriessen and Reutter 1994; Moretti et al. 1996).

Fission tracks in apatite become progressively shorter
in the broad temperature range (i.e. 125-60 °C for Du-
rango apatite, Green et al. 1989) of the partial annealing
zone (PAZ); a representative number of track lengths
measured in a sample can be compared with forward an-
nealing models to constrain the thermal history (e.g.
Gallagher 1995). Mean track lengths (MTL) of 14-15 pm
indicate rapid cooling, whereas reduced lengths are in-
dicative of longer residence in the PAZ. To address the
annealing kinetics of the detrital apatites, the etching
parameter “Dpar” was used (Carlson et al. 1999; Ketcham
et al. 1999) and thermal models were made with the pro-
gram “AFTSolve” (Ketcham et al. 2000). For analytical
details and modeling parameters, the reader is referred
to Ege et al. (2003) and Ege (2004).

Samples from mostly pre-Tertiary sedimentary rocks
were collected along a 400 km long transect at ~21° S, ex-
tending from the central Altiplano to the Subandean belt
(Fig. 13.2), with the aim of characterizing the regional pat-
tern of exhumation. Structurally deep locations, e.g. hang-
ing walls of major thrusts, were preferentially sampled, but,
for comparison purposes, some samples were taken from
shallower structural positions. A common approach in fis-
sion track studies is to take a suite of samples over a range
of elevations with the goal of encountering a kink in the
age-elevation gradient, marking the time when exhuma-
tional cooling began (Benjamin et al. 1987; Fitzgerald et al.
1995). However, owing to low relief and intense deforma-
tion within the plateau, such profiles are absent.

Isolated fission track data from buried and subsequently
exhumed rocks can provide two different types of infor-
mation. Where rocks were buried deep enough to exceed
the total annealing temperature (T, ), the fission track clock
was reset to zero and the data record information about the
following cooling path. Where T, was not achieved, ages
and track lengths reflecting the anterior thermal history
will be preserved, modified by the final cooling from a maxi-
mum temperature lower than T,. Small portions of strongly
shortened tracks encountered in most samples suggest that
they are of the latter type. To distinguish between the two
possibilities, the maximum temperature is decisive and is
estimated from stratigraphic and structural information,
and the assumed paleo-geothermal gradient (see below).
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13.4 Thermal State of the Crust

Thermal processes might have influenced the observed
cooling record. The recent thermal state of the crust is
characterized by an elevated heat flow of 100-80 mW m™
in the plateau, decreasing to 40 mW m in the Subandean
zone (Springer and Forster 1998). This thermal anomaly
has been created by magmatism and crustal thickening
since the late Oligocene (Babeyko et al. 2002) and, hence,
is coeval with the observed cooling. However, as volcan-
ism started around 28-25 Ma (see below), i.e. later than
the observed cooling ages (Fig. 13.2c), a magmatic event
that reset the fission track ages can be excluded. Thus,
the cooling solely reflects exhumation.

In order to interpret thermochronological data in the
spatial frame of reference, the paleo-geothermal gradi-
ent has to be assumed. Today, temperature gradients are
39+9°Ckm™ ( +10) in the Altiplano, 25+ 8 °Ckm™! in
the Eastern Cordillera and 22 + 3 °C km™! in the Subandean-
Chaco (Springer and Forster 1998). A constant geother-
mal gradient of 25 + 5 °Ckm™ was assumed for the cal-
culation of exhumation rates (Ege et al. submitted). Given
the low amounts and rates of exhumation within the pla-
teau, heat advection by erosion (Brown and Summerfield
1997) is neglected. To relate sediment thickness to tem-
perature, thermal conductivity data from Bolivia were
used (Henry and Pollack 1988; Springer 1996).

13.5 General Results

In the plateau domain (Altiplano and Eastern Cordillera),
apparent cooling ages range between 37 and 20 Ma, with
the majority around 30 Ma (Fig. 13.2). The apatite fission
tracks exhibit variable amounts of moderate length re-
duction (< 20%). By contrast,exhumational cooling in the
eastern foreland fold-and-thrust belt started much later
with cooling ages of 16-9 Ma in the Interandean zone.
Mixed ages are obtained in the Subandean zone. Our in-
terpretation of the exhumation history (for details see Ege
etal, in prep) is presented below in temporal order.

13.5.1 Late Eocene - Early Oligocene

The earliest cooling along the transect is observed in the
central part of the Eastern Cordillera (Fig. 13.2). Near Tu-
piza, an Ordovician sample (AFT age of 31.5 Ma and MTL
of 11.9 pm) was taken below an unconformity with sedi-
ments of possible Oligocene age. These sediments are
more than 1.2 km thick and were folded in the mid Mi-
ocene together with the Ordovician substrate (Kley et al.
1997; Miiller et al. 2002). Modeling with corresponding

constraints yielded good fits for a two-phase thermal his-
tory with initial cooling since ca. 40 Ma, reheating by
burial to about 80 °C, and final cooling to surface tem-
perature after ca. 15 Ma.

The sample from the hanging wall of the Camargo-Yavi
Thrust (CYT) which is the western border of the Camargo
Syncline (CS, Fig. 13.2) slowly cooled from at least 36 Ma,
most likely owing the to initiation of the CYT. Together with
an apparent age of 36.4 + 5.2 Ma from a sample further west,
the AFT data from the central Eastern Cordillera delineate
a zone of initial and, suggestively, eastwardly propagating
uplift in the late Eocene to early Oligocene. Our results are
similar to those from the Eastern Cordillera of northern
Bolivia where zircon fission track ages indicate the onset of
cooling at 45-40 Ma (Benjamin et al. 1987; Lamb and Hoke
1997). We interpret late Eocene exhumation to be contracti-
onally-driven uplift of a narrow proto-Eastern Cordillera
and the related inversion of Cretaceous rift structures (Kley
et al. 1997; Lamb and Hoke 1997; Hansen and Nielsen 2003).

