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ABSTRACT

Seismological and geological data show that tectonic segmen-
tation of the Andes coincides with segmentation of the subducted
Nazca plate, which has nearly horizonta) segments and 30° east-
dipping scgments. Andean tectonics above a flgt-subducting seg-
ment between 28°S to 33°S are characterized by (from west to east):
(1) a steady topographic rise from the coast to the crest of the
Andes; (2) no significant Quaternary, and possibly Neogene, mag-
matism; (3) a narrow belt of eastward-migrating, apparently thin-
skinned, Neogene to Quaternary shortening of the Andes; and (4)
Plio-Pleistocene uplift of the crystalline basement on reverse faults
in the Pampeanas Ranges. From about 15°S to 24°S, over a 30°-
dipping subducted plate, a west to east Andes cross section
includes: (1) a longitudinal valiey east of coastal mountains; (2) an
active Neogene and Holocene andesitic volcanic axis; (3) the
Altiplano-Puna high plateau; (4) a high Neogene but inactive thrust
belt (Eastern Cordillera); and (5) an active eastward-migrating
Subandean thin-skinned thrust belt. Tectonics above a steeply sub-
ducting segment south of 33°S are similar west of the volcanic axis,
but quite different to the east. ‘

Early Cenozoic tectonics of western North America were quite
similar to the Neogene Andes. However. duration of segmemation
was longer and the width of deformation was greater in the western
United States.

Patterns of crustal seismicity are systematically related to Plio-
Quaternary structural provinces, implying that current deforma-
tional processes have persisted since at least the Pliocene.
Horizontal compression parallel to the piate convergence direction
is indicated to a distance of 800 km from the trench. Above flat-
subducting segments, crustal seismicity occurs over a broad region.
whereas over stecp segments, it is confined to the narrow thrust
belt. Strain patterns in the forearc region are complex and perhaps
extensional, and a broad region of the Altiplano-Puna and Eastern
Cordillera appears to be aseismic.

INTRODUCTION

N . . -
The Andes mountain system is commonly used as an illustra-
Uion of a “simplc™ orogen formed by subduction of an oceanic plate
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beneath a continental margin (Dewey and Bird, 1970; James, 197],.
Over much of its Jength, the Andes consist of a magmatic arc,
flanked on the west by a trench and on the east by a foreland thrust
belt and basin (Fig. 1). These characteristics of an “Andean-type
margin” are recognized in the geological record of various conver-
gent margins.

The Neogene Andes afford the outstanding opportunity to
understand the coupling of subduction and continental orogenesis.
They are primarily a noncollisional mountain beh formed along a
long-lived, currently active subduction system. The Andes are an
important exploration model for the generation of economic
resources, both metals and hydrocarbons, in relation to plate inter-
actions and paleogeographic controls.

Although the Andes are morphologically continuous along
strike for more than 4,000 km (frem about 5°S 10 45°S). distinct
broad-scale tectonic segments can be identified (Figs. | and 2).
These tectonic segments are located 2bove segments of similar scale
in the subducted Nazca plate, defined by major along-strike varia-
tions in the dip of the Benioff zone. The coincidence of lateral
variations in the geometry of the descending Nazca plate and in
Andean physiography and geology is remarkable. In addition, the
eastern limit of Benioff zone seismicity coincides with the eastern
deformation limit of the overriding South American plate.

There must be two significant controls on lateral tectonic seg-
mentation: modern plate interactions and pre-existing inhomoge-
neities in the South American plate. The western margin of the
South American continent was intensely deformed during the
Paleozoic and early Mesozoic, prior to the Andean Orogeny
(Jurassic-Holocene). Apparent coincidences of ancient erustal
boundaries with Neogene tectonic boundaries raise the possibility
that features in the descending plate interact with pre-existing struc-
ture of the upper plate. in combination producing the segmentation
of Andean tectonics and of subducted plate geometry.

The role of Nazca plate segmentation as a control on upper-
plate segmentation is perhaps best studied between 18°S to 40°S
(Fig. 2), in Chile, Argentina, and Bolivia. where the Andes are
straight, and convergence directions of the Nazca and South
American plates are at a high angle to the plate margin (Chase,
1978: Minster and Jordan, 1978). and an arid climate produces
good exposure. Farther north, segment transitions in southern Peru
and Ecuador coincide with major changes in the trend of the Andes
and the continental margin, adding possible complications result-
ing from the shape of the plate margin. This paper will briefly sum-
marize the seismological data and part of the extensive literature
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. Figure 1. Map of western South Amer-
—10°* S jca and the eastern Pacific ocean floor,

showing distribution of large crustal earth-
quakes, Holocene volcanoes (Simkin and
others, 1981), and geologic provinces, rela-
tive to the geometry of the subducted Nazea
plate (150-km contour en top of Benioff
sone shown). Earthquakes shown have
magnitudes grester than 5% (Gutenberg
and Richter, 1954; Rothe, 1969; the Seis-
<420 mological Notes, or the Bulletins of the
| Seismological Society of America); those
shown with black ecircles are included in
equal-ares projections st right (lower hemi-
sphere of common focal sphere) of P, T,
snd B axes of focal mechanism solutions
1 "(Chinn, 1982). Geologic province boundar-
jes are shown by dashed line (eastern limit
of recognized Neogene deformation), dash-
dotted line (boundary between foreland and
kinterland, ss defined in text), and light

{mostly in Spanish, German, and French) on Neogene magmatic,
-stratigraphic, and structural history between .18°S and 40°S. Sim-
ilarities between the modern Andes and the early Cenozoic western
North America are also treated.
-In addition to tectonic segmentation along boundaries that
€ross strike (that is, lateral segmentation). the subject of this paper,
the Andes have tectonically distinct belts paralleling strike. We
apply terminology developed in other mountain belts to these tec-
tonic subdivisions (Figs. 1. 3. and 4): (1) The “forearc region.,”
-Jocated berween the Peru-Chile Trench and the continental drain-
age divide, includes the Coastal Ranges and Longitudinal Valleys of
Chile and Peru. (2) The “magmatic arc.” or “main cordillera,” is the
2one of active volcanoes and or the main continental drainage
divide in the Western (Peru and Bolivia) or Principal and Frontal
{Argentina and Chile) Cordilieras. (3) The “hinterland™ lies between
the magmatic arc and the forcland region. It includes the Altiplano

