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Uplift of the Central Andean Plateau and Bending of the Bolivian Orocline
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The topography of the central Andes can be considered the primary tectonic "signal" of late Cenozoic
mountain building in an arid region where the effects of uplift and magmatism are little obscured by denudation.
The spatial coverage of the topographic signal is more complete than that for sparsely sampled geological and
geophysical data. A color-coded image of digitized topography between 12°S and 37°S highlights the
Ahtiplano-Puna, one of the world's most remarkable plateaus, and reveals important physiographic clues about
the formation of that major feature. The topographic data combined with information on structure, magmatism,
seismicity, and paleomagnetism support a simple kinematical model for the late Cenozoic evolution of the
central Andes. The model does niot require collisional effects or enormous volumes of intrusive additions to the
crust but instead calls upon plausible amounts of crustal shortening and lithospheric thinning. The model
interrelates Andean uplift, a changing geometry of the subducted Nazca plate, and a changing outline (in map
view) of the leading edge of the South American plate. Crustal shortening has accommodated convergence
between the Chilean-Peruvian forearc and the South American foreland. The Altiplano-Puna plateau can be
constructed by a combination of crustal shortening and thickening and lithospheric thinning above a shallow
dipping (20°-30°) subducted plate. The seawardly concave bend of western South America, the "Bolivian
orocline,” was enhanced but not completely produced by an along-strike variation in the amount of late
Cenozoic shortening. Maximum shortening in Bolivia both produced the widest part of the plateau and
increased the seaward concavity of the Bolivian orocline. The along-strike variations of shortening are
hypothesized to result from corresponding along-strike variations in the width of a weakened zone in the
overriding plate. Weakening occurs above the wedge of asthenosphere located between the subducted and
overriding plates; hence the width of the zone of weakening depends upon the dip of the subducted plate. Two
types of shortening are recognized: (1) a widespread, basin-and-range, Laramide-like shortening that
characterizes modem activity in the Sierras Pampeanas and late Miocene deformation of the Altiplano-Puna and
(2) on the eastern side of the cordilleras and plateau, an east verging foreland fold-thrust belt in which the
underthrust foreland compresses and thickens the ductile lower crust and produces a plateau uplift of the upper
crust. The second type of shortening can be applied to Plio-Quatemary deformations throughout the central
Andes but with a substantial narrowing of the region of plateau uplift in Peru and south of 28°S. A proposed
monoclinal flexure of the upper crust on the western side of the plateau uplift explains the remarkably simple
and regular morphology of the main western slope of the central Andes. The monocline is located above the tip
of the asthenospheric wedge between the converging plates; it is postulated to occur above the westemn limit of
lower crustal thickening. In the regions of horizontal subduction the monocline can be associated with a late

Miocene asthenospheric wedge tip.

INTRODUCTION

The Altiplano of southern Peru, Bolivia, and northern Chile
and the Puna of northwestern Argentina together form one of the
world's great plateaus. Average elevations near 4 km occur over
an area about 300 km wide and 2000 km long. Although the
plateau seems clearly associated with the subduction of the Nazca
plate beneath western South America, its origin remains
controversial. While many studies have assumed that modemn
Andean topography is due to crustal thickening produced by
magmatic additions of material from the mantle [e.g., Thorpe et
al.,, 1981], an increasing amount of evidence points to the
importance of compressional crustal shortening in the formation
the modern central Andes [e.g., Dalmayrac et al., 1980; Burchfiel
et al., 1981; Jordan et al., 1983a; Chinn and Isacks, 1983;
Alimendinger et al., 1983 ; Sudrez et al., 1983; Mégard, 1984;
Lyon-Caen et al., 1985; Sheffels et al., 1986].

In this paper I explore the hypothesis that Andean topography
is largely a result of crustal thickening produced by structural
shortening of the crust and of uplift due to thermal thinning of the
lithosphere. I use topographic data in combination with published
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evidence about uplift and crustal deformation to support a model
for the late Cenozoic evolution of the central Andes. The model
connects along-strike changes in the amount of shortening in the
upper plate with the.shape of the subducted Nazca plate and with
changes in the map view outline of the leading edge of the
overriding continental plate. The key idea is that an along-strike
variation in the amount of shortening implies the possibility of a
change in the shape of the map view outline of the leading edge of
the upper plate. If late Cenozoic shortening of the upper plate
were to be a maximum in the region of the seawardly concave
comer near the Peru-Chile border (near 18°S), then the map view
curvature of the forearc must have increased. This provides a
simple mechanism for the development of Carey's [1958)]
"Bolivian Orocline," a concept that has recently received support
from paleomagnetic studies [e.g., Kono et al., 1985]. The orocline
can be viewed as a bending of a narrow forearc strip that is
accommodated by a variable amount of shortening in a mabile belt
between the forearc and the cratonic foreland.

The starting point of the model is the assumption that thermal
weakening is caused by convective and magmatic processes in the
wedge of asthenosphere located between the upper and subducted
plates. Late Cenozoic magmatism, rather than supplying the large
volume of crustal material needed to support the elevated terrain,
can be taken as a sign of the process of thermal weakening that
allowed the compressional failure of the overriding South
American plate to happen. The along-strike variation in
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shortening results from variations in the horizontal width of the
zone of thermal weakening in the overriding continental plate.
Since the width of the wedge of asthenosphere is determined by
the dip of the subducted plate, the alorig-strike variation in
shortening is thereby related to the geometry of the subducted
plate. Although oversimplified and only kinematic, the proposed
model is an evolutionary, three-dimensional one. Its success
emphasizes the futility of trying to understand the subduction
process with traditional steady state, two-dimensional cross-
sectional models.

In the arid and largely unglaciated central Andes where
denudation is minimized and the tectonic processes are youthful
and ongoing, the topography is a direct, first-order expression of
the endogenetic processes forming the mountain belt. Early work
such as Bowman [1909a, b, 1916] clearly recognized the
youthfulness of central Andean uplift and its plateaulike character.
However, regional physiography has received very little attention
in the dominantly geochemical, structural and geophysical
approaches that characterize most modern study of the region
(Coney [1971] is an outstanding exception). I present here a new
view of the central Andean physiography based on digitization of
1:1,000,000-scale topographic maps now available for most of the
region. The computer-generated color image of this digital data
set is shown in Plate 1. The image depicts the regional-scale
physiography in a particularly clear and accurate fashion. It
preserves the detail lost in a similarly scaled conventional map in
which topography would be shown by only a limited set of
subjectively smoothed contour lines.

I first summarize relevant information about the plateau, then
describe a two-dimensional model for shortening, and finally
describe a three-dimensional model for the late Cenozoic
kinematical development of the central Andean subduction zone
and mountain belt. The digital topographic data support the
models qualitatively by highlighting important physiographic
clues to the nature of the plateau and by showing the very close
spatial relationships of the plateau morphology o the structure of
the subduction zone. In addition, the topographic data are used
quantitatively to constrain models of along-strike variations in
crustal shortening and thermal uplift. Additional sources of
information include published studies of geology, seismicity, and
gravity and the now extensive examinations that I have made of
Landsat Thematic Mapper (TM) false color images of much of the
central Andes. The analysis of TM data is ongoing and will be
reported in subsequent papers but is mentioned in this paper in
several instances where particularly clear support exists for aspects
of the proposed model.

It is important to emphasize that this paper focuses only on the
late Cenozoic development of the Andes with a model of
deformation that adds incrementally to the integrated effects of
previous Andean orogenic episodes that began in the Jurassic. It
is widely recognized, however, that the Oligocene was a period of
relative tectonic and magmatic quiescence and of probable
reduction of relief formed in earlier Tertiary times. The Mesozoic
and early Tertiary intrusives that are now found west of the
modern Andes were presumably formed in a region of crustal
thickening and uplift but are now located in an area of relatively
low elevation and relief. Although the amount of crustal
thickening remaining from these earlier deformational episodes is
unknown, it is likely that a large fraction of the modem relief and
crustal thickness did in fact form during the Neogene. As a first
approximation, I ignore the effects of pre-Neogene deformation.
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THE ALTIPLANO-PUNA PLATEAU

The Plateau

As shown in Plate 1 and Figure 1, a single broad plateau is the
main continental-scale feature of the central Andes between about
15°S and 27°S. North and south of the plateau the mountain
system narrows considerably but continues with average
elevations greater than 3 km along the high Andean cordilleras of
Peru and along the Chile-Argentine border (between 27°S and
about 34°S). For convenience, I distinguish these two segments of
the Andean mountain system located northwest and south of the
plateau as the "Peruvian segment” (5°-15°S) and the "Pampean
segment" (27°- 34°S), respectively.

The hypsometric curve for the plateau (Figure 2) has a sharp
break in slope at an elevation of 3.65 km, approximately the
elevation of the extensive and internally drained basins of the
Altiplano and Puna. Much of the remaining area of the plateau is
characterized by moderate relief with elevations in the range of
about 3.5-4.7 km. As recognized by Bowman [1909b] many
years ago, peneplanation is the dominating fact in the
physiography of the region. The other dominating factor is the
pervasive volcanism. Many of the highest peaks are volcanic
constructional landforms, although areas of high structural relief
are also found along the eastern edges of the northern and southern
parts of the plateau.

The extrusive material largely sits on top of the plateau rather
than forming the volume of the plateau itself. The upper
Miocene-Recent extrusives form only a thin cover on a surface of
beveled older structures, as is clearly shown by the studies of
Baker and Francis [1978] and Baker [1981], by numerous detailed
reports of the areal geology of specific regions of the plateau, and
quite clearly by Landsat TM imagery that I have examined for
much of the plateau. Large areas are covered by only a thin layer
of extrusives, while the high stratovolcanos, although quite
numerous, contribute relatively little to the total volume of
elevated terrain. In detailed studies of two particular areas of the
southern Altiplano of Bolivia and Chile that are largely covered by
upper Miocene to Recent volcanic rocks, Baker and Francis
[1978] and Kussmaul et al. [1977] estimate volumes that amount
to an average thickness of extrusives of only about 0.3 km. With
the digital elevation data and the assumption that elevations above
the plateau level of 3.65 km all represent extrusives, an average
thickness of 0.5 km is obtained for the entire area of the plateau.
This estimate is probably too high since some of the highland area
of the plateau is not volcanic.