13.5.2 Oligocene

Widespread cooling occurred within the Oligocene
(33-27 Ma) from the Western Cordillera to the eastern
margin of the Eastern Cordillera. Apatite crystals from
basement pebbles, collected from an early Miocene con-
glomerate of the San Vicente Fm. in the western Altiplano
(Fig. 13.2), yield a uniform cooling age of 28.0 = 1.2 Ma.
The pebbles comprise west-derived, Proterozoic-Palaeo-
zoic, basement rocks (Bahlburg et al. 1986; Worner et al.
2000). Post-depositional burial of ca.1km (Elger et al.
2005) did not heat the sample above 60 °C; the AFT data
thus reflect cooling in the source areas of the western Al-
tiplano. In particular, thermal models indicate rapid cool-
ing to less than 145-130 °C since 32-30 Ma.

Four Palaeozoic samples from the hanging walls of two
east-vergent thrusts in the Uyuni-Khenayani fault zone
(UKFZ, Fig. 13.3) yielded similar AFT cooling ages of be-
tween 34 and 30 Ma, but had variable amounts of track
shortening. Thermal modeling and the reconstruction of
pre-exhumational burial depth indicate maximum tem-
peratures slightly below T, with the onset of exhumation
occurring between 33 to 29 Ma. Modeled maximum tem-
peratures still require burial heating beneath a thickness
of 1.25 + 0.75 km of early Tertiary sediments (Potoco Fm.).

In principle, the observed exhumational cooling along
the UKFZ is compatible with uplift in the footwall of a
west-dipping, normal fault (the future San Cristobal thrust,
SCF, Figs. 13.2 and 13.3), and also with uplift in the hang-
ing walls of east-vergent, reverse faults (Elger et al. 2005).
However, the coarseness of the San Vicente Fm., the abun-
dance of Palaeozoic clasts, even in the basal parts of the
San Vicente Fm., and the high sediment thickness west of
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the fault rather argue for normal faulting along the SCF
during early exhumation (see below).

Until ca. 18 Ma, the Palaeozoic rocks in the UKFZ
cooled to a temperature below ~60 °C as exhumational
unroofing of 2-3 km occurred, while the Tertiary sample
from the basin to the west was continuously heated by
sedimentary burial (Fig. 13.2, for details see Ege et al,,
submitted). Exhumation in this basin started by 20-18 Ma
and most likely reflects that the SCF became active as a
reverse fault. All samples reached the surface 11-7 mil-
lion years ago.

In the west-vergent part of the Eastern Cordillera, ap-
parent AFT ages range between 28 and 22 Ma. The pre-
cise timing of cooling is restricted by incomplete length
data and poor constraints on pre-exhumational burial.
The stratigraphic throw along the thrust of the San Vicente
Fault System (SVES) of at least 3.8 km (Kley et al. 1997)
and the ~2 km thick Palaeogene Potoco Fm. in the foot-
wall (Elger et al. 2005) indicate that the hanging wall
sample cooled by about 50 °C prior to its apparent AFT
age of 27.7 Ma.

In the western part of the Eastern Cordillera, the fault-
bounded Santa Barbara Range (SBR, Fig. 13.2) was ex-
humed around the same time (AFT age of 26.7 Ma), pos-
sibly due to the formation of a fault bend fold at depth
(Miiller et al. 2002). Samples west of the SBR had shallow
positions in the Ordovician stratigraphy (< 1 km), except
the sample in the core of the Tres Palcas anticlinal struc-
ture (3.9 km). However, the apparent AFT age of the core
sample is similar to the sample from the flank (AFT ages
of 24.3 Ma and 25.8 Ma, respectively), suggesting that the
anticline had mostly formed during the late Palaeozoic.
Therefore, samples west of the SBR most likely cooled
from a temperature slightly below T, some time after their
apparent AFT ages, i.e. during the early Miocene.

The exhumation pattern, consistent with relative fault-
ing ages (Miiller et al. 2002), indicates that the west-
vergent thrust system did not form by in-sequence, propa-
gating deformation, despite the thin-skinned geometry
(for discussion see Miiller et al. (2002). Earliest exhuma-
tion along the SVFS may correlate with the deposition of
the alluvial conglomerates of the basal San Vicente Fm.,
or with the upward coarsening of sediment in the under-
lying Potoco Fm.

In the eastern part of the Eastern Cordillera, a series
of ten lower Ordovician samples have been taken across
1500 m of local relief in the Sama anticlinal structure (SA
in Fig. 13.2). These samples yielded cooling ages between
29 and 20 Ma. These data are interpreted to represent the
base of a fossil partial annealing zone (for details see Ege
et al. submitted). This zone was exhumed by at least 28 Ma,
and most likely by 30 Ma. Until ca. 18 Ma, block-like ex-
humation of 2.8 km was probably achieved by uplift over
the ramp of the active main Interandean thrust (IAT).