—430°  solid line (drainage divide along the Andean
crest that also encloses the Altiplano (AL).
Puna (P), and Atacama basin (AT)). The
trench is mapped by.&e 6,000-m isobath.
- JUAN FERNANDEZ .
RIDGE 150 KM
s P-oxis {pressure)
< 8la "
= s 4 —40°
| 1 .‘, 1 1
80° W 70° 60°

of Bolivia and Puna of Argentina, and the Eastern Cordilleras of
Peru, Bolivia, and Argentina. The term is ambiguous in the flai-
subducting segments but includes parts of the Principal and Frontal
Cordillera of Argentina. (4) The “foreland™ is the region of young-
est deformation in the Andes, bounded 1o the east by the unde-
formed craton. The Pampeanas Ranges and Bolivian Subandean
belt represent end-member structural components of the foreland.
which also includes the Argentine Precordillera and Peruvian Sub-
andean zone. Together, the foreland and hinterland comprise the
back-arc or retroarc province of the Andes.

SEGMENTATION OF THE SUBDUCTED NAZCA PLATE

The descending Nazca plate south of Ecuador is divided into
four major segments as inferred from the spatial distribution of
intermediate-depth carthquakes (Stauder, 1973, 1975; Barazangi
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Figure 2. Map of South America, showing locations of sub-
horizonta! segments of subducted Nazca plate (“flat-slab regions™)
relative to political boundaries. E, Ecaador; L, Lima; LP, La Paz;
T, Tucuman; S, Santiago; BA. Buenos Aires.

and lIsacks. 1976, 1979; Isacks and Barazangi, 1977). From about
2°Sto 15°S and 27°S to 33°S, the Benioff zone dips only about 5°
to 10° east, whereas from 15°S 10 24°S and south of 33°S, the zone
is inclined about -30° cast (Figs. 1 and 2). The relatively abrupt
transition between steep and flat parts of the subducting plate near
15°S was interpreted as a tear between the two segments by Bara-
zangi and Isacks (1979), but Hascgawa and Sacks (1981) found
evidence that it is instead a very sharp contortion of the plate. The
geometry of the transition near 33°S is not as well known.

At the north end of the Chile-Argentina flat-subducted slab,
there is a gap along strike (between 24°S-27°S) in the distribution
of intermediate-depth (125-300 km) carthquakes (indicated by the
break along strike of the 150-km contour of hypocentral depth in
Figs. 1 and 4b). The mantle in this arca appears to be virtually
ascismic, based on a careful search for well-located events for the
period 1950-1979. Continuity of forearc features and magmatic-arc
features suggests that the major change from steep to flat subduc-
tion occurs ncar 27°S. Above the aseismic region, there is an area of
Complex transitional tectonics in the upper plate (see below).

The down-dip lengths of the two nearly flat segments of the
subducted plate are similar, about 750 km measured from the axis
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of the trench to a depth of about 160 km (Fig 3). The intervening
more steeply dipping segment is slightly shorier, about 650 to
700 km to a depth of about 300 km. With a convergence rate near
10 cm, yr (Minster and others. 1974). these three segments would
have been subducted since the late Miocene. Deep earthquakes
bencath western Brazil and Bolivia may be within a picce of
lithosphere detached from the shaliower segments. These events. as
well as the decp earthquakes beneath Argentina, are probably
within lithosphere that left the surface in the middle Miocene (Wor-
tel and Viaar, 1978).

The scgment south of 33°S is significantly shorter, bess than
500 km mecasured downdip from the trench axis to 160-km depth.
The length east of the magmatic axis is even shorter relative 10 the
other three segments, since the forearc region of the southern seg-
ment is 100 to 200 km broader than the forearc segments to the
north (Fig. 2). Vlaar and Wortel (1976) and Wortel and Viaar
(1978) attributed the decrease in slab length to a decrease in sub-
ducted plate age (and hence decreased resorption time) toward the
south, approaching the Chile Rise. South of 42°S, the Benioff zone
becomes even shorter, as the age of the plate decreases southward
across the Medana fracture zone (Viaar and Wortel, 1976). How-
ever, intersections between discontinuities in subducted plate age
(fracture zones) and the trench do not coincide with the segment
boundaries mear 27°S and 33°S. Rather. the abrupt change in
downdip length near 33°S may indicate that resorption is depen-
dent upon the depth reached (and thus on the angle of subduction)
as well as upon the time involved.

Of several coincidences between Nazca plate features and sub-
ducted plate segmentation. the most striking is the alignment of the
cast-trending Juan Fernandez ridge and the segment boundary near
33°S (Fig. 1). In contrast, Nazca plate fracture zones are oblique to
the plate margin. The Nazca Ridge intersects the subduction zone
significantly north of the transition between the Peru flat-slab and
the more steeply dipping siab to the south, and its subducted exten-
sion trends northeast beneath Peru (Pilger, 1981). On the other
hand, the flexure or tear in the plate beneath southern Peru coin-
cides closely with the inflection in the large-scale shape of the trench
axis (in map view) from a westward-convex curvature in the north
to eastward-convex curvature in the south. This major change in
curvature may strongly influence the geometry of the descending
plate (Rodriguez and others, 1976). Small-scale segmentation of the
subducted Nazca plate has been proposed (Rodriquez and others,
1976: Swift and Carr, 1975). but in our opinion it is beyond the
resolution achicvable with presently available earthquake locations.