The plateau includes a large area of internal drainage outlined
by the watersheds shown in Figure 1. The intemnally drained
region includes the large Altiplano basin of southern Peru and
Bolivia and the more fragmented basins of the Argentine Puna and
the Chilean Altiplano and Salar de Atacama. In many of the
basins, compressionally deformed upper Tertiary strata are
exposed, and the bounding highlands were uplifted by basinward
verging thrust faulting [e.g., Turner, 1960, 1961; Schwab, 1970;
Evernden et al., 1977; Martinez, 1980; Jordan et al., 19834; and
Jordan and Alonso, 1987]. Much of the characteristic basin and
range morphology of the Argentine Puna is a manifestion of this
type of compressional deformation, as is the the area around Lake
Titicaca [Newell, 1949; Martinez, 1980]. The unconformity
between the generally flat and little deformed uppermost
Miocene-Recent extrusives and the older folded and reverse-
faulted strata is seen throughout the plateau and gives evidence
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Plate 1. Computer display of digitized topography of westem South America. Subacrial data are digitized as point elevations on a grid spacing of 0.05°
of latitude and longitude. The data are mainly from 1:1,000,000-scale Aeronautical Charts published by the U.S. Defense Mapping Agency; a few small
areas missing from those charts are filled in using available Bolivian and Peruvian topographic maps. An offshore strip from the coastline to the outer

slope of the Peru-Chile trench was digitized with the same grid spacing as the land data from the 1:1,000,000-scale bathymetric charts of Prince et al.
[1980]. Remaining oceanic areas west of the Prince et al. map were taken from the NOAA SYNBAPS digital bathymetry file, resampled, and then
"spliced” to the continental and trench data with Interational Imaging Systems model 575 image processing software. Each elevation sample is displayed
as a pixel colored according to the scale shown on the left-hand side. No spatial averaging or smoothing was employed.
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Fig. 1. (a) The shape of the subducted Nazca plate, volcanic centers, drainage divides, areas with average elevations above 3 km, and the axis of the Peru-
Chile Trench. The contours of depth 1o the central part of the Wadati-Benioff seismic zone depict the shape of the subducted plate (T. Cahill and B. L.
Isacks, unpublished manuscript, 1987). The Neogene volcanic centers were identified on Landsat MSS black and white imagery at a scale of 1:1,000,000
and represent volcanos mainly younger than about 10 m.y. The drainage divides were traced and digitized from the 1:1,000,000-scale topographic charts
used for the digital topography. In the shaded areas, average elevations are greater than 3 km, as averaged within a "square” moving window with
dimensions 0.25° in latitude and longitude and a 0.25° step. The axis of the trench was traced and digitized from the 1:1,000,000-scale charts of Prince et
al. [1980]. (b) The coast line, borders between countries, and certain geographic and tectonic provinces discussed in the text, together with elevations
above 3 km and the trench axis taken from Figure 1a. "F-P CORD" indicates the Frontal and Principal Cordilleras located along the Chile-Argentina
border, and "AB" is the Atacama Basin (Salar de Atacama) of Chile.

that the compressional deformations of much of the plateau Pampean segments north and south of the plateau [e.g., Mégard,
occurred during late Miocene time. These deformations are 1984; Jordan and Allmendinger, 1986]. Together, the late
approximately coeval with important compressional deformational Miocene deformations are for convenience referred to here as the
phases of the main cordilleras in the adjacent Peruvian and "Quechua” phase, although studies in different areas reveal
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Fig. 1. (continued)

possibly significant regional variations in timing (e.g., compare
Jordan and Alonso [1987] with Mégard [1984].

Except for the constructional volcanic edifices, much of the
plateau now has a low to moderate relief. The reduction of
structural relief that occurred during and following the Quechua
deformations proceeded both by erosion of uplifted blocks and by
filling of adjacent closed depressions, a kind of "cut and fill"
process that tends to level the terrain in a situation where mass is
not transported out of the internally drained system. This process
created the numerous thick sections of late Cenozoic continental
deposits that characterize much of the plateau [e.g., Jordan and
Alonso, 1987]. The nonvolcanic areas of high relief are located

mainly along the eastern edges of the plateau where drainage
removes material from the area and thereby accentuates relief.
Notable areas of high relief that can be seen in Plate 1 are
associated with the Mesozic and Cenozoic intrusions located along
the northeastern side of the Altiplano and with basement involved
thrust structures of the Eastern Cordillera located along the
southeastern side of the Argentine Puna (see Figure 1).

Although some Pliocene—early Quaternary compressional
deformation is documented for parts of the plateau, the main locus
of the surface manifestation of post-Quechua compressional
deformation appears to have shifted eastward to the eastern
cordilleras and sub-Andean belts [Turner, 1966, 1969; Martinez,
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1980; Jordan and Alonso, 1987]. An eastward shift also appears
to have occurred in the adjacent Peruvian and Pampean segments
[Mégard, 1984; Jordan and Allmendinger, 1986]. Late
Quaternary extensional and strike-slip deformations developed
within the plateau, at least in its southern and northemn parts
[Lavenu, 1978; Sébrier et al. 1985; Strecker et al. 198S5;
Allmendinger, 1986]. These youngest deformations appear to be
small in magnitude compared to the compressional deformations,
although Green and Wernicke [1986] claim otherwise for a part of
the northern Altiplano of southern Peru.

The existence of a broad, internally drained area of low relief,
now at elevations everywhere greater that 3.6 km, can be
interpreted as an effect of youthful uplift, young enough that a
250-300 km width of elevated terrain has not yet been attacked by
headward erosion from the flanking drainages. Although the
drainage systems along the edges of the platean operate over a
nearly 3-4 km elevation differential, the rates of headward erosion
may be small along much of the eastern and the western sides
where the climates are quite arid. There are few constraints on the
detailed chronology of uplift, but nearly all workers agree on a late
Cenozoic time scale. A number of published studies report an
acceleration in the late Miocene [e.g., Segerstrom, 1963; Turner,
1966; Galli-Olivier, 1967; Rutland et al., 1965; Hollingsworth
and Rutland, 1968; Guest, 1969; Mortimer, 1975, Laubaucher,
1978; Martinez, 1980; Crough, 1983; Tosdal et al., 1984; Jordan
and Alonso, 1987; Allmendinger, 1986; Benjamin et al., 1987].
This timing would imply significant uplift during and after the
pervasive Quechua deformations.

Eastern Thrust Belt

The eastern side of the plateau is formed by the major thrust
belts of the eastern cordilleras and sub-Andean zones. These
mainly Pliocene-Recent thrust zones can be traced along strike
into the Peruvian and Pampean segments. In all three segments
the eastern thrust belts are seismically active. In fact, it is now
clear that crustal seismicity in the central Andes is concentrated
within the eastern thrust belts and that the Altiplano-Puna regions
are relatively aseismic [Chinn and Isacks, 1983; Suaréz et al.,
1983; Froidevaux and Isacks, 1984]. This result is in accord with
the studies mentioned in the previous section that conclude that
shallow crustal deformation has also become concentrated in the
eastern thrust belts.

Several estimates of the amounts of shortening in the thrust
belts are now available. Allmendinger et al. [1983] report at least
60 km of shortening based on a palinspastic reconstruction of
Mingramm et al.'s [1979] section through the sub-Andean fold-
thrust belt near 22°S. Sheffels et al. [1986] find 25-36 %
shortening of the fold-thrust belt near 18°S where the belt is
widest. This yields shortening values of about 150-225 km. For
the same region, Lyon-Caen et al. [1985] estimate shortening
amounts based on analysis of gravity data greater than 100 km and
mention possible values as high as 400 km. Jordan and
Allmendinger [1986] estimate 10-20 km shortening across the
Pampean province of western Argentina near 30°-31°S which,
when added to about 50 km shortening across the Precordillera
fold-thrust belt [Fielding and Jordan, 1987; Allmendinger,
personal communication, 1987], yields about 70 km for a section
across the Pampean segment.

None of these estimates is tightly constrained, and none include
the older Quechua deformations located west of the thrust belts.
Mégard [1984] estimates 115 km for a part of the Peruvian
segment that does attempt to include all late Cenozoic
deformation. Ramos [1985] estimates about 30 km of Quechua
shortening in the main cordillera at about 33°S in the southern part
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Fig. 2. Cumulative and differential hypsometric curves for the digitized
elevations shown in Plate 1 for the region between latitudes 13°S and
29°S, the region of the Altiplano-Puna plateau. In the lefi-hand plot the
varisble plotted on the horizontal axis is the plan view area of land surface
at clevations greater than the elevation plotted on the vertical axis. The
horizontal scale at the top of the figure shows the effective "width" of a
rectangular representation of the plateau as discussed in the text. In the
right-hand plot the variable plotted on the horizontal axis is the plan view
area of land surface per unit elevation taken as a function of elevation
plotted along the vertical axis; the curve was computed as area per 0.03 km
and normalized to area per 1 km.

of the Pampean segment; if added to Jordan and Allmendinger's
[1986] estimates, this would produce a net shortening of about 100
km for the Pampean segment. Although sparsely distributed,
these estimates of shortening all give strong support for large
amounts of late Cenozoic shortening in the central Andes of the
order of 100 km and more, amounts that must be accounted for in
models of crustal thickening.