13.5.3 Miocene - Pliocene

Tectonic shortening of the central Altiplano and the Eastern
Cordillera occurred until 11-7 Ma (Lamb and Hoke 1997;
Miiller et al. 2002; Victor et al. 2004; Elger et al. 2005), with
bulk shortening rates increasing during the Miocene (Elger
et al. 2005). However, the associated rock uplift did not ex-
hume rocks from below the PAZ after the early Miocene.
The onset of exhumational cooling migrated from the
eastern margin of the Eastern Cordillera (Sama anticline)
to the east from about 30 Ma, and is clearly linked to the
propagation of the deformation front into the eastern fore-
land. Cooling ages of 16.4 and 9.2 Ma in the central and
easternmost part of the Interandean zone, respectively,
indicate that the exhumational front propagated through
this region until about 10 Ma. A sample from the western-
most anticline (mixed age of 28.6 Ma, Fig. 13.2) in the west-
ern Subandean zone consists of two kinetically different
apatite populations; the younger population has a com-
pletely reset AFT cooling age of 6.8 + 0.6 Ma and a MTL of
13.9 + 2.3 um that dates the onset of exhumational cooling
by 8 Ma, owing to the formation of the anticline. AFT data
from the easternmost Subandean anticline near Villamontes
(mixed age of 74.7 Ma, Fig. 13.2), cannot constrain the on-
set of cooling, but suggest that cooling started considerably
after 8 Ma. The onset of cooling in the Subandean is clearly
reflected in a change in sedimentation (see below).

13.5.4 Exhumation Rates and Surface Uplift

Apparent mean exhumation rates were calculated either
from the portion of modeled cooling paths hotter than
60 °C or with respect to the surface temperature (15 °C),
but only where the timing is constrained and assuming a
constant geothermal gradient of 25 + 5 °C km™ (Fig. 13.2).
Within the plateau, mean apparent exhumation rates were
predominantly low (0.1-0.3 mmyr~!) between 33 and
18 Ma (Fig. 13.2). Exceptionally high apparent exhuma-
tion rates of 0.6-0.9 mm yr~! are observed in samples from
the basement of the western Altiplano/Western Cordil-
lera. There, notable late Eocene-Oligocene exhumation
(Maksaev and Zentilli 1999) could have created an elevated
thermal gradient; therefore, a value closer to 0.6 mm yr~!
is considered to be appropriate. Cooling from 60 °C to
surface temperature occurred in most of these samples
within the time span of 18-10 Ma; this corresponds to bulk
exhumation rates of ca. 0.2 mmyr~. Significant changes
in exhumation rates are not observed or were not within
the resolution of our data.

Widespread Oligocene exhumation from the western
Altiplano to the Eastern Cordillera most likely produced
moderately elevated mountain ranges between which the
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Altiplano Basin was filled. However, this surface uplift
cannot be quantified.

Removal of Tertiary cover sediments and exposure of
Palaeozoic rocks has increased erosional resistance since
the Oligocene. Several indicators in the Eastern Cordil-
lera south of ~18°S suggest that erosion rates decreased
around ~15 Ma (see Horton (1999) for a summary) and,
at this time, arid climatic conditions were established in
the area west of the plateau (Alpers and Brimhall 1988;
Sillitoe and McKee 1996).

Uplift was largely a function of tectonic shortening (cf.
Isacks 1988), which continued after the end of internal
deformation around 10 Ma due to underthrusting of the
foreland (Allmendinger and Gubbels 1996; Kley et al.
1999). Probably, elevations along the eastern margin of
the plateau became sufficiently high by 15-10 Ma to form
a rain shadow, thus strongly decreasing erosional exhu-
mation (Alpers and Brimhall 1988). However, paleo-geo-
morphological studies predict lower mean elevations of
1000-1500 m around 10 Ma (Kennan et al. 1997; Gregory-
Wodzicki 2000; Kennan 2000).

13.6 Sedimentary History of the Altiplano Basin and
Adjacent Areas

In the southern Altiplano, an endorheic (internally-
drained) basin was formed, presumably during the late
Palaeocene, and persists today. Sediments and magmatic
rocks, up to 8 km thick, were deposited and emplaced
mainly during the Eocene to Miocene (Mertmann et al.

2003). The Tertiary sediments of the southern Altiplano
were investigated in 10 localities south of the Salar de
Uyuni (Fig. 13.2) and the stratigraphic columns, sedimen-
tological features, and the results of isotope dating are
depicted in Figs. 13.4 and 13.5, and Table 13.1.

A major change in basin configuration occurred with
the onset of widespread, coarse-clastic sedimentation in
the area of the present central Andean Plateau during the
early Oligocene. This change is coeval with the onset of
exhumational cooling at ca. 32 Ma (see above) within the
plateau and was followed by the onset of volcanism at
~28 Ma. In contrast to the widespread playa-mudflat en-
vironments recorded in the Potoco Fm., the sedimentary
characteristics of the overlying San Vicente Fm. indicate
high relief, fault-bounded basins,and a coincidence between
sedimentation, tectonism, and (since ~28 Ma) magmatism.
The sedimentation forming the San Vicente Fm. prob-
ably began during the initial uplift of the plateau. A brief
outline of the basin development implies four time inter-
vals: Pre-32 Ma, 32-17 Ma, 17-8 Ma, and 8 Ma-Recent.

13.6.1 Pre-32 Ma

The rocks underlying the Mesozoic to Cenozoic strata of
the southern Altiplano Basin belong to different basement
blocks. In the west, evidence for a shallow, but hidden,
basement comes from pebbles within the Oligocene-Mi-
ocene San Vicente Fm. The clasts are mainly granites and
gneisses of probable Precambrian age and Permian igne-
ous rocks (Figs. 13.4 and 13.5, Table 13.1). Comparable
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Table 13.1.
K-Ar age data from the southern
Altiplano

Sample

Age (Ma)

Mineral dated Rock type

Flat-lying strata, unconformable over tilted San Vicente strata

ED00-41
SR99-15
SR99-10

94 +0.3
104 +£0.3
11.0+0.5

Biotite
Biotite
Hornblende

Dacitic tuff
Dacitic tuff

Andesitic lava

Upper San Vicente Formation, from growth strata

ED 00-17
ED 00-40
ED 00-07
ED 00-02
ED 00-33
PS 99/26
SR 99-06
ED 00-42
PS 99/47
ED 00-14
SR99-13
PS 99/17
SR 99-01
DLP 02/2000