SEGMENTATION OF UPPER-PLATE GEOLOGY
IN ARGENTINA-CHILE-BOLIVIA -

The regional geologic framework of the Andes in southern
Peru, Bolivia, Chile. and Argentina has been extensively described
(see reviews in Harrington, 1956; Herrero-Ducloux. 1963; Aubouin
and others, §973; Laubacher, 1978; Martinez and Tomasi, 1978;
Zcil, 1979; Dalmayrac and others, 19802 and 1980b). Precambrian
and presumed Precambrian basement occurs widely east of the
magmatic arc and in a thin strip (the “Arequipa Massif ") along the
Pacific coast (Fuller, 1968; Cobbing and others. 1977). Several late
Precambrian and Palcozoic tectonic cycles of laterally variable
character and the Jurassic to Quaternary Andean orogeny are
superimposed. The older structures, partly striking across Andean
trends, may have strongly influenced later structures (Cobbing,
1972: Turner and Mon. 1979: Rolleri and Fernander Garracina
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ation) drawn across Andes perpendicular to tectonic strike, contrasting

two regions with nearly horizoatal Benioff zone (A, C) with two regions where Benioff zone dips more steeply (B, D). Geometry of Pliocene
or Quaternary faults shown schematically. Eastern limit of intermediate depth events of Benioff zone indicated. Compiled from Carte
Geologique de 'Amerique du Sad (1964), Operational Navigation Charts (1973), Schweller and others (1981), and references in text.

1979; Alilmendinger and others. 1981). However, space limitations
permit only a description of the Neogene tectonics.

The timing of major uplift of the Andes is uncertain, but uplift
during and after the Miocene is commonly postulated (Holling-
worth and Rutland. 1968; Moniimer, 1973 Paskoff, 1977; Zeil,
1979; Naranjo and Paskoff, 1980). In cross section for areas above
the 30°-dipping Benioff zone, the outer trench slope has normal
faults, 2 major valley divides coastal mountains from the Andes
range with its active volcanocs. and the foreland is primarily
deforming by thin-skinned shortening. In contrast, cross sections
over a flat-subducting Nazca plate include less faulting in the outer
trench slone. no longitudinal valiev. no active volcanoes, and fore-

segments of the forearc and magmatic arc coincide more closely
with boundaries of the subducted plate than do lateral hinteriand

and foreland boundaries.
Chile Trench and Forearc

The Chile trench, outer-trench slope, and continental slope are
abruptly segmented along strike (Scholl and others, 1970; Schweller
and Kulm, 1978; Schweller and others, 1981). From 22°S to 27°8S.
the Chile trench is 7,000 1o 8,000 m deep and contains only isolated
pockets of sediment. Its outer trench slope ts broken by horsts and
grabens paralleling the trench axis with 500 to 1,000 m of offset
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Figure 4. (a) Tectonic provinces and young volcanic cover of the central Andes in Chile, Bolivia, and Argentina. Primary Pacific
drainage divide (heavy line) marks Andean crest and forms western boundary of Altiplano-Puna. Eastern boundary of Ahiplano-Puna
here defined by the divide between the Atlantic Ocean and internal Puna-Altiplano drainage. Trench identified by 60600 m isobath. (From
Operational Navigation Charts, 1973; Tectonic Map of South America, 1978; Carte Geologique de I'Amerique du Sud, 1964.) (b) Equal
srea projections of focal mechanisms for well-determined shallow earthquakes for same area as “2.” Numerals beside foca! mechanism
solutions identify earthquakes listed in Chinn (1982). Flat-slab area between about 28°S and 33°S indicated by eastward shifi of 150-km

contour on the top of the Benioff zone.

about 6,400 m deep, with up to about 350 m of sediment smoothing
over structural irregularities. There are only minor block faults on
the outer trench slope, and the continental slope is gentler than in

the nnrthare oo . __ 2

broad, flat basin about 5,000 m below sea level, with an additional
kilometre or more of sedimen fill (Fig. 3D). As in the northernmost
scgment, the outer trench stope is highlv fanlted hur wnlils on
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sorrelate with changes of the degree of curvature and faulting of the
ecaward trench slope, and lateral transitions in scaward trench
dope curvature correlate with boundaries of the segmented sub-
lucting Narzca plate (Schwcller and others, 19¥1).

The map view (Fig 4) of the shape of the trench and the
eading edge of the upper plate clearly reflects the major segmenta-
ion. From 18°S 10 27° S, the trench and coastline are quite straight.
ketween 27°S and 33°S, the trench and coastline (and the trend of
he Andcan Cordilleras) are distinctly convex toward the west.
wuth of 33°S, the disitance between the trench and the drainage
ivide increascs. This secaward or westward projection of the leading
dge of the plate is reflected by the increased widths of the forearc
Fig. 3) and the interplate boundary. which dips more gently south
£ 33°S than north of 33°S (Chinn. 1982).

In the forearc region, Quaternary landforms are commonly
wught to express extensional structures (Katz, 1971; Paskoff,
977). altkough Thomas N. (1970) and Rutland (1971) interpreted
resent morphology to bc on compressional structures. Paskoff
I977) suggested notable neotectonic uplift and subsidence from
8°S to 26°S and from 33°S to 46°S but Quaternary stability from
bout 26°S to 33°S. corresponding closely to the flatsubducting
:gment. The Coastal Cordilkra is scparated from the Principal
ordillera by a narrow elongate depression called the “Central
.ongitudinal) Valley.” except between 26°S and 33°°S (Fig. 4)
Y'Angclo and Aguirre, 1969; Kause! and Lomnitz, 1969; Thomas
., 1970; Paskoff, 1977). Mortimer and Saric Rendic (1975) pro-
ssed that the Central Valley acts as a ncutral zone between an
itensional tectonic regime to the west and a compressional regime

lagmatic Arcs

In Chile, from at least 20°S to 35°S, the calc-alkaline volcanic
is migrated steadily eastward from the Jurassic into the Tertiary,
companied by an eastward increase in KO content in plutonic
cks (Aguirre and others, 1974; Clark and others, 1976; Roobo!
d others, 1976; Coira and others. 1982). Back-arc spreading and
lcanism were apparently widespread in the Cretaceous (Dalziel
d others, 1974; Ramos and others. 1982; Coira and others. 1982).

Volcanism over 30°-dipping Beniofl Zones and Transition
wee. During the Quaternary, andesitic stratovolcanoes were active
g the Bolivia-Chile-Argentina borders between 17°30°S and
°S. where elevations reach 5,500 to 7,000 m. Quaternary basaltic
desite stratovolcanoes were active between 33°15°S and 52°20°S.
cre peak elevations diminish southward from over 6,000 m to
low 4,000 m south of 36°S (Lopez-Escobar and others, 1976;
wriec and Hey, 1981). South of 35°S, a Miocene to Holocene
salt province east of the andesitic axis reaches nearly to the
lantic coast (Fig. 4) (Yrigoyen, 1950; Gonzalez Diaz, 1978; Uli-
3, 1978).