Along the eastern side of much of the Altiplano-Puna plateau
the thrust systems verge eastward with the plateau overthrusting
the foreland. In those regions the east facing topographic slope
appears to coincide with the thrust belt. Although the western
drainage divide is largely maintained by the volcanic constructions
that build up and "dam" the western edge of the plateau, it is only
in limited areas along the eastern watershed (such as the Frailes
ignimbrite field near latitudes 19°S-20°S) that extrusives appear
to exercise control on the position of the eastern drainage divide.
Hence for much of the eastern side of the plateau the divide may
be controlled by uplift of the hanging wall of the thrust system. In
the cross section near 22°S published by Allmendinger et al.
[1983] the high eastern edge of the plateau is located above the
inferred position of the footwall ramp where the décollement
ramps down to deeper levels of the crust. This result implies a
direct relationship of the thrusting and topography. The inferred
ramping of the décollement beneath the plateau implies that the
shortening manifested in the eastern thrust belt is likely to be
absorbed at depth beneath the main plateau uplift. I will use this
concept in the proposed model of shortening,

South of about 22°S the eastern margin of the plateau is
increasingly complicated by the appearance of structures
characteristic of the Pampean segment, that is, by thick-skinned
deformations with both east and west vergence that are found in
the Santa Barbara system, the Argentine Cordillera Oriental, and
the northern Sierras Pampeanas (Figure 1b). The morphology of
the plateau edge becomes more irregular (Plate 1) and is
characterized by large relief associated with Pampean-style,
reverse faulted basement blocks. Allmendinger [1986] shows that
the foreland-verging thrust system that bounds the southeastern
margin of the Puna consists of short en echelon thrust segments
which together accommodate shortening amounts of only tens of
kilometers. The shortening accommodated by the other major
structures in this complex region is unknown.
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Still farther south in the Pampean segment itself, the
Precordillera, a thin-skinned fold-thrust belt, forms the eastern
slope of the main cordillera (the Cordilleras Frontal and Principal;
see Figure 1b). In Peru a similar relationship exists between the
Cordillera Oriental and sub-Andean zones with respect to the
Peruvian "Puna” and Western Cordillera. In both the Pampean
and Peruvian segments, décollements beneath the eastern fold-
thrust belts are inferred to ramp down to the west into the crust
beneath the eastern parts of the high central cordilleras [Mégard,
1984; Jordan and Allmendinger, 1986]. As proposed for the
central plateau segment, the eastern thrust belts in the Pampean
and Peruvian segments are also likely to be the surface
expressions of shortening that is accommodated at depth beneath
the main cordilleran uplifts. An added element in the Pampean
segment is the significant amount of distributed foreland
deformation east of, and probably beneath, part of the
Precordilleran fold-thrust belt [Fielding and Jordan, 1987].

Western Monocline

As shown by the unsmoothed digital terrain model of Plate 1,
the western slope of the plateau is a strikingly regular feature that
is continuously traceable north and south along the flanking
Peruvian and Pampean segments. The smooth morphology of the
western slope contrasts with the complex and variable morphology
of the thrust belts along the eastern side of the plateau. Although
extrusives build up, spill over, and thus cover large areas of the
western plateau edge, there are "windows" where an underlying
subvolcanic basement can be seen. In these windows the edge and
slope is formed by deformed pre-Neogene rocks that have been
beveled to a relatively smooth surface, a surface that is now tilted
to form the great western slope Andes. Much of the slope is
covered by a thin layer of extrusives and by erosional debris
forming a giant alluvial drape. These features can be clearly seen
on Landsat TM imagery and on Chilean regional geological maps
and have led several investigators to suggest that the uplift of the
plateau was accommodated by a tilting or flexure of the crust [e.g.,
Murioz, 1956; Mortimer, 1973]. I carry this forward by proposing
that the western edge of the plateau is simply a crustal-scale
monocline.

Although evidence for late Miocene-Pliocene compressive or
extensional deformations have been reported for some areas of the
western slope [e.g., Thomas, 1970; Lahsen, 1982], the amount of
late Cenozoic deformations associated with these structures appear
too small and spatially discontinous to explain the large elevation
differential across the slope and the continuity and regularity of
morphology along-strike. Important Cretaceous—early Tertiary
deformations have been recognized along parts of the slope [e.g.,
Vicente et al., 1979]. Some of these structures may have been
reactivated in the late Cenozoic, but most of the deformation
occurred too long ago to be associated with the uplift that formed
the modern plateau and cordilleras.

In contrast to the northern Chilean region, the western slope
along the Pampean segment is considerably more incised by
transverse drainage into the Pacific Ocean. This is due primarily
to the southwardly increasing amount of precipitation falling on
the western side of the Andes. Nevertheless, the clear along-strike
continuity of the western slope (demonstrated in the color image
of topography) suggests that the monoclinal flexure continues
through the Pampean segment. The same argument applies to the
Peruvian segment, where transverse drainage is also developed.
Examination of TM images suggests that the northward
development of the spectacular transverse canyons of northern
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Chile and southern Peru may be related to an increasing amount of
glaciation at high elevations in the Western Cordillera. I
hypothesize that the monoclinal structure is a continuous feature
through all three of the segments. Between latitudes 18°S and
about 26°S along the central plateau segment, transverse drainage
to the Pacific is virtually nonexistant [Mortimer, 1981]. Thus the
western monoclinal edge of the Andes is there preserved and
particularly clear.

Relation to Subducted Plate Geometry

Western slope and asthenospheric wedge. Plate 1 and Figure 2
demonstrate that the great western slope of the Andes very closely
parallels the trench axis and the trend of the inner slope of the
trench, that is, parallels the outline of the leading edge of the
South American plate. Both features show distinct changes in
trend near latitudes 17°S, 27°S, and 33°S coincident with
boundaries between major segments of the central Andean
subduction system. Along the central plateau segment the western
edge of the zone of volcanic centers (Figure 1a), the volcanic
“front," is aligned along the western plateau edge and tracks the
main western slope except in the region of 23°-24°S where the
slope bifurcates to form the Atacama Basin.

In a study of the geometry of the Chilean interplate boundary
between about latitudes 20°S and 40°S, Kadinsky-Cade [1985]
shows that the main western slope of the plateau (or of the high
cordillera to the south of the plateau) is located approximately
above the downdip end of the interplate boundary. This is
supported by the parallelism of the slope and the contour of 75 km
depth to the Wadati-Benioff zone shown in Figure 1a. The
western slope would thus track the axis of the trench if the
interplate boundary were to have both a constant dip and downdip
width as functions of along-strike distance. The geometry of the
Chilean interplate boundary does not appear to change appreciably
north of at least 33°S.

However, a more revealing association may be between the
location of the western slope and the tip of the wedge of mantle
that exists between the inclined subducted plate and the horizontal
overriding plate. The wedge is presumably asthenospheric
material that is relatively hot and weak. The tip of the wedge will
be located near or just downdip of the interplate boundary. Nearly
all models of the generation of subduction-related magmatism
involve interactions between subducted material with the mantle
material in the wedge; thus the tip of the wedge probably controls
the location of the magmatic "front." The shape of the wedge and
the movement of the subducted plate determine a special
convective system, as shown by many published theoretical
studies. It is thus quite reasonable to suppose that convection in
the wedge promotes major modifications of the upper plate in the
form of magmatic intrusions, thermal thinning, and consequent
mechanical weakening. I thus propose that the parallelism of the
western topograplic slope and the trench is a result of the fact that
the western slope tracks the tip of the asthenospheric wedge.

In areas of nearly flat subduction, as in the Peruvian and
Pampean segments, a wedge-shaped region of mantle is found far
inland of the trench, nearly 800 km in each of the segments, where
the subducted plate finally bends downward and develops a
significant inclination. However, there is good evidence that in
both segments the present subducted plate shape has evolved from
a more steeply dipping, late Miocene geometry that probably
existed during much of the development of the main cordilleras in
the two segments. In both segments the western slopes are closely
associated with the western fronts of the now extinct Mio-Pliocene
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magmatic zones. Well developed magmatic arcs existed prior to
about 7-10 m.y., indicating that asthenospheric wedges existed
beneath the cordilleras then. The near extinction of the
magmatism in late Miocene times is taken to date the flattening of
the subducted plates in both segments [Noble and McKee, 1977,
Coira et al., 1982; Jordan et al., 1983b; Jordan and Gardeweg,
1987; Kay et al., 1987]. 1 thus hypothesize that in both the
Peruvian and Pampean segments the main cordilleras were located
over late Miocene asthenospheric wedges and that the western
topographic slopes mark the tips of those previous wedges.

In fact, the topographic slopes are both now located where the
subducted plates bend back from the 20°-30° inclinations of the

‘plate boundaries to more nearly horizontal inclinations. The
geometry of the plate boundary itself is quite similar throughout
the three segments, and it is only below depths of about 75-100
km that the striking variations in dip of the subducted plate
develop. If in the regions of horizontal subduction the subducted
plate were straightened out to maintain the nearly 30° dip of the
interplate boundary, the wedge tips so defined would track the
western slopes.

Along-strike limits of the plateau. As shown in Plate 1 and
Figure 1, the along-strike extent of the plateau coincides with the
active Plio-Quaternary magmatic arc. In southern Peru the
northern limits of the plateau and volcanic arc quite closely
coincide with the sharp flexure (near 15°S) between the steeply
dipping and nearly horizontal segments of the subducted plate.
The flexure is developed downdip of the region where the map
view shape of the leading edge of the overriding plate has a
change in seaward curvature from convex (Peru) to concave
(southern Peru-northern Chile). The strike of the flexure is
approximately aligned along the direction of relative motion
between the converging plates [Bevis and Isacks, 1984; Grange et
al., 1984]. These results suggests a close connection between the
development of the flexure and the shape of the overriding plate in
map view.

However, the correlation of plateau and subducted plate
geometry farther south is not as simple as indicated by Barazangi
and Isacks [1976] or by Jordan et al. [1983a]. Near 27°S the high
plateau narrows, and a single continental drainage divide replaces
the two that delineate the Puna-Altiplano basin. Latitude 28°S is
approximately the southemn end of the zone of Plio-Quaternary
magmatism. In contrast to these rather sharply defined southemn
boundaries of the plateau and magmatic arc, the Wadati-Benioff
zone only gradually flattens between latitudes of about 21°S and
32.5°S [Bevis and Isacks, 1984; T. Cahill and B. L. Isacks,
unpublished manuscript, 1987]. Significant flattening is already
apparent at latitudes of 27°-28°S.