76 0.2

92+0.3

9403
10.6 £0.3
10.8 £0.3
11.0+0.3
114 +0.3
12203
123404
12.7 +0.4
129403
13.7 £0.4
14.7 £0.4
16.1 +0.4

Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite

Lower San Vicente Formation

ED 00-12
ED 00-10
PS 99/01
SR99-14
SR99-16
AN 14/2000
Chi 31/2000
SR99-12

Intrusive rocks

ED 00-31
ED 00-25
ED 00-46

19.2+0.5
20.1 0.5
203 £0.5
243+1.2
25.0+0.6
253 £1.0
26.1 0.7
274 +0.7

18.0 0.5
234 +1.1
25.6 0.9

Biotite
Biotite
Biotite
Biotite
Biotite
Hornblende
Biotite
Biotite

Biotite
Hornblende
Hornblende

Ignimbrite
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff
Dacitic tuff

Dacitic tuff
Dacitic tuff
Dacitic tuff
Andesitic tuff
Ignimbrite
Dacitic tuff
Dacitic tuff
Dacitic tuff

Granodiorite
Diorite
Andesite

Intrusive-derived clast from the lower San Vicente Formation

ED 00-44
ED 00-19

22.5+0.8
256 +7

Hornblende
Hornblende

Tuff from the Potoco Formation

SR 99-03

rocks are exposed north of the Salar de Uyuni at Cerro
Uyarani (Worner et al. 2000). In the eastern part of the
Altiplano, the basement is composed mainly of Ordovi-
cian to Devonian sedimentary rocks exposed along the

UKFZ and in the Eastern Cordillera.

In the Altiplano, a significant angular unconformity is
present between intensely foliated and folded Ordovician
rocks and non-foliated late Ordovician (Cancaniri Fm.)
and Silurian rocks. Cretaceous to Palaeocene rock se-

404 +1.1

Biotite

Microdiorite
Granodiorite

Dacitic tuff

Position of sample

degW

-67.3305
-66.7339
-67.2223

-66.4193
-67.1636
-67.0998
-67.1080
-67.1657
-67.1678
-67.0085
-67.4997
-67.1437
-66.2952
-67.1755
-67.1760
-66.6676
-66.4707

-66.3669
-66.5333
-66.2702
-67.3566
-67.9466
-66.4989
-67.0334
-67.2316

-67.2372
-67.2407
-67.0220

-67.3783
-67.4194

-67.0295

deg S

-21.0318
-20.3934
-21.0076

-21.0481
-21.1979
-20.9969
-21.0776
-21.1940
-21.0324
-20.8749
-20.9759
-21.0288
-20.8827
-21.0376
-21.0373
-204152
-20.9451

-20.8284
-20.8427
-20.8963
-21.5611
-20.4903
-20.9928
-20.0702
-21.0024

-21.1956
-21.1933
-20.0640

-20.8015
-21.0144

-20.7959

quences rest conformably on the Silurian strata. By con-
trast, in the Eastern Cordillera a marked angular uncon-
formity of Carboniferous age (Miiller et al. 2002) sepa-
rates early Palaeozoic from Meozoic and younger strata.

The Cretaceous to Palaeocene strata consist of terrig-
enous sediments, subordinate mafic volcanics and car-
bonates. In the early Cretaceous, deposition started in a
small rift basin near Tupiza in the Eastern Cordillera.
During the Maastrichtian and the Palaeocene, former ar-
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eas of non-deposition were integrated into a post-rift ba-
sin extending from the Eastern Cordillera over the Alti-
plano to the Salar de Atacama region in Chile (Sempere
1995; Sempere et al. 1997, Fiedler 2001, Reutter et al. 2006,
Chap. 14 of this volume). The limestones of the El Molino
Formation and its equivalents are a significant, shallow
marine, marker horizon indicating that the future plateau
lay near sea level at the beginning of the Palaeocene. There
are first indications of sediment transport from the cen-
tral Eastern Cordillera towards the west, as well as to the
east, (Horton and DeCelles 2001) in the Palaeocene-early
Eocene Cayara Fm. (Silva-Gonzélez 2004).

The Eocene Potoco Fm. shows significant differences
between the eastern/central and the western Altiplano.
To the east, an upwardly thickening and coarsening se-
quence (Lipez Basin, thickness > 3000 m) documents in-
creasing relief along the eastern basin margin and shows
a succession from the individual channels of a floodplain
to a braided river environment. Flute casts and cross beds
indicate an east to west transport direction (Fig. 13.5:
Animas 1). To the west, the Potoco Fm. is mainly made
up of red, thin-bedded to laminated pelites with frequent
gypsum layers. The facies association points to deposi-
tion at the bottom of a quiet water column in a playa lake
to playa-mudflat environment.

Provenance analyses of sandstones (Fig. 13.6) have re-
vealed a predominantly recycled orogenic source, prob-
ably derived from the Palaeozoic basement of the East-
ern Cordillera, but also, locally, a magmatic arc source
which was situated in the Western Cordillera and in the
Chilean Precordillera. In the western Altiplano, east-di-
rected sediment transport has been reported by Almen-
dras-Alarcén et al. (1997). Thus, we found evidence for
the eastern as well as the western basin margins. This
contrast with the findings of Horton et al. (2001) who
described a persistent sediment source for the Potoco For-
mation only to the west associated with a paleocurrent
reversal across the Santa Lucia-Potoco contact.

