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ABSTRACT

Comparisons of newly published cross sections across the Bolivian Andes with existing
cross sections through Argentina emphasize significant along-strike changes in crustal
shortening. A sharp decrease in the magnitude of crustal shortening from ~530 km to
~150 km (north to south) occurs at ~23°S. A 2040 m.y. difference in the ages at which
deformation was initiated accompanies the abrupt decrease in the magnitude of shorten-
ing. Extending the western margin of South America to account for 530 km of shortening
in the Bolivian Andes and 150 km of shortening in Argentina produces a central Andean
salient that is perpendicular to the Nazca plate shortening direction from 60 to 26 Ma.
During this same time interval, the Chilean coast south of 23°S was in an orientation
sufficiently oblique to oceanic convergence to allow for predominantly strike-slip offset
and backar c extension. Deformation within the Andean mountain chain may be a function
of plate convergence where the oblique nature of convergence south of ~23°S inhibited
mountain building, whereas north of ~23°S, normal convergence to a central Andean
salient facilitated contractional deformation. The magnitude of deformation north of
~23°S is a consequence of both plate-conver gence direction, providing a longer period of
contractional deformation (from ca. 70 Ma to the present), and a thick Phanerozoic sed-
imentary package that permitted large magnitudes of thin-skinned deformation. Signifi-
cant along-strike changes in the shape of the South American margin—allowing for con-
vergence to change from compression to extension along the strike of the orogen—may
help explain the dramatic differences in timing, amount, and style of deformation in the

Andes.
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INTRODUCTION

The Andes mountains extend ~8000 km
adong the western margin of South America
(Fig. 1). Although the smooth continuity of
the mountain chain and steady subduction of
the Nazca plate through time seem to imply a
uniformity in deformation from north to south,
the Andes display surprisingly significant var-
iations along strike in both structural style and
in the width of the deformation zone (Jordan
et al., 1983; Isacks, 1988; Allmendinger and
Gubbels, 1996; Allmendinger et a., 1997;
Kley and Monaldi, 1998; Kley et al., 1999).
Along-strike changes in the Andes are attri-
buted to changes in amount and timing of
shortening, rock type, legacy of pre-Andean
deformation, and climate.

The Central Andes in northern Chile and
Argentina, Bolivia, and southern Peru form
the widest part of the mountain belt and con-
tain a 4-km-high, 400-km-wide orogenic pla-
teau. Isacks (1988) initialy proposed that
smooth north to south variations in cross-
sectional area of high topography may be used
as an indicator for differential shortening, and
that this differential shortening produced the
Andean Plateau and enhanced the Bolivian or-
ocline. However, as noted by Kley and Mon-
adi (1998) and Kley et al. (1999), shortening
within the Andean Plateau does not vary

steadily, but has several abrupt changes in
both style and magnitude of deformation not
necessarily reflected in the topography. One of
the most pronounced changes in geometry,
i.e,, amount and timing of horizontal short-
ening, occurs near the center of the Andean
Plateau (at ~23°S).

VARIATIONS IN SHORTENING
AMOUNTS AND TIMING OF
DEFORMATION

Shortening Within the Bolivian Andes
(North of 23°S)

The Bolivian Andes form the widest part of
the Andean mountain chain. The eastern
mountain front is defined by classic fold-and-
thrust belt deformation. The fold-and-thrust
belt was constructed on a thick (8-15 km)
eastward-tapering sedimentary wedge of Pa
leozoic and Mesozoic rocks that has been tele-
scoped through east- and west-directed thrust-
ing (Roeder, 1988; Baby et al., 1997;
McQuarrie, 2002). Shortening estimates are
the highest for this part of the Andes and reach
70-140 km of shortening in the frontal, Sub-
andean part of the fold-and-thrust belt (e.g.,
Kley and Monaldi, 1998) and 300-330 *+ 10
km for the entire fold-and-thrust belt
(Schmitz, 1994; Kley, 1996; McQuarrie and
DeCelles, 2001; McQuarrie, 2002) (Fig. 1).
Limits on timing of deformation in the Boli-

vian Andes are set by integrating sequentially
balanced cross sections with thermochronol-
ogic data and the foreland-basin migration his-
tory. Deformation within the eastern Cordil-
lera began ca. 40 Ma and propagated both to
the east and the west (Lamb and Hoke, 1997,
McQuarrie and DeCelles, 2001; McQuarrie,
2002). Structures are capped by 20 Ma syno-
rogenic sediments (McFadden et al., 1985;
Sempere et al., 1990), providing an upper lim-
it on the age of deformation. Subandean de-
formation in the frontal parts of the mountain
belt propagated eastward from 20 Ma to the
present (McQuarrie et al., 2001; McQuarrie,
2002).