The development of the flattening between 21°S and 24°S is
associated with a marked anomaly in the morphology of the
western Andes in the region of the Atacama Basin. Outside of this
region, topographic profiles from the trench axis across the forearc
typically show a benchlike shape formed by two steeper parts, the
inner trench wall and the main western slope of the plateau or high
cordilleras, separated by a less steep part that includes the
coastline. In the Atacama Basin region the western slope of the
plateau bifurcates in map view, and a second bench (occupied by
the Atacama Basin) is formed at an elevation intermediate
between that of the coastal bench and the high plateau. The
bifurcation actually begins near latitude 21°S to form the upper
basin of the Loa River. The lower part of the western slope
continues to parallel the trench axis, while the upper slope and
magmatic arc follow a more nearly SSE trend that is parallel to the
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trend of the intermediate depth Wadati-Benioff zone (compare
Figure 1a and the topographic image). The upper slope and
magmatic arc both swing back toward the trench near 24°S, and
farther south, a single western slope again parallels the trench.
The intermediate-depth contours (125 km and deeper) of the
seismic zone do not swing back, however, but continue along a
SSE trend and thus diverge from the shallow part of the plate
boundary. This divergence produces a flat part of the subducted
slab that progressively widens southward.

A clear implication of the southward flattening is that the
curvature of the subducted plate downdip of the interplate
boundary must change from convex upward where the plate dip
continues to steepen with depth to concave upward where the plate
bends back to nearly horizontal. This can be seen by comparing
the sections in Figure 3 (see also Hasegawa and Sacks [1981].
Although the seismicity data still do not determine the exact
location of the transition in curvature, it does appear to be south of
the dogleg jog in the trend of the magmatic front near 24°S. The
transition may well be located near the region of 27°-28° where
there is a subtle but clear change in the trends of both the trench
axis and of the western slope (see Plate 1 and Figure 2). The
development of upward concave curvature of the subducted plate
could thus be associated with the westward protrusion of the
western topographic front that develops south of 27°S. This
would place the transition adjacent to the narrowing of the plateau
and near the southern end of the magmatic arc.

MODEL FOR PLATEAU UPLIFT
Altiplano section

As shown in the preceding section, a major feature of the
central Andes is the east-west asymmetry of the mountain belt in
terms of late Cenozoic structures and morphology: on the westem
side a monoclinelike crustal-scale flexure parallels the plate
boundary, whereas a major thrust belt forms the eastern side. The
shortening accommodated by the eastern thrust belt is roughly
coeval with a plateaulike uplift of the Altiplano-Puna. The cross-
sectional model shown in Figure 4 attempts to account for these
features for a representative section through the Bolivian Altiplano
(The model approximates a cross section in the region of 21—
22°S).

In the first stage (Figure 4a) the upper plate is thinned during
an episode of relatively low-angle (but not horizontal) subduction.
The heating and thinning of the lithosphere may have started 25—
30 m.y. ago, when widespread magmatism resumed after an
Oligocene hiatus [e.g., Baker and Francis, 1978; Coira et al.,
1982; Jordan and Gardeweg, 1987], and when the direction of
plate convergence became more nearly normal to the plate
boundary [Pilger, 1984; Cande, 1986; Pardo-Casas and Molnar,
1987].

The model starts with the assumption that processes in the
wedge of asthenosphere located between the subducted and upper
plates are effective in thinning the upper plate. Such processes
may include convection in the wedge driven by the motion of the
subducting plate, intrusion of magmas into the upper plate, and
erosion of the lower part of the upper plate by lithospheric stoping
or delamination. I hypothesize that these processes operate within
a swath whose cross-sectional horizontal width is the distance
between the wedge tip and the point at which the wedge reaches
some specific vertical thickness. This thickness has to do with the
as yet poorly understood convective processes in the wedge and
can only be guessed. An estimate for the thickness of 250 km is
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Fig. 3. Two cross sections showing topography and hypothesized deep structure. The upper section crosses the wide part of the central Altiplano, while
the lower section crosses the Pampean flat slab segment. The westemn endpoints and the azimuths of the sections are 20.5°S, 72.0°W, and 083° for the
upper section and 31.0°S, 72.0°W, and 090° for the lower one, respectively. Each topographic profile (upper plot in each section) shows digital elevations
averaged along a swath 30 km perpendicular to, and 10 km along, the section. The plot has a vertical exaggeration of 10:1. The position of the
subducted Nazca plate is fixed by the location of the Wadati-Benioff zone (T. Cahill and B. L. Isacks, unpublished manuscript, 1987). The wiggly line
areas indicate shortened and thickened ductile lower crust. The upper crust overthrusts the foreland along a simplified single fault with motion indicated
by the half arrow. Note the implied monoclinal structure of the upper crust forming the westem topographic slope of the Andes. Other Pampean faults in

the Jower section are taken from Jordan and Allmendinger [1986]. The 1200°C isotherm indicates lithospheric thinning.

plausible in view of seismic studies of modern asthenospheric
wedges [e.g., Barazangi and Isacks, 1971; Utsu, 1971,
Barazangi et al., 1975; Hirahara and Mikumo, 1980], but this
choice remains a somewhat ad hoc starting point for the model.
With a fixed vertical thickness the horizontal width of the
thermally affected swath will increase with decreasing angle of dip
of the subducted plate. However, with a dip angle of zero, little or
no asthenosphere would be located between the two plates. It is
thus reasonable to suppose that as the dip decreases from vertical
to horizontal in a plot of width of thermal effect versus angle of

dip, the width increases to a maximum and then decreases to zero
as the dip approaches horizontal. A 20° dip is a plausible guess
for the dip for maximum width; that is, at that dip angle there may
still be enough volume in the asthenospheric wedge for the
lithospheric thinning processes to operate. With a dip of 20° and
the characteristic thickness of 250 km, the horizontal width of the
wedge would be 500 km as shown in Figure 4a.

Magmatism, implying an efficient advective transfer of heat
into the upper plate, would likely be associated with the thermal
thinning of the lithosphere. Thus both volcanism and thermal
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Fig. 4. Simplified model of late Cenozoic evolution of a section near 21°-22°S. Faults and ductile lower crust are shown as in Figure 3. The initial and
final stages are depicted in the (a) upper and (a) lower sectians, while the three middle sections show a very schematic (but balanced) block model of the
crustal deformation. (b) is a simplified initial crustal section. (c) The cross hatching indicates pervasive shortening of the upper brittle crust during the
"Quechua” phase of deformation. (d) For clarity the overthrusting of the upper crust onto the foreland is shown without any isostatic flexural adjustment;

(e) the isostatic adjustment is shown.

uplift are implied in the early-middle Miocene phase depicted in
Figure 4a, and both occur above a wide asthenospheric wedge.
The thermal thinning would increase the temperature of the
uppermost mantle and thus weaken that strongest part of the
continental lithosphere. If the plate is subject to horizontal stress
produced by the global convective system, the weakening would
localize and concentrate deformation in the thermally affected
zone and thus closely tie the spatial extent of the deformation to
the position of the asthenospheric wedge.

I assume that the combination of global plate motions and
mantle convection led to a situation where the continental plate
overrides the oceanic plate and produces a pervasive
compressional stress in the South American plate. The association
of compressive stresses in the upper plate with relatively shallow

dipping subducted plates and the contrast between this mode of
plate convergence and the one commonly found in the western
Pacific, where the sinking of the oceanic plate "draws" the island
arc seaward, are well recognized and are the subject of several
papers [e.g., Wilson and Burke, 1972 ; Molnar and Atwater, 1978;
Uyeda and Kanamori, 1979; Dewey, 1980]. The increased rates of
convergence in late Miocene times may have helped trigger the
failure [Pardo-Casas and Molnar, 1987].

The compressive failure of the weakened swath of lithosphere
is postulated to have occurred in two phases. A widepread and
pervasive horizontal shortening and vertical thickening of the crust
(Figure 4c) corresponding to the Quechua phase of deformation
was followed by a concentration of deformation along the eastern
side of the orogen where the upper crust thrusted over the foreland
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along an eastwardly verging thrust belt (Figure 4d). The latter
phase produced the basic east-west asymmetry of the structure of
the plateau and accounts for the evidence that the widespread
Quechua deformation was followed by a concentration of
compressive deformation along the eastern thrust belt.

In the latter phase, deformation of the brittle upper crust was
concentrated along an eastern thrust belt, although the
underthrusting foreland continued to compress the ductile lower
crust west of the thrust belt. The consequent thickening of the
lower crust produced a plateaulike uplift west of the thrust belt
where the rising upper crust suffered little additional post-
Quechua deformation. "Cut-and-fill" processes localized by the
internal drainage system of the plateau reduced the relief of the
Quechua structures on the uplifting plateau and thereby produced
the characteristic physiography of the Altiplano-Puna. The
concept for the second stage of compressive failure [/sacks, 1985]
is similar (but independently derived) to that proposed by Zhao
and Morgan [1985] for the uplift of the Tibetan Plateau. In the
central Andes the "hydraulic ram" of Zhao and Morgan is the
underthrusting South American foreland.

The model shown in Figure 4 implies that on the western side
of the plateau a monoclinal flexure accommodates the differential
uplift of the upper crust at the western limit of ductile thickening
of the lower crust. The monoclinal flexure actually appears to
form the western slope beneath the extrusive cover and is
particularly well preserved in the hyper-arid desert of the central
part of the plateau. The western limit of thickening of the lower
crust is located at the western boundary of the heated and
weakened zone in the upper plate, and this in turn is located above
the tip of the asthenospheric wedge separating the converging
plates. The position of the western topographic slope is thereby
tied closely to the location of the magmatic front and the geometry
of the subducted plate.

The model shown in Figure 4, although highly simplified, is
scaled accurately to represent realistic amounts of crustal
shortening and thickening with preservation of cross-sectional
area; it is a "balanced" cross section. The plateau's present
elevation is supported isostatically by a combination of crustal
thickening and thermal expansion (or lithospheric thinning in the
sense discussed by Turcotte and MacAdoo [1979]). Measure-
ments of crustal thickness and densities in the region are still too
crude to provide useful constraints on the details of the model. In
the final stage (Figure 4e), a 4-km-high plateau is compensated by
a thickening of the crust from 40 to 65 km and by a thermal
thinning of the lithosphere from 140 to 70 km. This is a workable
but nonunique model. If the shortening required to produce the
thickening is averaged over 15 m.y., the convergence between the
foreland and forearc would be about 1 cm/yr. This is a reasonable
number for foreland fold-thrust belts [Allmendinger et al., 1985].