The Potoco Fm. is distributed throughout the Altipl-
ano and, as revealed by seismic interpretations across the
UKFZ, thicknesses vary significantly, probably owing to
extensional tectonics (Elger 2003). The age of the Potoco
Fm. is poorly constrained, however, a wind-blown tuff
found near Corregidores provided an age of 40.4 + 1.1 Ma
(K-Ar in biotite, Table 13.1, Fig. 13.4). This is in agree-
ment with the palynomorph data published by Horton
etal. (2001) from sections north of the Salar de Uyuni,
which gave a late Eocene to Oligocene age for the major-
ity of the Potoco strata. Horton et al. (2001) also inferred
from age dating of the underlying Santa Lucia Fm.
(~58 Ma, Sempere et al. 1997) that the lowermost Potoco
Fm. was deposited during the late Palaeocene to middle
Eocene. In general, the sedimentary characteristics of the
Potoco Fm. indicate a relatively low relief (except for the
eastern basin margin) and little tectonic activity.

13.6.2 The Early Oligocene Turnover and the
32-17 Ma Interval

In the center of the Altiplano Basin, the Potoco Fm. is
overlain by the San Vicente Fm. which spans an age inter-
val of about 32-10 Ma. The boundary between both for-
mations is marked by the first appearance of breccias and
conglomerates containing Palaeozoic clasts. The contact
between the two formations is conformable west of the
San Cristobal fault, which is the westernmost branch of
the UKFZ (SCF in Figs. 13.2 and 13.3), but angular
unconformities have been observed towards the east.
Moreover, in several localities the San Vicente Fm. directly
rests on Silurian or Ordovician strata along the UKFZ,
indicating a considerable erosional phase prior to its depo-
sition and a strong palaeo-relief. For example, in the Cerro
Gordo area, the San Vicente Fm. lies on foliated Ordovi-
cian strata. Basal tuffs are 24.3 + 1.2 Ma old, indicating

/1. /o

@ Santa Lucia Fm. (2 samples)
@ Cayara Fm. (3 samples)

+ Eastern (39 samples)
o Central (11 samples) Potoco Fm.
% Southern (4 samples)
- Continental block Qt
D Recycled orogen
(4
D Magmatic arc
F L F L

San Vicente Fm. (12 samples)

Fig. 13.6. Provenance of sandstones from the Altiplano according to
Dickinson and Suczek (1979). aPalaeocene (Cayara and Santa Lucia
Fms.); b Eocene (Potoco Fm.); ¢ Oligocene-Miocene (San Vicente Fm.).
Qm: monocrystalline quartz; Qf: total quartz; F: feldspar; L: lithics
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that this phase of erosion had taken place in the late Oli-
gocene or earlier.

The age of basal San Vicente sediments varies consid-
erably. West of the UKFZ, deposition started in the early
Oligocene, but east of it, sedimentation began in the late
Oligocene to early Miocene (between 20 and 25 Ma). In
the San Cristobal section, a complete profile of the Potoco
and San Vicente deposits has been investigated. Here, the
first volcanic intercalations (K-Ar in biotite: 27.4 + 0.7 Ma)
have been found some 900 m above the base of this ~4000 m
thick formation, but,owing to the presence of volcanic boul-
ders in the conglomerates 750 m above the base, the on-
set of volcanism should have occurred somewhat earlier.

To estimate when deposition of the San Vicente Fm.
began, we tentatively assumed a constant sedimentation
rate for the entire formation, thus implying an age of
~32 Ma for the base of the San Vicente strata. This is sig-
nificantly earlier than the onset of volcanism. The first
occurrence of Palaeozoic clasts in the basal San Vicente
would then be coeval with the onset of exhumational cool-
ing (33-29 Ma) along the UKFZ to the east (see above).In
the Chita section (Fig. 13.5), where the San Vicente Fm.
also lies conformably upon Potoco strata, the basal San
Vicente conglomerates contain volcanic clasts, besides
Palaeozoic and El Molino (late Cretaceous — Palaeocene)
clasts. An age of 26.1 = 0.7 Ma was derived from the low-
ermost tuff, approximately 200 m above the base.

The San Vicente Fm. differs considerably from the Po-
toco Fm. It is composed of breccias, conglomerates, sand-
stones (Fig. 13.5), pelites, tuffaceous sandstones, tuffs and
lavas in a complicated lateral and vertical facies amalgam-
ation. Thickness varies considerably within the basin, reach-
ing a maximum of ca. 4000 m west of the UKFZ in the San
Cristobal area. Towards the west and the south, thicknesses
diminish gradationally, whereas to the east,across the UKFZ,
there is a remarkable change in the San Vicente thickness
from these maximum values to only several tens of meters.

Facies associations of the San Vicente Fm. comprise
alluvial fans, aeolian deposits, fluvial systems, and subor-
dinate lacustrine and playa associations (Mertmann et al.
(2003). Conglomerates and breccias of the western Alti-
plano region are derived from a granitic and metamor-
phic basement of probable Precambrian age, as well as
from Permian volcanics that were exhumed around 28 Ma
(see above).

Detrital AFT cooling ages of these components record
rapid exhumation from ~32 Ma in the western source ar-
eas. In the central and eastern parts, all sections show a
predominance of clasts derived from the early Palaeozoic
sedimentary basement mixed with minor amounts of
clasts derived from the Potoco Fm. and the late Creta-
ceous - Palaeocene El Molino Fm. It is important to note
that in the vicinity of the SCEF, the basal San Vicente Fm.
consists of breccias containing Palaeozoic and El Molino
clasts indicating the existence of nearby basement highs

when deposition of the San Vicente Fm. began. The same
clast compositions exist in Cerro Gordo as well as breccia
horizons which, however, also contain Potoco clasts.