Oligocene and abundant Miocene veolcanism was active north
28°S and south of 33°S (Aguirre and others, 1974; Clark and
ers, 1976; Vergara. 1978; Charrier and Munizaga. 1979; Coira
1 others, 1982). The Neogene volcanic history is best illustrated
m 22°S to 26°S (Coira and others, 1982), but studies to the north
! south suggest similar trends (Clark and others, 1976; Kussmaul

! others, 1977; Baker and Francis. 1978; Zeil. 1979). From the
gocene through most of the Miocene, intermediate composition
gmatism was prolific from the Longitudinal Valley of Chile to
eastern Punu-Aluplino. comprising both stratovolcanoes and

ash-flow tuff ficlds, interrupted by deformation phases in the late
Oligocenc and middie to late Miocenc. By the latest Miocene (about
Sto 6 m.y. B.P.), the andesitic to dacitic volcanic belt had narrowed
to approximately the present magmatic exis. Common late Plio-
cenc and Quaternary basalts and ash-flow tuffs east of the andesitic
axis reflect rencwed widening of the volcanic belt (Aguirre and
others, 1974; Clark and others. 1976, Kussmau! and others, 1977;
Chong D., 1977; Paskofl, 1977, Coira and others. 1982).

Volcanism over the Flat Benioff Zone. A distinct Quaternary
volcanic gap exists between about 28°S and 33°15°S (Fig. 1)
(Aguirre and others, 1974, Paskoff, 1977). Comparatively minor
quantities of incompletely dated and described Neogene volcanics
occur between 28°S to 33°S, dated locally in the Precordiliera
as mid-Miocene (Aparicio, 1975; Leveratto, 1976). In the volcanic
gap, Paleozoic strata, Mesozoi strata and volcanic units, and
Cretaceous and lower Tertiary granitic plutons reach typical crest
clevations of 5,000 to more than 6,000 m, including Cerro
Aconcagua (7,021 m).

Hinterland and Foreland: The Andes of Argentina-Bolivia

In the eastern Andes and foreland regions, four distinct cross-
sectional segments can be recognized (from north to south): (1) the
Bolivian Altiplano, the Eastern Cordillera, and the Subandean
zone, between about 15°S and 23°S (see Figs. 3 and 4); (2) a “transi-
tion zone™ comprising the Argentine Puna, Eastern Cordillera, and
Santa Barbara system between 23°S and 27°S; (3) the Frontal Cor-
dillera, the Precordillera, and Pampeanas Ranges between 27°S
and 33°S; and (4) the eastern parts of the Cordillera Pnincipal and
areas of widespread basaltic volcanism south of 33°S (to 46°S).
Segment 3 coincides with the nearly flat segment of the subducted
Nazca plate, whereas segments 1, 4, and probably 2 coincide with
30°-dipping segments of the subducted plate.

Tectonics over 30°-dipping Subducted Slab: Subandean Belt,
Eastern Cordillera, and Altiplano (15°S-23°S). The 100- 1o 200-km-
wide Subandean thin-skinned thrust belt forms low mountains on
the eastern flank of the Andes of Bolivia and northernmost Argen-
tina (Figs. 1, 2, 3, and 4). Upper Paleozoic to Tertiary strata domi-
nate, with exposure to lower Pakozoic. Structures trend northwest
in central Bolivia, but change abruptly at 18°S to a north-northeast
trend that continues into northern Argentina. Asymmetric, east-
ward-verging folds and west-dipping thrust faults are characteristic.
accommodating at least 30 to 80 km of horizontal shorening (Fig.
5a) (Martinez and others, 1972: Mingramm and Russo. 1972; Mar-
tinez and Tomasi, 1978; Mingramm and others, 1979). Folding and
thrusting of formerly undeformed rocks in the Subandean zone
apparently did not begin until the end of the Miocene and con-
tinued at least into the Pleistocene (Martinez and Tomasi, 1978;
Mingramm and others. 1979). Earthquakes indicate ongoing
shortening (see below), and there are a few reports of folds or
thrusts involving Holocene strata (Lohmann, 1970).

Where well documented near 22°S, the western boundary of
the Subandean belt is a west-dipping. high-angle reverse fault
(Fig. 5a) (Martinez and others, 1972; Mingramm and others, 1979).
To the west, the high Eastern Cordillera exposes chiefly Ordovician
and Devonian strata in Bolivia, and weakly metamorphosed Pre-
cambrian strata and intrusives. Ordovician strata, and upper
Mesozoic continental deposits in Argentina (Turner and Mon.
1979). These are cut by thrusts and high-angle reverse faults whose
trends also change abruptly from northwest north of 18°S to north-
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Figure 5. Geologic cross sections in Andean foreland of northwest Argentina, located in
Figure 7, after Mingramm and others (1979). Section A shows thin-skinned Subandean thrust
belt east of Eastern Cordillera. Section B slows transition from Subandean to Santa Barbara
system. Section C shows structural style of Santa Barbara system, transitiona! between those
of Subandean belt and Pampeanas Ranges. Earthquake noda! plane solution options are
shown for earthquakes 70, 75, and 69, which occur in or close to plane of sections, with arrows
indicating the solution that is more consistent with geological data. Vertical and horizontal

scales are equal.

northeast to the south (Turner, 1972; Martinez and Tomasi, 1978;
Turner and Mon, 1979). Mingramm and others (1979) inferred that
the subhorizontal detachments of the Subandean zone deepen
westward and cut into basement below the Eastern Cordillera (Fig.
Sa). Miocene deformation was apparently most important (Turner
and Mon, 1979 Russo and Serraiotto. 1979), although poor age
control on Neogene strata limits the resolution of deformation age.