The model does not include additions of magmatic material
from the mantle. As pointed out above, the volume of late
Cenozoic extrusives contribute little to the overall volume of
elevated crust. The intrusive volume is unknown, but Kay and
Kay [1985] estimate a ratio of intrusive to extrusive volumes of
about only 1:1 for the Aleutian island arc. Baker and Francis
[1978] discuss ratios near 10:1 that would be required to build the
Andes. This would lead to an extremely high rate of magmatic
addition if the late Cenozoic time scale for the uplift is assumed
[Isacks et al., 1986]. Baker and Francis, in fact, propose that
intrusives have been thickening the crust since Jurassic times.
This time scale, however, seems at odds with the considerable
evidence mentioned in the preceding section that much of the
uplift occurred in the late Cenozoic. In addition, the massive
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Cretaceous and lower Tertiary plutons found in the coastal regions
of Peru and Chile, the same batholiths that serve as models for
crustal thickening by magmatic intrusion, are now located at low
elevations and are not part of the present elevated mountain mass
of the Andes. With the 100-150 m.y. time scale, it seems likely
that erosional removal of mass would be sble to keep up with the
slow rate of addition of crustal material by magmatism.

As a first approximation, I therefore neglect the magmatic
contribution, partly to see to what extent crustal shortening and
lithospheric thinning alone can account for the plateau and partly
because the intrusive volumes are quite uncertain. When
information about crustal shortening, thickness, and density
becomes sufficiently accurate to constrain models, then the
discrepencies between observed and calculated parameters might
be used to estimate the intrusive component.

Application to the Flat Slab Segments

The model for the uplift of the plateau shown in Figure 4 can
also be applied to the adjacent along-strike segments of the
convergent zone. The "plateau” between the monocline and thrust
zone is taken to narrow into the high cordilleras of the two
segments, becoming the Cordilleras Principal and Frontal in the
Pampean segment and the Cordilleras Occidental and Oriental in
the Peruvian segment. In fact, the Peruvian "Puna” [McLaughlin,
1924; Coney, 1971], a narrow high plateau region with mature
relief characteristics similar to the Altiplano, is located between
the Cordilleras Oriental and Occidental in Peru and is a northward
continuation of the Altiplano. Coney showed a hypsometric curve
for elevations within a small area of the central Peruvian Andes
that is quite similar in form to that shown in Figure 2. The widths
of the postulated shortened and thickened lower crusts beneath the
cordilleran “plateaus” in the Peruvian and Pampean segments are
smaller and involve less shortening for the same amount of uplift.

The wedges of asthenosphere hypothesized to be responsible
for the weakening of the swaths are no longer located beneath the
Peruvian or Pampean cordilleras, as already discussed, but are
postulated to have migrated inland. The “flattening” of the
subducted plate is partly the effect of the continental plate
overriding the downward bend of the Nazca plate and thereby
moving westward relative to the asthenospheric wedge. The tip of
the wedge thus appears to move eastward or inland relative to the
upper plate. The tip is now located at the eastern edges of the
deformed forelands of the two flat slab regions and may be
responsible for minor Neogene volcanism in these regions
[Stewart, 1971; Kay et al., 1987].

In the middle Miocene before the overriding, a relatively
narrow asthenospheric wedge is implied by the narrow late
Miocene magmatic arcs in the Peruvian and Pampean segments.
The narrow width of the wedge implies that the subducted plates
then dipped more steeply beneath these segments than beneath the
central Bolivian segment. This increased dip is supported by Kay
et al. [1987]. The narrow thermally weakened swaths also failed
under the pervasive compressional stress in the upper plate and
thereby produced the crustal thickening beneath the high
cordilleras of the two segments.

As the continental plate passed over the asthenospheric wedge
in the Pampean segment, it was somewhat thinned and weakened,
but the overridden and still nearly horizontal Nazca plate quickly
replaced the lost continental lithsosphere section to form a kind of
double lithospheric structure. A thin, weak interface between the
subducted and upper plates would still effectively couple the two
plates in terms of vertical isostatic adjustment. The low regional
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elevation of the Sierras Pampeanas east of the Precordillera (see
Figure 3) could thus reflect the isostatic effect of the combined
lithospheric thicknesses, while the deformations manifested by the
Sierras Pampeanas could result from the decoupling of the thinned
(and weakened) upper plate from the lower plate in respect to
horizontal lithospheric stresses. The stress systems in the
overriding plate and in the Nazca plate may be coupled mainly
along the interplate boundary located west of the mountain belt
and transmitted only through the upper plate. If the overriding
plate is thinned, then the horizontal compressive stress is increased
in the thinned section compared to the thicker craton to the east by
the ratio of respective lithospheric thicknesses.

An alternative view is that the foreland deformations in regions
of flat slab subduction are produced by the effect of shearing
stresses accumulated along the large area of contact between the
two plates [e.g., Dickinson and Snyder, 1978]. The problem with
this hypothesis is that it does not explain why deformations do not
extend east of the zone of plate contact where the accumulated
stresses might be expected to be largest. It seems likely that shear
heating within the plate boundary interface zone (located beneath
the Chilean forearc) would reduce the strength of the zone
downdip of the interplate boundary [e.g., Yuen et al., 1978). This
is supported by the apparent maximum depths of interplate
earthquakes of about 60 km [e.g., Chinn and Isacks, 1983;
Kadinsky-Cade, 1985] and the lack of evidence of giant interplate
events that would involve seismogenic slippage along the nearly
horizontal parts of the interface zone. Thus the coupling between
the plates in terms of horizontal compressive stress may be
concentrated in the forearc interplate boundary.

Bird [1984] argues that Laramide deformations of the western
United States resulted from a shearing of the lower crust and
lithosphere by the eastward moving, horizontal Farallon plate
beneath western North America. The rotational shearing
transported lower crustal material eastward and thereby thickened
the foreland crust. The Pampean deformations are at an early
stage compared to the duration of the the Laramide orogeny, so
the effects of shearing of the lower Pampean crust would not yet
be so large as in the Laramide case. The topographic profile
shown in Figure 3 is still probably dominated by the effects of the
Miocene episode of steep subduction and associated crustal
shortening and thickening beneath the high cordilleras and
Precordillera and by the isostatic effects of the overriden Nazca
plate.

It is interesting that although foreland basement deformation of
the Peruvian segment is reported [e.g., Sudrez et al., 1983; Chinn
and Isacks, 1983], these deformations appear quite reduced in
extent and amount compared to the Pampean segment. This
contrast suggests that flat subduction does not necessarily produce
Laramidelike structures.

MODEL FOR THE BOLIVIAN OROCLINE

The terms "back arc” and "forearc” were originally introduced
to describe western Pacific island arcs. Karig and Moore [1975]
discuss the forearc as a deformable beam (in map view), and
Karig et al. [1978] argue that the Marianas forearc deformed
somewhat in accommodating the opening of the Marianas basin
(see also McCabe [1984], and Faure and Lalavée [1987].
Although the concept of a narrow forearc platelet is most obvious
when applied to western Pacific Island arcs with large amounts of
back arc extension, it can also be usefully applied to South
America. The Andean "forearc” is a long narrow plate located
between the interplate plate boundary and the zone of "back arc”

Isacxs: CENTRAL ANDEAN PLATEAU AND BOLIVIAN OROCLINE

deformation. In map view the boundaries of the forearc would be
the axis of the trench and the western topographic slope. A
movement of the forearc relative to the South American craton
must be taken up in an intervening zone of deformation. The
movement of the forearc could consist of a rotation of the forearc
as a whole combined with a change in its map view shape. It is
important to point out that because the forearc is very long and
narrow, a rather substantial change in shape could occur with
relatively little deformation in the forearc itself.

The spatial relationship between the present Andean forearc
shape and the geometry of the subducted Nazca plate can be taken
to suggest that the forearc did, in fact, change shape during the late
Cenozoic. The divergence south of 22°S between the strikes of
the subducted Nazca plate at depths greater than about 150 km and
the modern plate boundary suggests that the shape of the deeper
part of the subducted Nazca plate reflects an older plate boundary
configuration that is less indented than the present one. Figure la
shows that the plan view shape of the 150-km contour is distinctly
less embayed than the trace of the modern trench axis. The
implication is that the westward concavity of the forearc increased
during the subduction of the seismically visible part of the Nazca
plate, i.e., during the past 12 m.y. [Wortel, 1984; T. Cahill and B.
L. Isacks, unpublished manuscript, 1987].

Along-strike variations in the amount of shortening in the zone
of accommodation between the forearc and South American craton
could imply a change of shape of the forearc. Since the Puna-
Altiplano is located inland of the indentation of the Peru-Chile
coastline, it is reasonable to suppose that the plateau and the
indentation are related. In particular, the indentation could be
produced, or at least enhanced, if the along-strike variation in
shortening were a maximum in Bolivia adjacent to the indentation.
The fact that this is where the Andes reach maximum width
encourages this point of view.

Data to constrain the movement of the forearc relative to the
craton include estimates of the amounts of shortening across the
Andes at various latitudes and paleomagnetic determinations of
rotation of the forearc relative to stable South America. These two
lines of evidence are developed in the following section. Direct
structural evidence of deformations associated with bending of the
forearc is so far generally lacking, but, as mentioned above, these
deformations are likely to be small relative to those in the back arc
that absorb the relative motion between the forearc and South
American craton.

Along-Strike Variations of Cross-Sectional Area

Area measurements. The amount of shortening is not
accurately constrained in any single cross section through the
central Andes, although rough estimates are available for several
sections. I attempt to add to these estimates by considering the
cross-sectional area of the uplifted terrain as an effect of crustal
shortening and thickening. The digitized topography is easily
used for this purpose.