Volcanic rocks, tuffs and lahar suites indicate intense
volcanism during much of the late Oligocene to Miocene.
This corresponds to the magmatic arc source indicated
by the provenance analyses diagrams of the San Vicente
Fm. (Fig. 13.6).

13.6.3 17-8 Ma (Miocene)

In the upper part of the San Vicente Fm. (Pilkhaua subse-
quence, Elger 2003), growth strata are developed along
thrusts indicating deposition during shortening deforma-
tion. The age data from the upper part of the San Vicente
Fm. Range between 16.1 and 7.6 Ma (Table 13.1). Syn-
thrusting sequences with progressive unconformities have
been observed in the Pulacayo, Santa Ines, Animas 1, and
San Cristobal sections. The alluvial fans and fluvial sys-
tems are composed once more of conglomerates and sand-
stones, tuffaceous sandstones, tuffs and lavas. In younger
parts of the San Vicente Fm., Potoco-derived clasts clearly
become more frequent than in the lower part, indicating
a significant change in the composition of the source area.
The overall tendency of the associated sediment is an
upwardly coarsening cycle, which may point to a thrust
source (see below). Exhumation in the hanging wall of
the San Cristobal fault started around 20 Ma. Hence, the
thick strata of the former half-graben were thrust to the
east, tilted, and eroded, plausibly explaining these signifi-
cant sedimentological changes in the upper San Vicente.
The San Vicente strata are overlain by late Miocene vol-
canics and volcaniclastic sediments with an angular un-
conformity. The age of the unconformity varies between
approximately 11 and 8 Ma (Table 13.1).

13.6.4 8 Ma - Recent

After the late Miocene deformation events, the southern
Altiplano remained an endorheic basin developing dur-
ing a tectonic quiescence that has characterized both the
Altiplano and the Eastern Cordillera over the last 8 mil-
lion years. Strata younger than 8 Ma are flat-lying, and
no significant faults have been observed. Undeformed
sediments covering the San Juan del Oro peneplain are
distributed over SW Bolivia and the Puna of NW Argen-
tina (Miiller et al. 2002). Our AFT results suggest that the
inner part of the foreland-thrust belt (Interandean zone)
had largely formed by this time, and that the eastern de-
formation front stepped into the Subandean zone. The
zone of active shortening and uplift is located approxi-
mately 10 to 20 km east of the easternmost frontal range
of the Subandean belt, below the Chaco plain.

[T [T |



- NN T

296

*

[T [T |

Ekkehard Scheuber - Dorothee Mertmann - Harald Ege - Patricio Silva-Gonzalez - Christoph Heubeck - Klaus-Joachim Reutter - Volker Jacobshagen

The sedimentary sequences of the Interandean, Sub-
andean and Chaco area document the eastward migra-
tion of the Andean orogenic front. This can be shown by
the development of the foreland basin infill of the Chaco
Basin. This infill can be subdivided into five formations:
the Petaca, Yecua, Tariquia, Guandacay and Emborozu
(Hulka et al. in press, Uba et al. in press).

The Petaca Fm. (approximately 60 to and 15 Ma, Mar-
shall and Sempere 1991; Marshall et al. 1993) is up to 50 m
thick and consists of duricrusts interbedded with chan-
nel fills of poorly-defined, sandy, ephemeral streams de-
posited in an arid, braidplain environment. During the
mid to late Miocene, several short-lived, weak, marine
transgressions occurred and the marine lagoonal to tidal
facies of the Yecua Fm. may represent the underfilled stage
and distal position of the eastward-advancing, Andean
foredeep. The Yecua Fm. is overlain by fluvial redbeds,
up to 2 km thick, of the Tariquia Fm. The provenance of
this formation is from the west; the medium-grained,
multiply-recycled quartz grains clearly record the uplift
and unroofing of major continental sedimentary se-
quences to the west.

The base of the overlying Guandacay Fm. (Miocene -
Pliocene, more than 100 m thick) is conventionally drawn
at the first sustained occurrence of pebble conglomerates.
The contact is gradational and marks the passing from
lowland, anastamosing streams and semiarid floodplains
to gravelly, braided fluvial systems, and suggests an ap-
proaching source area of high relief. The base of the
youngest unit of the Chaco Basin fill, the Emborozu Fm.
(Pliocene - Pleistocene), is marked by the first sustained
occurrence of cobble and boulder conglomerates. These
mark alluvial fan facies and the proximity of high mor-
phological relief. The Guandacay and Emborozu Fms. are
almost exclusively exposed near the present mountain
front and grade eastwards, presumably rapidly, into finer-
grained deposits, overlain by the Quaternary floodplain
and aeolian deposits of the Chaco plain. As stated above,
the Miocene to Pleistocene sedimentary sequences of the
Chaco indicate the approach of the Andean thrust front,
which is also reflected in the AFT data.

13.7 Discussion

Our sedimentary and exhumational data have tectonic
implications for plateau evolution and, furthermore, are
relevant to the evolution of the Andean active margin. Our
results show four stages in the tectonic evolution of the
southern Altiplano plateau and adjacent areas:

1. Pre 32 Ma: Relative tectonic quiescence in the Altiplano
Basin, Incaic shortening in the Precordillera (45-38 Ma)
and initial thrusting and uplift in the Proto Eastern Cor-
dillera (40-36 Ma).

2. 32-17 Ma: Exhumation, creation of strong relief, con-
struction of a magmatic arc (from ~28 Ma). Deforma-
tion restricted to the present plateau, extension in the
Altiplano, shortening in the Eastern (and Western) Cor-
dillera.