The Altiplano and Puna, discussed more extensively below,
form a distinctive high-elevation platcau with basins enclosed
within an internal drainage system outlined by the major drainage
divides shown in Figures 1, 4, 7, and 8. The basin elevations range
from 3.7 to 4.4 km. The Miocene and Pliocene volcanic histories of
the Altiplano and Puna were apparently similar, but the Puna is
distinguished by its morphology and trend. '

B} Eocene-Piiocene

K] Cretoceous -Paieocene
Devonion - Triassic
Silurion block shaies
_Combr_ ian - Ordovicion
Precambrian low grade
Metamorphics

Foult

s
~
-$ Earthquake hypocenter

The Altiplano-Puna became a major continental basin in the
Paleogene and was first gently folded in the Oligocene (Zeil. 1979).
Major folds and high-angle reverse faults are inferred to be of Mio-
cene age with local Pliocene deformation (Schwab, 1972; Laub-
acher, 1978; Martinez and Tomasi, 1978; Zeil, 1979; Coira and
others, 1982). Large volumes of Miocene and younger ash-flow
tuffs and andesitic volcanic rocks characterize the Altiplano and
Puna. Final uplift in the Plio-Picistocene has been inferred. and
Quaternary normal faults are reported at the northern end of the
Altiplano (Laubacher, 1978; Martinez and Tomasi. 1978).
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ANDEAN TECTONICS AND NAZCA PLATE k'

Tectonics over the Fiat-subducted Slab: Pampeanas Ranges,
Precordillera and Frontal Cordillera (28°5-33°S). In sharp con-
trast 1o thin-skinned thrusting to the north and west, the foreland
from 28°S to 33°S is dominated by a broad region of crystalline
basement uplifts in the Pampcanas Ranges (Fig. 4). These massive
mountain blocks commonly reach 2 to 4 km and locally 6 km
elevation. with intervening broad, flat plains at less than | km
elevation. The ranges, often 75 to 100 km long and 25 to 75 km
wide, are uplifted on north- to north-northwest-trending reverse
faults that dip about 60° bencath the uplifts (Gordillo and Lenci-
pas. 1979: Caminos. 1979b; Lucero M., 1979; Flores, 1979; Criado
Roque and others, 1981). Vertical throws of at least 6 km sedarate
the mountain blocks from the intervening broad basins. The faults
place Precambrian and Palkeozoic crystalline bascment rocks over
upper Cenozoic strata, with associated drag folds (Fig. 6) (Gordillo
and Lencinas, 1979). Principal deformation of the Pampeanas
Ranges is poorly dated. but it is thought to be Pliocenc and Pleisto-
cene in age (Gordillo and Lencinas, 1979; Lucero M., 1979, Cami-
nos, 1979b; Flores, 1979). Earthquake focal mechanisms indicate
active compression in the region, with fault planes apparently dip-
ping 40° to 60°.

To the west, the Precordillera and Frontal Cordillera (Fig. 4)
appear to be a narrow Neogene to Quaternary thin-skinned thrust
belt. The complex pre-Andean structural history is recorded ina
Paleozoic sequence, including oceanic slices and late Palecozoic
batholiths (Furque and Cuerda, 1979; Caminos, 1979a). The Prin-
cipal Cordillera, in the southwest part of this segment, is dominated
by Mesozoic volcanic and sedimentary sequences (Yrigoyen, 1979).

West-dipping reverse faults. Jocally observed to be low angle, were

active in the mid-late Miocene along the boundary between the
Principal Cordillera and Frontal Cordillera. A set of imbricate
west-dipping reverse faults separating the Frontal Cordillera and
Precordillera developed during the late Pliocene to early Pleisto-
cene, indicating eastward-migrating thrusting (Gonzalez Bononno,
1950; Caminos, 1979a). In the Precordillera, lower Paleozoic rocks
locally overlie Tertiary on 407 to 50° west-dipping reverse faults,
and Holocene uplift continues (Furque and Cuerda, 1979). In the
easternmost Precordillera. reverse faults verge to the west (Ortiz
and Zambrano, 1981).

Transition Zone Overlying Inferred 30°-dipping Slab (23°S-
28°S). The foreland of the transition zone is deformed by large,
broadspredominantly west-verging folds cored by lower Paleozoic
rocks and bounded by reverse faults on one or both sides (Santa
Barbara system) (Fig. 7). The Eastern Cordillera of the transition

zone contains thick deposits of Cretaceous red beds lying uncon- -

formably on low-grade metasediments of the Precambrian-Cam-
brian Puncoviscana Basin. A northern wedge of Sierras Pampeanas
crystalline basement uplifts constitutes a third part of the transition
zone (Mon, 1972, 1976a: Mon and Urdaneta, 1972; Turner and
Mon, 1979; Reyes and Salfity. 1973; Rolieri, 1976; Allmendinger
and others, 1981). In all of these regions. a significant component of
strike-slip faulting is evident. with lefi-lateral sense on northwest-
trending faults and right-lateral sense on east-northeast-trending
fauhs (Baldis and others. 1976; Ramos. 1977; Salfity, 1979). In the
Puna. Miocene to Quaternary volcanic rocks coincide with several
of these transverse structural zones.

The structural style of the transition zone, with characteristics
of the thrust belt to the north and of the basement uplifts to the
south, is partly controlled by the local paleogeography. Well-
defined arcas of thrusting are localized in Cretaccous basin fill,
whereas steeper reverse faulting coincides with relative sedimentary

abhics Tha ecom.itine feam Aamnect avnncires in the north of Pre-

basement of gneisses and intrusives corresponds to a transition
from generally low-angle to high-angle reverse faults (Mon, 1972,
Allmendinger and others, 1981).

The transitional region terminates southward in a diffuse.
northeast-trending zone known as the Tucuran, Hualfin, and
Aconquija lincaments (Mon. 1976a, 1976b; Rarios, 1977, Salfity,
1979; Turner and Mon, 1979). This zone appzars to be one of
distributed right-latera! shearing rather than srike-slip faulting
along a single fault. Ordovician litho-tectonic asiemblages are dis-
placed across this zone, but the age and significarce of the apparent
offset is not yet known. The zone also coincides with the southern
boundary of the Puna (Fig. 4).