The cross-sectional area is measured for each of the 22 profiles
shown in Figure 5. The elevations are averaged within a moving
window 100 km wide (perpendicular to the cross section) by 10
km long, and the resulting curve integrated to give the total cross-
sectional area above a base level of 0.3 km. The base level is an
estimate of the elevation of the plains east of the the Andes that
are unaffected by the uplift. The areas so calculated are plotted
against the along-strike position of the profiles as measured by
distance along a line paralleling the trench axis but located 300 km
to the east of it. The distance of 300 km is measured from the
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Fig. 5. Map showing 22 cross sections along which the cross-sectional
area measurements plotted in Figure 6 are determined. The dashed line is
located 300 km from trench (measured along the section lines); the along-

strike distance plotted in Figure 6 is measured from south to north along
this line. The axis of the trench, areas with average elevations greater than
3 km, and drainage divides are taken from Figure 1. The map is extended
to 10°S to show locations of paleomagnetic data plotted in Figure 6,

although the digital topography and averaged elevations end at 12°S. The
letters identifying the sites of paleomagnetic studies are referenced in
Figure 6.

trench axis along each of the 22 section lines. This "strike” line
passes through the main uplifted area and is used only as a
convenient linear measure of along-strike distance within the
mountain belt. The 22 great circle projection lines define a rough
curvilinear coordinate system fixed to the curved shape of the
orogen, with a second set of approximately orthogonal lines
(parallel to strike) located at fixed distances along the section
lines.

The calculated cross-sectional areas are plotted for each section
in Figure 6. Comparison with Figure 5 shows that the area is a
maximum for section 16 across the wide part of the Bolivian
Altiplano and Eastern Cordillera. The maximum also coincides
with the bend in the coastline near the Peru-Chile border. This
result indicates a maximum of shortening where the forearc has
moved farthest back toward the craton, in agreement with the
hypothesis of oroclinal bending.

Model of shortening. 1 examine the orocline hypothesis with
the very simple model illustrated in Figure 7. The 12 m.y. time
interval shown in Figure 7 is chosen to include the primary phases
of compressional deformation and uplift. The actual timing is not
well constrained. Thermal uplift and weakening of the upper plate
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probably began earlier when widespread magmatism started about
25-30 Ma.

The trench axis, digitized from the 1:1,000,000 bathymetric
charts of Prince et al. [1980], is an easily definable and convenient
delineation of the shape of the forearc. Although a line in the
center of the forearc would be more accurate, I approximate the
deformation of the forearc by the deformation of a line delineating
its western border. A problem with this simplification is that
accretion of sediments during the time period considered would be
equivalent to a movement of the trench axis seaward relative to the
craton. However, this effect is not likely to be appreciable except
south of 33°S where large volumes of accreted sediment are
present [Schweller et al., 1981].

In developing the model the present geometry was taken
backward in time. The present trench axis was first rotated
eastward together with the South America plate according to
Chase [1978]. Then, to model the Andean shortening, the axis
was moved relative to the craton by a westward translation and
map view deformation to (1) produce a trend south of 20°S that is
more nearly parallel to the strike of the deeper parts of the Wadati-
Benioff Zone (which would have been subducting near the surface
then), and (2) produce shortening amounts that are in agreement
with the available constraints. These constraints, discussed in a
previous section, are chosen (with amounts added for shortening
not calculated in the referenced studies) as follows: 90 km at
latitude 31°S [Jordan and Allmendinger, 1986], 120 km near 22°S
[Allmendinger et al., 1983], 250 km near 18°S [Lyon-Caen et al.,
1985; Sheffels et al., 1986], and 100 km in the Peruvian segment
north of the Altiplano near 10°S [Mégard, 1984].

In Figure 7 the sequence described above is reversed to show a
forward evolution in time since 12 Ma. The oceanic plate is held
fixed relative to the WSW movement of the overriding South
American plate. The hypothesized trench axis 12 m.y. ago is
rigidly rotated with the South American plate and then translated
and deformed eastward to its present shape. The two motions of
the forearc are artificially separated in Figure 7 only to isolate the
motion of the forearc relative to the craton and not to imply a
sequential chronology.

The actual trajectories of the motions of points in the forearc
relative to the craton are not known; one possibility is that the
trajectories are more or less parallel to the direction of relative
motions between the Nazca and South American plates, as shown
in Figure 7. The motions can then be decomposed into two
components, one perpendicular and one parallel to the local strike
of the forearc. These motions are assumed to be taken up in the
deforming belt east of the forearc by shortening and vertical
thickening for the perpendicular component and by horizontal
rotational shearing for the parallel component. The model of
shortening shown by the shaded area in Figure 7a is calculated as
the distance between the deformed and undeformed trench axes
measured perpendicular to the local strike of the present trench
axis. This is of course only a very rough first approximation to the
heterogeneous, three-dimensional finite strain field within the
upper plate.

The along-strike "location” of a calculation of shortening is
pinned to the locations of the 22 sections shown in Figure 5 in the
following way. The model shortening is measured at the
intersections of the 22 section lines with the present trench axis.
These positions are then projected along the section lines to the
line located 300 km east of the trench axis, the "strike" line
through the main mountain belt shown in Figure 5, to determine
the appropriate along-strike distance corresponding to the
calculated shortening. The values of shortening obtained in this
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Fig. 6. The solid circles in the lower section show cross-sectional area measured along the numbered sections in Figure 5. The
preferred shortening model 1 is shown together with another model 2. Model 2 has a maximum shortening of 425 km instead of
250 km. The combined shortening and thermal effect is shown only for the preferred model, and only model 1 is illustrated in
Figure 7. The shortening values used in the models are given on the right-hand vertical axis. The upper panel plots
palecomagnetically determined rotations of the forearc at the sites labeled by lowercase letters in Figure 5. In both panels the
horizontal axis is distance measured along the dashed "strike” line in Figure 5. The paleomagnetic data include a, Beck ef al.
[1986]; b, Palmer et al. [1980a] and Kono et al. [1985]; c, Turner et al. [1984]; d, Kono et al. [1985]; e, Heki et al. [1985]; f, Heki
et al. [1983] and Palmer et al. [1980b]; g, Kono et al. [1985]; h, Heki et al. [1985]; and i, May and Butler [1985]. The rotations
corresponding to the two shortening models are shown by solid (model 1) and dashed lines (model 2) as indicated.

way are shown for model 1 on the right-hand ordinate of Figure 6.

Cross-sectional area calculated from shortening model.
Shortening produces uplift by the isostatic effect of a thickened
crust. Assuming preservation of two-dimensional cross-sectional
area, then the sum of the cross-sectional area of elevated terrain
and the depressed crustal root will equal the product of the original
crustal thickness times the amount of shortening. An estimate of
the elevation resulting from thermal expansion can be calculated
for a given amount of lithospheric thinning and added to the
effects of shortening. Magmatic additions are not included in this
model. I also neglect the loss of material by erosion. In fact, for
much of the central and southern parts of the plateau the erosional
loss of material is probably quite minimal owing to the large areas
of internal drainage and the aridity of the climate. The effects of
extrusive additions and erosional losses can be considered as
perturbations superimposed on the effects of shortening and
heating.

The shortening model depicted in Figure 7 can be used to
calculate the cross-sectional area of elevated material if the initial
crustal thickness and crustal and mantle densities are assumed. 1

use a simple Airy isostatic model with local compensation.
Elevated material with density p, is compensated by a root with
density p, and a mantle with density p_ .. The initial crustal
thickness is Hg, with an initial elevation h,. After shortening, the
sum of the additional elevation, h — hy, and the added root r are
integrated over the width affected by the shortening to give the
added cross-sectional area of crust, A_. If cross-sectional area is
conserved,

A,=SH,
where § is the amount of shortening. The measured cross-

sectional area of material elevated above the base level h,is A..
With simple Airy isostasy we have

N AT W
A'_Ac(lﬂx)_ H°(1+a)

where




ISACKS: CENTRAL ANDEAN PLATEAU AND BOLIVIAN OROCLINE

Fig. 7. Hypothesized evolution of (a) subducted plate and (b) upper plate
since 12 Ma. The Nazca plate is held fixed with respect to the present map
coordinate system while the South American plate and forearc are rotated.
Figure 7a shows depths to the subducted plate in km for the present and for
12 Ma. For the same times, Figure 7b shows the hypothesized weakened
zones (darkest shading) in the upper plate and the bending of the forearc.
In Figure 7a the thick lines show the trench axis at 12 Ma, a rigid rotation
of that axis for the 12 m.y. interval, and the present deformed axis. The
shaded area between the last two positions of the trench axis represents the
loss of surface area of the upper plate by the convergence of the foreland
towards cratonic South America and is the basis for the preferred
shortening model 1 shown in Figure 6. In Figure 7b the trench axis
coincides with the westemn boundary of the foreland at 12 m.y. and at
present, while the thick line is the 12-m.y. rigid rotation of the trench axis
(before bending of the forearc) as also shown in Figure 7a. The trajectories
of forearc movement toward the South American craton are abitrarily taken
parallel to the directions of convergence of the two large plates. The
lighter shading on the left side (present time) of Figure 7b shows areas of
the upper plate weakened by passing over the asthenospheric wedge as the
plate overrides the Nazca plate in the flat slab segments.
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The cross-sectional areas determined from the shortening
model can then be compared to the measured areas as in Figure 6
with assumed values for o and Hy. Wollard [1966] estimated an o
of 1/7.5 based on empirical relationships between elevation and
crustal thickness. For the crude model under consideration, we
will use this value and assume an initial crustal thickness of 40
km. The values of shortening, S, are taken from the model shown
in Figure 8A (the values are indicated on the right hand ordinate of
Figure 7).

The resulting calculated curve mimics the main latitudinal
variation of measured cross-sectional area, except that near 27°S
the measured area ramps up to larger values. This occurs at the
southern end of the Puna plateau. These higher values can be
accounted for by a thermal effect, as discussed below. Another
model with the shortening values increased in the Bolivian region
relative to the flanks is also shown in Figure 6 (labeled model 2).
The maximum shortening for this model is about 425 km. This is
near the upper limit of the estimates of shortening discussed by
Lyon-Caen et al. [1985]. This curve is everywhere above the
measured shortening values, even without any thermal effects
added. Model 1 seems to give a better fit, especially if thermal
effects are added.

Thermal effect. 1 hypothesize that the excess elevation north of
latitude 27°S for model 1 is mainly an effect of thermal expansion
or lithospheric thinning. The thermal uplift for a 70-km thinning
of the lithosphere is shown in Figure 6. This would comrespond,
for example, to a change of lithospheric thickness from 140 km,
an arguable value for a stable continental lithosphere [Sclater et
al., 1981], to 70 km. A simple linear approximation to a
lithospheric conduction gradient is assumed [Turcotte and
McAdoo, 1979] with a coefficient of thermal expansion equal to 3
x 1075 cgs units.