The age of the onset of mountain building
is most readily identified by the age of the
oldest strata associated with the growing oro-
genic wedge. Initiation of mountain building
in the Bolivian Andes by the Late Cretaceous
is suggested by 70 Ma Altiplano backbulge
and forebulge deposits (DeCelles and Giles,
1996) and by the eastward migration of these
deposits to the eastern Cordillera by 50 Ma
(Horton et al., 2001; DeCelles and Horton,
1999). The eastward migration of the foreland
basin indicates 400 km of convergence be-
tween the front of the fold-and-thrust belt and
a static marker on the Brazilian shield to the
east. The structures that would support this
narrow, early fold-and-thrust belt have either
been eroded or covered by the present, 100—
120-km-wide, Western Cordillera volcanic
arc. The relationship between foreland-basin
migration and shortening and propagation of
a fold-and-thrust belt (DeCelles and DeCelles,
2001), however, allows reasonable estimates
to be made of both shortening and propagation
for this time period, even though the structures
to document that shortening are not exposed
or preserved. A reasonable shortening esti-
mate for 400 km of foreland-basin migration
is 200 = 50 km of shortening in the early (ca.
60—40 Ma) Andean fold-and-thrust belt
(McQuarrie et d., 2001). This value suggests
atotal shortening estimate as high as 500-530
km.

Shortening Within the Argentine Andes
(South of 23°S)

South of 23°S, in the Argentine Andes, the
thick Paleozoic and Mesozoic sedimentary
wedge that facilitates the classic fold-and-
thrust belt in Bolivia thins rapidly, and by
26°S, Precambrian basement is overlain by a

© 2002 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org.
Geology; October 2002; v. 30; no. 10; p. 867-870; 3 figures.

867



60°W

10°S

20° S

30° S

40° S

50° S

85° W 80°W

00
10°S
Quaternary - EC SAZ
o  Tertia & —
20°S ' Sedimentary rocks '
o Tertiary Volcanics &S
rocks N
+ Mesozoic 4 ]
L] Sedimentary rocks 1
Mesozoic Igneous P
. rocks PSP
30°S Paleozoic . e :
Sedimentary rocks§ T W
e | riad
[ Paleozoic igneous ¢ s
rocks M
| Precambrian
~
40°S
50°8

80°wW

70°W

60°W

Figure 1. Topography and simplified geology of western part of South America. A—Altiplano,
P—Puna, WC—Western Cordillera, EC—Eastern Cordillera, SAZ—Subandean fold-and-
thrust belt, SP—Sierras Pampeanas basement uplifts.

thin layer of Cretaceous through Tertiary clas-
tic sedimentary rocks (Jordan et al., 1983; All-
mendinger and Gubbels, 1996; Allmendinger
et a., 1997) (Figs. 1 and 2). Correlative with
the loss of the Paleozoic to Mesozoic sedi-
mentary wedge is a change in foreland struc-
tures from thin-skinned folds and thrusts that

deform sedimentary cover rocks to thick-
skinned deformation characterized by faults
that carry wide zones (10-30 km) of broadly
folded basement in their hanging walls. Fault
geometries as shown by seismic lines, broad
basement folds, and preservation of Creta-
ceous through Tertiary basin sedimentary
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Figure 2. Simplified lon-
gitudinal stratigraphic
section modified from
Allmendinger and Gub-
bels (1996). Dark gray
shading—topography
above 3 km, light gray
shading—Subandean
fold-and-thrust belt and
location of Paleozoic and
Mesozoic basins, diago-
nal dashes—basement
rock, and dot pattern—
Precordillera fold-and-
thrust belt.
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rocks argue against significant transportation
of material along décollement horizons (All-
mendinger et al., 1990; Grier et al., 1991; Jor-
dan et a., 1993, 1997, 2001; Coutand et a.,
2001). Estimates of shortening obtained
through composite cross sections south of
23°S support significantly less shortening (90—
170 km) compared to the north (Kley and
Monaldi, 1998, and references therein).