3. 17-8 Ma: Shortening in the entire plateau, beginning
of thrusting onto the foreland.

4. 8-0 Ma: Shortening in the foreland, tectonic quiescence
in the plateau.

13.7.1 Tectonic Implications of the Sedimentary
and Exhumational Result

The Andean high plateau and adjacent areas are charac-
terized by surface uplift and exhumation, as well as by
strong subsidence of sedimentary basins since the Palaeo-
gene. In areas, exhumed along major faults, the Palaeozoic
and Precambrian basement is eroded, whereas basinal
areas receive continental detritus, in some places up to
8 km thick (Oligo-Miocene San Vicente Fm.: 4 km). To-
day, these basins are thrust-bound. However, the obser-
vations of Elger (2003) indicate that normal faulting has
also played an important role during the basin evolution
in the Altiplano. Our AFT data show that inversion of
normal faults occurred around 17 Ma, during deposition
of the San Vicente Fm. (see below). This inversion con-
trasts with the evolution of the Eastern Cordillera where,
according to Miiller et al. (2002), shortening has prevailed
since the late Eocene.

At the beginning of the Tertiary and before ~32 Ma,
the Altiplano was near sea level, evidenced by the marine
strata of the El Molino Fm. (Sempere et al. 1997). This
does not seem to have changed fundamentally until the
early Oligocene. In the central Eastern Cordillera, how-
ever, exhumation started in the late Eocene (see above
and cf. Lamb and Hoke 1997). Sandstone composition and
the upward coarsening of sediment in the Potoco Fm.,
shed from the Proto-Cordillera, indicate growing relief at
the basin margin. The thicknesses of Potoco sediments vary
strongly from some hundred meters to (locally) 4000 m.

In general, sedimentary thicknesses can be attributed
to some crustal thickening and, thus, some uplift. On the
other hand, Potoco extension of about 5% (Elger 2003)
caused crustal thinning. A quantitative estimate of these
concurring processes is difficult since the original thick-
ness of the Potoco Fm. is known only from a few confor-
mable successions into the San Vicente Fm. It seems, how-
ever, that there was only little uplift in the central Altipl-
ano before the early Oligocene. This concurs with the
uplift history data of Gregory-Wodzicki (2000) which state
no uplift before the early Miocene.

With the beginning of San Vicente deposition, a major
change in basin configuration took place. Differential
uplift produced local basement highs where Cretaceous
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and Palaeozoic units became exposed. The distribution
of sediments, for example, across the west-dipping SCF
is such that to the east, i.e. in the footwall of this fault,
thicknesses of the Potoco and San Vicente Fms. are only
400 m and 200 m, respectively (Elger 2003; Silva-Gonzdlez
2004). West of the fault, each formation reaches a maxi-
mum thickness of 4000 m. This indicates that the base-
ment high was already bounded by a precursor to the
San Cristobal fault.

Questions arise about the kinematic regime of this
precursor fault during early San Vicente time. We suggest
that the variations in sedimentary thickness across the
SCF is more indicative of normal faulting than of thrust-
ing, although, today, this steeply westward-dipping fault
shows thrusting kinematics which, according to the AFT
data, took place in the mid to late Miocene (20-11 Ma). If
these expansive thicknesses were accommodated in the
back of a thrust fault, this would imply an exceptionally
thick, piggyback basin fill on top of the thrusted strata, in
contrast to a very thin foreland infill.

Furthermore, if this maximum thickness of 4000 m was
accommodated behind the thrust, the components should
represent an inverse lithostratigraphical succession. This,
however, contrasts with the spectrum of components in
the San Vicente Fm., which predominantly contains
Palaeozoic clasts from the base upward. The Palaeozoic
components of this formation are only poorly rounded
indicating the existence of a nearby source area at ap-
proximately 32 Ma. East-west extension is also in accor-
dance with the orientation of N-S-trending mafic dikes
(25.6 £ 0.9 Ma) that have been found in the Chita area.

To the west, the San Vicente Basin was bounded by a
basement high composed of Proterozoic to Permian rocks,
representing the western source area of the Tertiary strata.
However, due to poor outcrop data we cannot decide
whether the San Vicente depocenter was a half-graben or
graben setting. The seismic interpretations of Elger (2003)
rather indicate a half-graben setting.

Since ca. 28 Ma, widespread volcanic activity created
further relief and an additional source of sediment sup-
ply. West of the UKFZ, the depocenter persisted and
formed a local intra-arc basin, probably still bounded by
a normal fault. This extensional basin was inverted, but
the onset of contraction is poorly constrained. Exhuma-
tion of the depocenter west of the San Cristobal fault yields
a minimum age of 20 Ma. Clearly, the major phase of
shortening in the central Altiplano began by 20-19 Ma
(Elger 2003).

13.7.2 Interpretation in the Context of the
Andean Active Continental Margin Evolution

Before 38 Ma, the Altiplano occupied a back-arc position
in relation to the magmatic arc in the Chilean Precordil-

lera (Fig. 13.7a; Charrier and Reutter 1994). At the begin-
ning of the Palaeogene, this back-arc area formed one
single basin and the generally fine-grained sediments in
the basin center seem to indicate weak relief. However,
the original basin progressively divided into smaller ba-
sins owing to the uplift of the central Eastern Cordillera
(Protocordillera, Lamb and Hoke 1997), which became the
source area for fringing river systems.

During this time, internal normal faults might have
been active (Elger 2003), thus already indicating areas of,
later accentuated, tectonic basin segmentation. AFT data
indicate that uplift occurred in the central Eastern Cor-
dillera caused by initial thrusting increments between 40
and 36 Ma (Fig. 13.7b). These thrusting movements partly
overlapped with the Incaic phase transpressional move-
ments that affected the magmatic arc in the north Chil-
ean Precordillera between 45 and 38 Ma (Haschke and
Giinther 2003). Thus, there were deformations in two
zones separated by an approximately 430 km wide zone
of tectonic quiescence and some normal faulting.