An effective width of 400 km is then used to obtain the cross-
sectional area that is produced by thinning of the lithosphere in the
region of the Altiplano-Puna. The effective width is estimated on
the basis of the hypsometric curve of Figure 2. This curve can be
viewed as a kind of averaged, one-dimensional cross section. The
abscissa is area of land above the altitude shown on the ordinate.
If the plateau is simplified into a stack of rectangular prisms, the
area shown is the product of the length of the plateau times a
width within which elevations everwhere exceed the particular
elevation. The length of the Puna-Altiplano region between about
13°S and 27°S, measured along strike, is about 2000 km. With
this length fixed, the abscissa axis can then be labeled in terms of
the width variable as shown along the upper part of Figure 2. The
hypsometric curve shows that the averaged "side" of the plateau
has a nearly linear slope between elevations of the plateau “"edge”
of 3.65 km and an elevation of about 1.3 km and an upward
concave profile at lower elevations. I assume that the effective
width is determined by a point halfway down along the linear part
of the slope. The width of the platean from this analysis is about
400 k.

The agreement of the estimated thermal effect and the
magnitude of the discrepancy between observed area and area
calculated from the shortening is quite good. Note that the along-
strike extent of the thermal effect is simply fixed to produce the
added area at 27°S. The interpretion of the 27°S jump in area is
that north of this latitude the overriding and subducted plates are
decoupled with enough intervening asthenosphere to permit
thermal isostasy to operate, while to the south the nearly
horizontal Nazca plate is coupled or "stuck” to the overriding plate
and effectively holds it down. This transition in plate coupling is
superimposed on a northwardly increasing amount of shortening
to produce the observed northward increase in cross-sectional
area.
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The Quaternary magmatic arc ends near 28°S, just south of the
southern end of the broad platesu, but there is no evidence of an
abrupt change of dip of the subducted plate as found at the
northern end of the plateau near 15°S. However, as suggested in a
Pprevious section, the curvature of the subducted plate just downdip
of the plate boundary changes from convex to concave upwards
near 27°S, and this change could be related to both the southward
termination of magmatism and the isostatic coupling between the
plates.

Effects of denudation. The erosional systems vary quite
substantially around the edges of the Altiplano-Puna plateau. The
western side is extremely arid with practically no streams reaching
the Pacific between 18° and 26° [Mortimer, 1981]. In addition,
the volcanism on the western edge of the plateau adds volume and
acts against headward erosion by damming the plateau drainage.
Aside from transfer of material down the giant alluvial drape
along the western plateau slope, little volume has probably been
removed from the westem side of the plateau south of 18°S during
the late Cenozoic phase of uplift. Headward erosion of Pacific
drainage into the plateau has developed in the region north of 18°S
as manifested by the spectacular series of transverse canyons in
southern Peru. The still very youthful character of that
physiography, however, suggests that the mass lost is small, that
is, only that needed to fill the widely spaced canyons.

The eastern slopes are characterized by two regimes also
separated approximately by the latitude 18°S, the Amazon River
drainage to the north, and the semiarid Parand River drainage to
the south. Sections 18 and 19 cross into the Amazon system and
show the largest deficiency in cross-sectional area with respect to
the shortening model (Figure 6). 1 propose that this anomaly is, in
fact, partly due to material removed by unusually high erosion
rates in this region. Sections 18 and 19 cross into the drainage
basin of the Beni River, a tributary of the Amazon River. Besides
the vigorous erosion under modern conditions, significant
glaciation of the Cordillera Real, the high massif forming the
eastern edge of the Altiplano in the region crossed by sections 18
and 19, probably augmented the erosive efficiency of this
drainage basin during the Pleistocene. The mountainous upper
reaches of the Beni basin forms a deeply eroded segment of the
eastern slope of the plateau, as is obvious from inspection of Plate
1. The physiography clearly suggests a large erosive cut into the
side of the plateau. Filling this cut to the present level of the
platean would account for about half the discrepancy for sections
18 and 19.

In contrast, the drainage systems farther south are far less
vigorous. In fact, the eastern drainage south of about 19°S
actually carries little material to the Parané River, since the rivers
flowing out of the eastern Andes dry up within 100 km from the
mountain front. This is associated with the increasing aridity
south of 18°S and the decreasing amount of Pleistocene glaciation
even at high elevations. The Andes between about latitudes 18°S
and 33°S appear to be in a climatic belt [e.g., Clapperton, 1983]
that is much less affected by the powerfully erosive alpine
glaciations of the Quaternary that so profoundly affected the
landscape of other segments of the mountain system.

The drainage system of the eastern slope of the plateau south of
18°S is incising the folded and faulted structures of the Bolivian
Eastern Cordillera and sub-Andean thrust belts, but remnants of
the high plateau surface are apparent in the topography and on
Landsat imagery. For example, the Potos{ intrusion, now exposed
at elevations of 3 km (near 19.6°S, 65.7°W) is estimated to have
been emplaced close to the late Miocene land surface with little
material subsequently lost from above the intrusion [Francis et al.,
1983]. This contrasts with the Zongo intrusion located farther
north in the upper reaches of the Beni River basin, where fission
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track studies suggest removal of possibly more than 10 km of
overburden during the past 10-15 m.y. [Crough, 1983; Benjamin
et al., 1987]. The loss of volume on the eastern slope south of
18°S may therefore be only the material missing from the youthful
valleys and deposited in the foreland basin close to the eastern
margin of the mountain front. The material in the foreland basins
above elevations of 0.3 km is included in the cross-sectional area
measurements. Thus it is reasonable to argue that significant
effects of erosional removal of material are seen only in sections
18 and 19.

Why, then, do the deficiencies in cross-sectional area not
extend to sections 20-22 as well, where the erosional vigor of the
Amazonian drainage should perhaps be even greater than in
sections 18 and 19?7 One problem is that the essentially two
dimensional approach of the shortening models becomes
increasingly inaccurate in the complex recurved northern end of
the plateau. The sections taken there are somewhat oblique to the
plateau and thus overestimate the cross-sectional area by an
amount that accounts for about half of the discrepency between
the observed and calculated areas.

Another possible effect is the erodability of the material. The
batholiths of the eastern Andes of Bolivia and southern Peru
become both more extensive and older from south to north [Grant
et al., 1979; Dalmayrac et al., 1980]. In the Beni River basin the
Triassic and late Oligocene—early Miocene plutonic bodies of the
Cordillera Real form very high but areally small massifs within
the surrounding weakly metamorphosed Paleozoic sedimentary
rocks [e.g., McBride et al., 1983). The Beni River system has thus
cut deeply into the less resistant rocks and has removed
considerable material from the plateau. Farther north, the
northeastern margin of the plateau is formed by areally extensive
late Paleozoic and Mesozoic batholiths and associated strongly
metamorphosed sedimentary rocks. These rocks may be have low
rates of erosion compared to those farther south in the areas east of
La Paz and thus, with their greater areal extent, may constitute a
more effective bastion against the headward migration of the
Amazonian drainage.

The relatively small anomaly near section 13 is associated with
the Atacama basin, the steplike feature of the westem side of the
plateau discussed in a previous section. This anomaly does not
appear to be explainable as an effect of denudation.

Paleomagnetic Data

Several investigators, notably Kono et al. [1985], argue that
paleomagnetic data for the Chilean and Peruvian forearc support
the hypothesis of oroclinal bending. Beck et al. [1986] point out
possibly severe problems with the dating of remnant
magnetizations and with the determinations of paleopole positions
for cratonic South America (see also Valencio et al. [1983]) but
nevertheless also show that the published data do seem to indicate
a counterclockwise rotation of the coastal areas of Peru and
northernmost Chile which contrasts with a clockwise rotation of
the forearc farther south. This result is seen in the summary of
selected forearc paleomagnetic data plotted in Figure 6.

Also shown in Figure 6 are simple geometric calculations of
the rotations that occur in the models of deformation of the forearc
relative to the craton. Again, the change in shape of the forearc is
modeled by the change in shape of the trench axis. Both the
model calculations and the selected paleomagnetic data are plotted
with respect to along-strike positions determined by the 22
sections (Figure 5) as discussed in the previous section. The plot
is extended northward to cover central Peruvian paleomagnetic
determinations. The rotations calculated from the shortening
model are done in a very crude fashion: the net rotations near
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sections 4-12 and 20-21 are first determined, and the intervening
curve is then roughed in with the assumed constraint that the
change from clockwise to counterclockwise rotation occurs near
sections 16-17 where the shortening reaches a maximum. More
numerous and better constrained paleomagnetic data would justify
a more sophisticated model of forearc bending and its associated
rotations. At this stage, however, the fit of the data certainly
encourages consideration of the oroclinal hypothesis. The
magnitudes of rotation for model 1 tend to be too small, while
model 2 provides a somewhat better fit. However, all of the
paleomagnetic determinations shown are for Mesozoic
magnetizations and thus integrate the deformation over the entire
Cenozoic. Hence model 2 may be a better model for the entire
Cenzoic, while model 1 is preferred for the Neogene.

In contrast, a complete straightening out of the Peru-Chile
forearc, an effect discussed by Kono et al. [1985], requires
rotations that are much larger than the well-determined rotations
shown in Figure 6. This implies that the embayment of western
South America was an inherited feature that was enhanced but not
caused by Cenozoic shortening. I make use of this implication in
discussing the late Cenozoic evolution of subducted plate
geometry in the next section.

The blocklike clockwise rotation of Peru suggested by the
paleomagnetic data as far north as 5°S [Heki et al., 1983; May
and Butler, 1985] implies a steadily decreasing amount of
shortening toward the northwest within the Peruvian orogen. In
agreement with this, results of a preliminary examination of the
topographic maps of Peru north of 12°S show a clearly decreasing
cross-sectional area toward the north. High altitudes still occur as
sharp peaks in the glaciated cordilleras, but the total cross-
sectional area decreases.