Foreland-basin sedimentation and initiation
of mountain building started significantly later
in the Argentine Andes than in the Bolivian
Andes (Jordan et a., 1993, 1997, 2001; All-
mendinger et al., 1997). In the transition zone,
~23°S, Eocene red beds (conglomeratic to the
west and sandy to the east) are lateraly ex-
tensive and stretch across the Puna uninter-
rupted by faults or local basins (Vandervoort
et al., 1995; Jordan et al., 1997; Coutand et
al., 2001). Although the Eocene sedimentary
sequence can be attributed to a growing oro-
genic high in the west (Coutand et al., 2001),
sedimentation associated with local structures
and accompanying basins throughout the Puna
and Eastern Cordillera are much younger (15
Ma), suggesting that structural shortening may
have started as late as middle Miocene time
(Vandervoort et a., 1995; Jordan et a., 1997).
Chronology on basins east of the Puna plateau
suggests that deformation began at 15.1 Ma
and migrated from west to east with time
(Reynolds et al., 2000). In the latitudes be-
tween 29°S and 34°S, thrust initiation in the
westernmost Precordillera is bracketed be-
tween 21 and 19 Ma. This ageisinferred from
clastic red-bed sedimentation, capping syno-
rogenic conglomeratic rocks, and K-Ar cool-
ing ages (Jordan et a., 1993, 1997). Farther
south, early Miocene time was a period of ex-
tension in the arc and backarc at the latitudes
of 33°-45°S. These extensional basins were
subsequently inverted when the basins were
subjected to a compressional environment
starting between 20 and 18 Ma (Jordan et d.,
2001).

EVOLUTION OF THE WESTERN
MARGIN OF SOUTH AMERICA

Four balanced cross sections with shorten-
ing estimates ranging from 300 to 330 km
(Schmitz, 1994; Kley, 1996; McQuarrie and
DeCelles, 2001; McQuarrie, 2002) were used
to restore the western Andean margin in Bo-
livia from the volcanic arc to the foreland. An
additional 200 km was added to these esti-
mates to account for the early (60—40 Ma)
propagation of the fold-and-thrust belt as sug-
gested by the foreland-basin history. Short-
ening estimates for the Andean fold-and-thrust
belt south of 23°S range between 90 and 170
km (Kley and Monaldi, 1998, and references
therein). An upper average of 150 km of mar-
gin shortening was used for the area between
23°S and 40°S to account for undocumented
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Figure 3. Evolution of Bolivian orocline. Thin
black lines represent edge of continent ca.
70, ca. 40, and ca. 20 Ma. Numbers next to
black dots indicate amount of shortening re-
stored for each time interval. Arrows indi-
cate convergence direction of subducting
Nazca plate at different time intervals, from
Pardo-Casas and Molnar (1987) and Somoza
(1998).

shortening within the fold-and-thrust belt and
to average second-order variations in short-
ening along strike. Figure 3 shows the migra-
tion of the South American coastline with
time in accordance with the evolution of the
fold-and-thrust belt.

Although second-order variations in short-
ening magnitudes exist north and south of
23°S, significant amounts of shortening (500+
km) in the north and moderate amounts of
shortening to the south produce a central An-
dean sdlient in the plate margin (Fig. 3). The
rapid decrease in shortening to the south ar-
gues for an embayment centered on ~25°S
(Figs. 1 and 3). Between 60 and 20 Ma, the
central Andean salient shortened, while south
of 23°S, the Chilean arc and Argentine back-
arc were the sites of strike-dlip deformation
and associated extension (Hervé, 1976; Garcia
et a., 1988; Suarez and Emparan, 1995; Jor-
dan et a., 2001). By 20 Ma the centra An-
dean salient had shortened sufficiently to
mimic its present geometry. The more uni-
form nature of the South American coast in
conjunction with marked decrease in the
amount of subduction obliquity (see subse-
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quent discussion) created a favorable geome-
try for active compression along the entire
South American plate margin from 20 Ma to
the present.

The strong correlation between the location
of the central Andean salient and an abrupt
change in rock type can be seen by comparing
Figures 2 and 3. This correlation may imply
a genetic link between the location of the sa-
lient and the thick Paleozoic-Mesozoic basin
strata. Loss of athick sedimentary wedge may
also be the strongest controlling factor on the
location and existence of basement-cored up-
lifts in a compressional orogen, as suggested
by Allmendinger and Gubbels (1996) and
Kley et a. (1999).