Around 38 Ma, volcanism ceased in the Chilean Pre-
cordillera for some 10 million years (Dobel et al. 1992).
This period was crucial for the early evolution of the cen-
tral Andean Plateau: Exhumational cooling started around
32 Ma along discrete faults (Fig. 13.7c) distributed be-
tween the eastern margin of the Eastern Cordillera and
the western Altiplano, and possibly continued into the
north Chilean Precordillera (Maksaev and Zentilli 1999),
i.e. over the future plateau area which was > 400 km wide
before the onset of Andean shortening. Exhumation oc-
curred together with a fundamental change in the sedi-
mentary record in adjacent basins prior to the resump-
tion of volcanism at ~28 Ma, as the first (and oldest) volca-
nic intercalations in the San Vicente Fm. have been found
900 m above its base.

Our ages for the described tectonic events of between
38 and 32 Ma is in good agreement with Gephart’s (1994)
age for the initial uplift of the central Andean Plateau.
Gephart considered topographic and slab symmetry and
suggested the beginning of plateau formation at about
35 Ma. Given the uncertainties in age dating, this seems a
rather good accordance.

A clue for understanding this early plateau comes from
inferences about the subduction geometry in the early
Oligocene when the downgoing slab was probably nearly
horizontal at 100 km depth (James and Sacks 1999;
Haschke et al. 2002, Reutter 2001). This so-called flat sub-
duction probabaly was caused by slab detachment which
has been suggested by Fukao et al. (2001) to have ocurred
in the circum-Pacific subduction zones in the Eocene ep-
och. Flat subduction has severe consequences for the tec-
tonic regime in the upper plate. According to Gutscher
etal. (2000), flat subduction leads to a pause in volcan-
ism and to strong intraplate coupling, which leads to
strong deformation in the cold seismogenic crust of the
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Fig. 13.7.
Cartoons showing the tectonic a

Magmatic Arc

North Chilean Precordillera Proto
Altiplano basin

Cordillera

evolution of the central Andean
Plateau around 21°S

~40 Ma:
Incaic Phase

32 Ma turnover during flat subduction

Restart of volcanism due to
inflow of asthenosphere

Since 18 Ma: Shortening all over the plateau

upper plate. Deformation is concentrated on the zone
above the point where the slab resteepens, and this could
explain how shortening deformation jumped from the
north Chilean Precordillera to the Eastern Cordillera.

A further consequence of flat subduction should be
the hydration of the upper plate mantle. The water car-
ried by the subducting slab might have migrated into the
upper plate mantle, partially altering the mantle peridot-
ite into serpentinite. Serpentinization, in turn, increased
the volume of the mantle by decreasing its density, conse-
quently making a considerable contribution to the initial
uplift of the future plateau. The inferred extensional

movements might be caused by variations in the degree
of coupling between the plates from the central Altiplano
to the Eastern Cordillera. They might also be due to local
and near-surface effects of differential uplift, perhaps
owing to variations in the degree of hydration in the litho-
spheric mantle.

Around 28 Ma, subsequent to the beginning of exhu-
mation and faulting, magmatism started again in the Cen-
tral Andes over a very wide area, reaching from the West-
ern Cordillera over the Altiplano to the Eastern Cordil-
lera (Fig. 13.7d). Intense and widespread magmatic ac-
tivity, which is strongly reflected in the composition of
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sandstones (Fig. 13.6), began with basaltic-andesitic to
silicic lavas, tuffs, and shallow intrusions. The southern
Altiplano also became part of the Central Andean mag-
maticarc. Such abroad arc indicates a rather low dip angle
for the subducting slab, which, however, must have been
steep enough to allow the formation of an asthenospheric
wedge (Tatsumi and Eggins 1995). Thus, since the restart
of volcanism, uplift should have been accompanied by
lithospheric thinning together with crustal thickening
because of distributed shortening within the plateau, as
has been suggested by Isacks (1988).

Around 18 Ma, shortening started in the Altiplano
(Fig. 13.7e), and the Andean orogen was progressively
thrust along the Interandean thrust onto the Brazilian
shield (Jordan et al. 1997). Thus, crustal thickening has
been the major plateau-forming process since that time.
A further change occurred in the Andean system around
10 Ma. Before this time, shortening occurred in the pla-
teau and in the western foreland, but after 10 Ma, defor-
mation ceased in the plateau (Gubbles et al. 1993),becom-
ing stronger in the foreland. The termination of defor-
mation within the plateau was accompanied by the un-
derthrusting of cold Brazilian shield lithosphere, causing
a narrowing of the magmatic arc and restricting it to the
Western Cordillera. The Altiplano and the Eastern Cordil-
lera are now underlain by a cold thick lithosphere mantle
(Whitman et al. 1992).

To conclude, the style of deformation changed through
the stages outlined above: shortening and extension op-
erated simultaneously during initial plateau formation
(32-19 Ma); between 19 and 8 Ma, shortening occurred
within the plateau and also in the eastern foreland; and
since 8 Ma, shortening has been localized to the thin-
skinned fold-and-thrust belt in the eastern foreland. Fur-
thermore, uplift during the first two stages occurred to-
gether with subsidence over wide parts of the plateau.
Neither a migration of an exhumation front nor an east-
ward propagation of a thrust front operated before 18 Ma.
A further important result is that initial plateau forma-
tion occurred significantly earlier than the onset of vol-
canism.
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