An apparent problem with the oroclinal hypothesis is the fact
that the counterclockwise rotations characteristic of the Peruvian
"block” are also found in the region just south of the Chile-Peru
border (near 18°S) and therefore south of the presumed kink or
hinge in the modern coastline where the rotations would reverse
sign. However, the sharpness of the "kink" in the coastline near
the Chile-Peru border is not a feature of the regional-scale
morphology. The topographic image shows clearly that the
coastline is not an accurate delineation of the more smoothly
curved trend of the trench-mountain system but reflects a second-
order structure on the topographic "bench" between the inner
trench slope and the main western slope of the Andes. Thus in
this region the shape of the coastline is an inaccurate indicator of
the shape of the forearc. The model shown in Figure 7a for
forearc bending has maximum curvature in the region of the Peru-
Chile border, but the exact location of the change from
counterclockwise rotation to clockwise rotation depends upon the
detailed trajectories of material in the deforming forearc. The sites
in northemmost Chile, in fact, appear to be slightly on the
northern side of the maximum of inferred shortening, in agreement
with the oroclinal hypothesis.

Relationship to a Changing Nazca Plate Geometry

Why should shortening vary along-strike? The following
scenario is proposed with very tentative timing. During the period
25-12 Ma the map view outline of the leading edge of the
overriding plate had a less pronounced (but still distinctly
seawardly directed) concave curvature than now exists along
western South America. During that period the subducted plate
dipped at an angle of 20°-30° beneath the central part of the
embayment but steepened to dips of 40°—60° in the adjacent
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Peruvian and Pampean flanks. This geometry is schematically
indicated in Figure 7a. A somewhat similar geometry can now be
observed in the Izu-Bonin/North Honshu/Kurile system of the
northwest Pacific. The Pacific plate dips gently (30°) beneath the
North Honshu segment but steepens considerably in both the
flanking segments, the Izu-Bonin and Kurile arcs. The overall
form is that of a plunging anticline, a shape that can be
topologically compatible with the concave shape of the trench axis
in terms of deformations of an inextensible lithospheric shell
[Yamaoka and Fukao, 1986, 1987].

In the central, shallow-dipping section the asthenospheric
wedge was widest and consequently thinned and weakened the
broadest swath of the upper plate, while a narrower magmatic and
thermal system operated along the flanking regions where the
subducted plate had steeper dips (see Figure 7b). At some time
after the weakening began, the variable-width swath began to fail
under the compressive stress system transmitted across the
convergent boundary. A greater amount of shortening occurred in
the central segment because the weakened area there was the
widest. The assumption is that for a relatively constant
lithospheric stress, shortening will proceed until a limiting
elevation is reached [e.g., Dalmayrac and Molnar, 1981; Sudrez et
al., 1983; Froidevaux and Isacks, 1984]; thus the amount of
shortening will depend upon the width of the weakened swath.

The flanking segments of forearc consequently tended to
override the oceanic plate relative to the central segment and
thereby helped flatten the subducted slabs. However, the amount
of movement of the flanking segments relative to the central
segment is not enough to explain the flattening. An appeal must
be made to other unconstrained factors, Possibilities include
effects of subducted topography [e.g., Kelleher and McCann;
1976; Pilger, 1981; Nur and Ben-Avraham, 1981], subducted plate
age [e.g., Molnar and Atwater, 1978; Wortel, 1984], relative and
absolute plate velocities [e.g., Luyendyk, 1970; Cross and Pilger,
1982] and mantle flow [e.g., Hager and O'Connell, 1978; Tovish
etal., 1978].

The transition near 17°S in subducted slab dip is associated
with the inflection of map view curvature of the trench axis and
western slope. The sharpness of that inflection may have been
enhanced by late Cenozoic crustal shortening, as suggested by the
model of Figure 7. Thus the localization of the transverse flexure
in the subducted plate may be partly a result of the late Cenozoic
change in the outline of the leading edge of the overriding plate.

Quaternary Deformation of the Plateau

Evidence that extensional structures developed on the
Altiplano-Puna plateau during the Quaternary can be related to the
topographic effects of uplift as argued, for example, by
Froidevaux and Isacks [1984]; (see also Dalmayrac and Molnar
[1981], but the extensional structures have so far been reported
only for the northern and southern parts of the plateau. According
to the model of deformation shown in Figure 7, and assuming
forearc trajectories relative to the foreland that are approximately
parallel to the directions of motion between the foreland and the
Nazca plate, shortening in the region of the northem Altiplano is
oblique to the deformational zone with & significant component of
lefi-lateral shearing along the strike of the orogen. This is
consistent with the predominantly north-south direction of
extension described by Sébrier et al. [1985] in the northem
Altiplano. It is intriguing that the topographic image of Plate 1
shows rather marked linear features along the northwestern side of
the Altiplano with northwest strike. Large yet unrecognized
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strike-slip faults may exist in this region. The shortening in the
southern part of the platean is also oblique but with a right-lateral
sense of shear parallel to strike. This is also consistent with the
orientations of the young extensional and strike-slip deformations
along the southeastern margin of the plateau reported by
Allmendinger [1986).

The northern and southern "ends” of the plateau are, however,
likely to be difficult to model, and field studies there are likely to
reveal complex patterns of deformation [e.g., Allmendinger,
1986]. In those two regions the three-dimensional aspects of the
deformation are important, preexisting structures control the
details of the deformations [e.g., Marocco, 1978; Allmendinger et
al., 1983], and along-strike changes in thermal uplift are probably
associated with the flattening of the subducted plates. Thus, for
example, in the region of the southeast margin of the Argentine
Puna, a northwardly increasing amount of shortening is
accommodated by a northwardly changing style of deformation (in
transition between the Laramide-style thick-skinned deformations
of the Pampean segment and the Bolivian fold-thrust belt), and
this is all overprinted by a thermal uplift that may now control the
location of the southeastern plateau margin.

CONCLUSIONS

In this paper I have argued that the late Cenozoic uplift of the
Andes is a result of thermal thinning of the lithosphere and crustal
thickening produced by crustal shortening. Although the model
depends upon assumptions about crustal densities and initial
conditions, crustal shortening of the order of 100 km is now well
established and must certainly be an important component in any
model of the central Andes. It would also be hard to argue against
a thermal component in the uplift of a plateau that is so
extensively covered by volcanics as the Altiplano-Puna. The
model can account for the topography without inclusion of
magmatic addition to crustal volume.

At the other extreme, a primarily magmatic model for the
uplift would require an unusually large rate of extraction of crustal
density magmas from the mantle wedge and would imply
physiographic characteristics that are not observed. The volcanic
material forms a thin cover on a relatively uniformly elevated
"tabletop.” Although very youthful normal faulting is developed
in the northern and southern parts of the plateau, the net
deformation is small compared to the much larger late Cenozoic
compressional deformations of the crust. There is no evidence for
major crustal scale rifts that might result if large amounts of
material were injected into the crust as dikes. The physiographic
characteristics of the plateau thus indicate that substantial
magmatic contributions would have to be in the form of sill-like
intrusions or horizontally distributed underplatings of material
rather than large vertical dikelike intrusions. The uniform plateau
elevation would indicate a rather even distribution of material
throughout the large area of the plateau. There is no evidence of
topographic bulges that might be expected above large intrusive or
underplated volumes concentrated beneath the main volcanic areas
along the western side of the plateau.

Instead, the physiography and structure of the Altiplano-Puna
reveal a plateaulike uplift bounded on one side by a major thrust
belt and on the other by a monoclinal flexure. The topography is a
direct expression of the tectonics over much of the plateau because
of the low rates of erosion in an arid climate. Thus, in contrast, for
example, to the Central Range of Taiwan [Suppe, 1981], elevation
of the central Andes may be controlled ultimately by lithospheric
stresses rather than by denudation.
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The model depicts an evolutionary, three-dimensional process
rather than steady state, two-dimensional one. Changes in map
view shape of the upper plate affect the dip of the slab and vice
versa. The three-dimensional aspects of the model presented in
this paper imply a very intricate, tightly coupled, and two-way
relationship between the configuration of the subducted plate and
the plan view outline of the forearc. The following sequence is
proposed for the late Cenozoic evolution of the central Andes. An
initial seaward concavity in the map view shape of the overriding
plate led to an along-strike variation in the dip of the subducted
plate, which, by affecting convective processes in the
asthenospheric wedge, produced an along-strike variation in width
of a thermally weakened zone in the upper plate. The
compressional failure of the weakened zone then occurred with an
along-strike variation in the amount of shortening and a
consequent change in the shape of the leading edge of the
overriding plate. The change in shape enhanced, but did not
produce, the bending of the Bolivian orocline. The change in
shape also involved the Peruvian and Pampean segments moving
seaward relative to the central segment, an effect that only
partially accounts for the flattening of the subducted plates in the
two segments. Effects of subducted plate buoyancy and mantle
flow probably also are important.

The model depicted in Figure 7 implies that the changes in dip
from relatively steep to nearly flat occur in two regions near 17°S
and 23°-27°S. These regions include the anomalous structures
and physiographies of the "Abancay Deflection” [Marocco, 1978]
and the Atacama Basin-Southern Puna, respectively. The location
of these regions above along-strike "hinges" in the subducted plate
geometry may help to understand the tectonic evolution of these
complex regions.

As perhaps the prime example of noncollisional, subduction-
related mountain building, the late Cenozoic Andes offer a modern
example of processes that may have played a role in the history of
more complex mountain belts, such as western North American
cordilleras or the Himalayas. The idea that the essential element
of cordilleran mountain building in the Andes is compressional
failure of a weakened swath of the overriding continental plate,
weakened by thermal and magmatic processes operating in the
asthenospheric wedge between the plates, is reminsicent of
discussions of the Late Creteceous—early Tertiary Laramide-Sevier
deformations in the western United States by Sales [1968], Coney
[1972], Burchfiel and Davis [1975], and Armstrong [1982].

A key feature in explaining the unusual width of the central
Andes deformational belt is the low angle of subduction in the
central more steeply dipping segment. I hypothesize a 20° dip
during the Miocene, while the present dip is about 30°. Two
factors may also favor low-angle subduction in addition to the
concavity in the shape of the overriding plate. As the East Pacific
Rise approaches the subduction zone, (1) the age of the subducted
plate decreases and its buoyancy may therefore increase, and (2)
the mantle flow beneath the subducted plate may have an
increasingly large eastward component. These last two factors
would also help explain the postulated low-angle subduction
beneath late Mesozoic—early Tertiary western North America.
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