The high basins of the Puna are located between the active
volcanic axis and the transitional foreland provace just described
(Fig. | and 4). At the western edgeof the Puna, the main volcanic
axis changes trend sharply at 23.5°S. To the north the axis trends
north-northwest, but to the south, it trends north-northeast.
Farther south, the axis changes to north-south (Fig. 4). This jog
forms the eastern boundary of the lower (2.3 km} Atacama basin of
Chile. The Altiplano and Puna “boundary™ lies east of this jog. A
particularly extensive east-west zone of Miocene-Quaternary vol-
canics and a pronounced westward encroackment of Atlantic
Ocean drainage occur at the Altiplano-Puna bouzdary.

Unlike the Altiplano, the Puna is characterized by many small
intermontane basins and mountain blocks wi north-south to
north-northeast-south-southwest trends and 1 to 2 km relief.
Ranges are probably bounded by high-angle reverse faults that were

" active in the Neogene, deforming units as young as about 9 to 10

m.y: old (Schwab, 1970, 1972, 1973; Turner axd Mendez, 1979,
Coira and others, 1982).

Southern Region over 30°-dipping Subducted Segment
(33°S-38°S). Whereas a main subducted plate segment boundary
is at 33°S, the pronounced change in foreland geology occurs at
about 34°30°S (Fig. 4). Between 33°S and 34°30°S, deformation
patterns are typical of, but less developed thac. the Precordillera
and the Pampeanas Ranges to the north. The kige morphostruc-
tural blocks of the Pampeanas Ranges cease a: 33°S, but minor
exposures of similar crystalline basement pemist to the south
(Criado Roque and Ibanez, 1979). Active gentle falding of Neogene
strata is reported along strike of the Precordilizra (Regairaz and
Videla Leanie, 1968) and seismic-reflection data r=veal west-dipping
thrusts and eastward-vergent folds (Bettini, 1980). The Frontal
Cordillera Neogene structural province continues to about 34°30°S.
Early Miocene volcanism occurred in the westerz Andes, and Mid-
die to late Miocene magmatism and Quatermary volcanics are
common in the Principa! Cordillera.

In contrast, south of 34°30°S, there are voluminous Quater-
nary volcanics extending from the Principal Cerdiliera to more
than 100 km east of the Andes foothills (Fig. 4. Little is known
about the chemistry or tectonic affinity of these basalts and ande-
sites. which form several prominent volcanic cerzers with as much
as 3 km relief above the surrounding plains. Ma-Tertiary folding
and faulting and Miocene folding accompanied by significant salt
tectonics are reported in the Principal Cordillera.and younger fold-
ing and thrusting are likely. In the broad volcani: foreland. there is
little reported evidence of post-Miocene compression; minor fault-
ing and gentle arching of strata are suggested (Mcmbru and Uliana.
1978). The common southeast-to-east orientatiza of these struc-
tures suggests control by older basement trends.

The significant structural break at 34°30°S apparently coin-
cides with the northern limit of the important Mesozoic Neuquen
basin. Late Paleozoic—carly Mesozoic mountain building may also
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ternational boundary is shown at the top of ¢
Ruiz Huidobro (1968, 1972, and 1975), Turaer (19642 and 1964b, 1967, 1971, and

tps by Gonzales Bonorino (1972), Maisonave (1979),
73). and Vilela and Garcia (1978).
cal studies (Audebaud and others. 1973; Megard, 1978: Marocco.
32). 1978; Laubacher, 1978; Dalmayrac, 1978; Martinez and Tomasi,
1978; Dalmayrac and others, 1980a4). Above another ncarly hori-
zontal segment of the Benioff 7one in central Peru (Fig. 1 2. and 3).
Neogene deformation in the hinterland and foreland is character-
ized by open cylindrical and locally asymmetric folding. monoclinal

iersects the modern Andes near 34°30°S (Dalziel and Elhott,

snparison to Peru

The tectonic framework of both Andcan and older orogenic
ases in Peru and Bolivia is described in numerous recent geologi-
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flexuring. and northcast-vergent reverse faults (reported dips
between S0” and 807). Locally, basement-cored uplifts are bounded
on the southwest side by west-verging reverse faults (Ham and Her-
rera. 1963. Mcgard, 1978). Basement involvement in foreland
deformation in Peru appears most pronounced between about 7°S
and 13°S (Ham and Herrera, 1963; Bellido and others, 1972; Mar-
tincz and Tomasi. 1978).

However, foreland basement deformation above the Peruvian
flat-subducted slab is probably not as extreme as over the Chile-
Argentina flat-slab (Ham and Herrera. 1963; Megard. 1978; Gor-
dillo and Lencinas, 1979; Caminos, 1979b). This difference may be
due to subtle differences in subduction geometry. or may imply that
the horizontalsubduction geometry in Chile-Argentina is o.der
than in Peru. Perhaps. if present subduction geometries continue,
Peruvian foreland uplifts will become similar to the present Pam-
peanas Ranges. Alternatively, the differences in the two foreland
provinces may partly or largely reflect differences in the thickness
or character of the South American crust, rather than differences in
subduction history.

Indirect evidence for the history of the flat subduction comes
from the volcanic age sequence in the magmatic arc. In Peru,
intense volcanic and plutonic activity from 8 1o 11 m.y. B.P. was
followed by waning but still significant activity until S m.y. B.P.
{Noble and McKee, 1977). Therefore, the Peruvian flat-slab geome-
try was probably fully developed by about 5 m.y. B.P. Over the
Chile-Argentina flat-slab, the young volcanic history is less c¢on-
strained. In Chile, only minor amounts of Miocene and Pliocene
volcanics have been mapped between 28°S and 33°S (Fuller, 1968).
In Argentina, volumetrically minor volcanics, locally with 16- to

“20-m.y. K-Ar dates and elsewhere assigned Pliocene and Pleisto-
cene ages, are scattered across the flat-subducting region (Aparicio,
1975; Leveratto, 1976).

CRUSTAL EARTHQUAKES AND ACTIVE
TECTONICS OF THE UPPER PLATE

Shallow earthquakes in the continental crust of western South
America manifest ongoing tectonic activity. Chinn (1982) and
Chinn and Isacks (unpub. data) determined new focal mechanism
solutions for shallow earthquakes in the Andean crust, updating the
work of Stauder (1973, 1975). They also report accurate focal
depths for many of the earthquakes large enough to obtain focal-
mechanism solutions. In this paper. their data and published earth-
quake locations are integrated with Neogene tectonic information.