VARIATIONS IN PLATE-MARGIN
ORIENTATION AND
PALEOMAGNETIC RESULTS

The proposed evolution of the South Amer-
ican plate margin is testable through paleo-
magnetic data. Paleomagnetic data have con-
sistently  shown  uniform  (15°-20°)
counterclockwise rotations in the Peruvian
forearc and variable (10°—60°) clockwise ro-
tations in the Chilean forearc (Kono et al.,
1985; May and Butler, 1985; Beck et al.,
1986, 1994; Roperch et a., 2000). The paleo-
magnetic data have been used to argue both
for (Kono et al., 1985; lIsacks, 1988) and
against (Kley, 1999; Roperch et al., 2000) the
Cenozoic bhending of the Bolivian orocline.
The evolution of the South American margin
presented here supports uniform, coherent rig-
id rotations of the Peruvian forearc, as sug-
gested by paleomagnetic studies (Kono et a.,
1985; May and Buitler, 1985; Rousse et al.,
2002), and more local shear-induced rotations
of the Chilean coast in response to oblique
subduction since ca. 50 Ma (Beck et al., 1986,
1994; Somoza et al., 1999). It dso predicts
deformation and rotation of the Chilean arc
and forearc to accommodate the pronounced
increase in shortening north of ~23°S. This
predicted deformation is supported by early
shortening (60-30 Ma) within the Chilean
Precordillera between 25° and 21°S (Hartley
et a., 1992; Maksaev and Zentilli, 1999) and
significant rotations (40°—60°) within the arc
and forearc (Randall et a., 1996; Roperch et
a., 2000; Arriagada et a., 2000).

CHANGES IN OBLIQUITY OF THE
NAZCA PLATE WITH TIME

The convergence history of the Nazca (Far-
allon) and South American plates since 60 Ma
is well documented through several studies
(Pilger, 1984; Pardo-Casas and Molnar, 1987;
Somoza, 1998; Norabuena et a., 1999). Be-
fore 59 Ma (between 68.5 and 49.5 Ma), the
inferred motion of the Nazca plate was strong-
ly oblique to the north-trending southern half
of the South American continent, but signifi-

cantly less oblique to the northwest-trending
part of the continent (Pardo-Casas and Mol nar,
1987). Although the uncertainties are large,
the strong obliquity suggests slower conver-
gence and a significant component of right-
lateral strike-slip deformation along the south-
ern part of the continent (Pardo-Casas and
Molnar, 1987). Between 50 and 26 Ma, a
northeastward direction (49°-59°) of plate
convergence was maintained (Pardo-Casas
and Molnar, 1987; Somoza, 1998). This north-
eastward convergence direction was perpen-
dicular to the reconstructed Bolivian salient
(Fig. 3) over the time period (ca. 60—26 Ma)
of early deformation in the Bolivian Andes.
Between 26 and 16 Ma, the Nazca plate un-
derwent two large shifts in obliquity and con-
vergence rate to establish its present rate and
direction of convergence ca. 16 Ma (Pardo-
Casas and Molnar, 1987; Somoza, 1998). By
ca 16 Ma, the centra Andean salient had
shortened sufficiently to mimic its present ge-
ometry (Fig. 3).

IMPLICATIONS FOR THE ANDEAN
PLATEAU

The 500-530 km of shortening (north of
23°S) is more than enough to account for the
high elevation and thick crust of the Andean
Plateau, whereas 150200 km of shortening
(south of 23°S) cannot account for the crustal
thickness (~50 km) (Yuan et al., 2000) of the
Puna Plateau. Perhaps the increased shorten-
ing in the north created a gradient sufficient
to drive extra crustal material from the Alti-
plano region to the Puna Plateau, thickening
the crust and smoothing elevation gradients.
Lower-crustal flow as a mechanism to main-
tain elevation and crustal thickness has been
proposed to explain areas of shortening deficit
by Kley and Monaldi (1998) for the Andean
Plateau and by Clark and Royden (2000) for
eastern Tibet. Thus, the uniform nature of the
Andean Plateau as it crosses profound changes
in amount, style, and timing of deformation
reflects the compensating nature of ductile
crust, emphasizing the importance of a weak
lower crust in the creation of orogenic pla-
teaus (e.g., Royden, 1996).
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