Areal Distribution

Upper-plate scismicity is most active above the flat-subducted
segments in Peru and Argentina (for example. compare Fig. 8, the
compilations of 1955-1978 earthquakes of all sizes, and Fig. 1,
post-1925 larger ecarthquakes). The largest events occurred in flai-
slab segments. with magnitude 7 to 7'%. The seismicity clusters in
particular arcas. but the persistence of such localization on geologic
time scales is not known,

In contrast, South American crust above the more steeply dip-
ping subducted-slab has fewer and smaller earthquakes that are
concentrated in the foreland. The Bolivian Aluiplano and the north-
ern part of the Argentine Puna appear nearly ascismic, whereas the
Subandean foreland thrust belt and the easternmost Eastern Cordil-
lera and southern part of the Argentine Puna are moderately active.
In the southern more steeply dipping segment, especially south of

34°30°S, activity is sparse and appears to be located mainly along
or near the magmatic arc.

In general, the forearc crust (upper plate) appears to have a
lower scismicity than the hinterland and foreland. although the
hinterland of the Altiplano and Eastern Cordillera is also relatively
ascismic. A forecarc quiet zone is suggested by the gap (Fig. 8)
between the seismicity in the castern Andes and a western band of
the very active seismicity that is mainly located along the forearc
interplate boundary. Detailed studies of specific arcas (Sacks and
Linde, 1978; Dcwey and Spence, 1979) also suggest a forearc quiet
zone. Near-coastal events whose focal mechanism solutions are not
compatible with interplate slippage have hypocentral depths within
the subducted rather than the upper plate (Chinn, 1982), also indi-
cating relative quiescence of the forearc region of the upper plate.
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Figure 8. Epicenters of all earthquakes with depths less than 60
km. The data include relocations of L. R. Sykes for the period 1950
to 1960 and locations of the Preliminary Determination of Epicen-
ters (PDE) of the U.S. Geological Survey for the period 1962
through July 1978, with the number of stations used in the PDE
Jocations greater than or equal to 20. Drainage divide and struc-
tural boundaries identified in Figure 1. AL, Altiplano; P, Puna;
AT, Atacama basin.
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Figwre 9. Distribution of well-determined focal depths of shal-
low earthquakes in western South America. Depths determined by
tomparisoms of synthetic and observed P-wave forms recorded by
long-period seismographs of the WWSSN. Solid bars are in-plate
tompression; open bars are in-plate extension; diagonal lines are
interplate thrust; and X, none of the preceding. These interpreta-
Hons are based on the orientation of focal mechanism solutions.
The four plots represent tectonic groupings according to location.
The “forearc™ include events mainly near the trench, while the
“intraplate mon-thrust” include events located near the interplate

boundary (from Chinn, 1982).

Yamashima and others (1978) present evidence that a quiescent
[orearc zonc is a general feature of upper-plate seismicity in subduc-
bon zones. . ’

Focal-Mechanism Solutions:
Predomimsace of Horizontsl Compression

A strong horizonta) east-west grouping of the “P™ or compres-
sional axes of the focal-mechanism solutions exists for the upper-
plate ecarthquakes within the entirc region from Ecuador to
Argentina (Fig. 1) and in the foreland and Eastern Cordillera of
Colombsia (Pennington, 1981). Although dip-slip solutions predom-
inate, strike-slip orientations are found in parts of Peru, Ecuador,
and Colombia where the trend of the Andes is most transverse to
the regional stress orientation. The average stress direction
(obtained from the focal-mechanism data) and the inferred direc-
ion of relative motion across the Nazca-South American plate
boundary are subparallel (Chase. 1978; Minster and Jordan, 1978).
This coincidence suggests that the over-all convergence of the two
plates is an important determinant of the stress within the upper
plate in contrast to more localized and variable effects of uplift,
magmatic intrusion, or other upper-plate processes.

Focal-mechanism solutions of several earthquakes located
along the magmatic arc of Chile-Argentina reflect the over-all east-
west compressive stress (Fig. 4b, events 64 and 71). The one earth-
quake studied by Chinn (1982) that was possibly located in the
forearc upper plate (cvent 63, Fig. 4b) had a combined thrust and
strikeslip solution with a compressive axis oricnted obliquely
[northwest-southcast) to the trend of the subduction zone. How-
ever, the 30-km depth places it ambiguously close to the plate
boundary. It was also located directly below the surface trace of the

Atacama fault (Arabasz, 1971), but neither of the two nodal planes
€an be casily associated with this fault.

Depths

Deformation at middlc- and upper-crustal depths is demon-
strated by reliable determinations of depths of crustal earthquakes
by analyses of long period P, pP, .and sP phases (Chinn, 1982,
Fig. 9). Most depths are between 10 and 25 km, but a significant
minority occur at depths of 25 to 35 km; the deepest determination
is 36 km for an event in the Ecuadorian Subandean zone. Depths of
many of the cvents are clearly below the sedimentary section and
indicate compressional deformation of the basement. Specific
examples, especially for Bolivia and Argentina, are discussed

below.

Relationships of Seismicity to Late Cenozoic
Deformation of the Upper Plate

Comparison of the distributions of seismicity and of late Neo-
gene crustal deformation indicates a correlation between the two
phenomena. In the areas of significant seismicity characterized by
focal mechanism solutions with horizontal compressive axes, the
latest Neogene structures are dominated by reverse faulting and
folding indicative of important crustal shortening. In contrast, the
relatively aseismic areas, including the forearc zone, the Altiplano,
and parts of the Bolivian Eastern Cordiliera and the Argentine
Puna, are characterized by a relatively stable neotectonic regime or
by one that appears to be dominated by relative vertical move-
ments. As noted above, the forearc regions in the flat-slab areas in
Peru and Chile appear to be relatively stable, although vertical
movements and tilting of blocks may occur. In the forearc zones
above the more steeply dipping subducting slabs, the Longitudinal
or Central Valley and associated coastal ranges exhibit differential
vertical movements, but the type and extent (or even the existence)
of Neogene horizontal deformation are not well established.

Evidence for extensional stress is reported for the Peruvian
Coxgdillera Blanca (Dalmayrac, 1974; Yonekura and others, 1979,
Dalmayrac and Molnar, 1981), for the northern Altiplano and part
of the Eastern Cordillera of northern Bolivia and southern Peru
{Megard and Philip, 1976; Mercier, 1981), and for the southern
boundary of the Puna (Turner, 1967). However, in none of these
cases is there clear evidence for large amounts of crustal extension,
and in each case there is an ambiguous but close relationship to
crustal compression.

The spectacular normal faulting west of the Cordiliera Blanca
(Fig. 3a) is apparently related to the uplift of the very young batho-
lith forming the Cordillera (ages as young as 2.7 m.y.; Stewart and
others, 1974). One of the largest known crustal earthquakes, the
Ancash carthquake of 1946, was located east of the Cordillera
Blanca. It produced one of the few published cases of possible
surface faulting in the Andes and was interpreted as normal fault-
ing by Silgado (1951) and Richter (1958). However, Megard and
Philip (1976) emphasize evidence found within the batholith iself
for compressive deformation. Dalmayrac and Molnar (1981)
emphasize the extensional stress implied by the normal faulting, but
they consider the extension to be an effect of uplift and crustal
thickening caused by the more pervasive and important crustal
shortening manifested in the Eastern Cordiliera and Subandean
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Normal faults trending east-west in the northern Altiplano
(Mercier. 1981) indicate north-south extensional stress, subparalic!
to the convergent zonc. That area, located near the large bend in the
strike of the convergent zonc, may be an area of anomalous stress
orientation. Mercier (1981) reported that the extensional stress
regime has been interrupted by compressive phases several times in
the Neogene, but geological data seem to indicate that the net
deformation has been compression (Ahlfield, 1970; Laubacher,
1978). It is also possiblc that the extensional deformation may be a
secondary, shallow effect of uplift.

To the south, minor Quaternary normal faulting in the Puna
may also be related to regional upwarping, but significant extension
and large-scale rift structures (Francis and others, 1978) are not
indicated by young fault geometries. Ficld studies show that the
characteristic basin-and-range structure of the Puna is controlled
largely by compressional reverse faulting rather than normal fauli-
ing (Schwab, 1970. 1972, 1973; Turner, 1964a; Turner and Mendez,
1979). In fact, the focal mechanisms of two earthquakes, events 71!
and 68 (Fig. 4b) manifest possibly ongoing compression in the
southern Puna.

Peru and Ecuador seismicity was discussed by Stauder (1975),
Burchfic] and Davis (1976). Barazangi and Isacks (1976, 1979), and
Burchficl and others (1981). Some of the Subandean crustal events
are located within the basement (Chinn, 1982), supporting the geo-
logical inference of basement-involved deformation (Koch, 1961).

Event 62 was located in the eastern part of the Subandean
foreland fold-thrust belt south of Santa Cruz, Bolivia. No accurate

depth was obtained for this event, but its focal mechanism indicates

" thrusting along a fault plane dipping at 45°.

Figures 4 and S show the relationships of events 70, 75, and 69
to the structure of the Eastern Cordillera, Subandean, and Santa
Barbara systems of northern Argentina, spanning the change in
deformational style from thin-skinned thrust belt in the north to
apparent basement deformation in the transition zone. The depth
(17 km) and focal mechanism of event 70 locate it ncar one of the

major listric thrust faults inferred by Mingramm and others (1979)

to form the boundary between the Eastern Cordillera and the Sub-
andean belt (Fig. 5a). The carthquake appears to have occurred
where Precambrian rocks overthrust lower Paleozoic strata. A sim-
ilar relationship may hold for event 75 (depth 14 km). located
slightly west of the nearest available cross section (Fig. 5b). Farther
south, event 69 had nearly horizontal and vertical nodal planes, but
the 26-km depth of this event and the proximity to the basement-
involved structures of the Santa Barbara system (Rolleri, 1976)
suggest faulting'along the more nearly vertical nodal plane (Fig. Sc¢).
For this foca! mechanism, the eastern side moved relatively upward,
in agreement with the history of uplift of the basement block. The
earthquake would thus manifest the thick-skinned deformational
style characteristic of the transition zone Santa Barbara system.
Five carthquakes exemplify the thick-skinned Pampeanas
Ranges deformational style (events 20, 67, 72, 73, and 74) (Fig. 4b).
Event 72 was the large (Ms = 7.3) carthquake of November 23,
1977. followed by aftershocks 73 and 74. The depths of 15to 20 km
indicate faulting in the basement. The dips of the nodal planes, all
between 30° and 60°, indicate reverse faulting rather than faulting
along a ncarly horizontal décollement or along nearly vertical
faults. These results are in good agreement with the geological evi-
dence for uplift of basement blocks exposed in the Pampranas
Ranges by movement along reverse faults. Many of the nodal
plancs strike north-northwest, oblique to the northerly strike of the
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convergent plate boundary (and the strike of the main Cordilleras)
but more ncarly paralie) 10 a common trend in the basement uplifts
of the Pampcanas Ranges. This suggests that the strain pattern of
the Pampeanas Ranges is partly controlled by major pre-Andean
basement structures. Event 20 also displays the north-northwest
trend and. with a depth of 32 km, is quite clearly located in the
basement.

A large (Ms = 7.4) earthquake in 1944 destroyed the city of
San Juan (31°31°S, 68°30°W), located near the boundary between
the predominantly east-verging Precordillera-Frontal Cordilicra
system and the mainly west-verging western Pampecanas Ranges.
Interpretation of the surface fauliing is controversial (Richter,
1958), and the location and orientation of the causative fault is not

" well established. The large earthquake (Ms = 7.3) of 1977 (event 72,

Fig. 4b) was located northeast of the 1944 event and is apparently
associated with faulting beneath the westernmost exposure of the
Pampeanas Ranges at that latitude (Algermissen and others, 1978).

Event 66 occurred necar the boundary between the Precordil-
lera and the Frontal Cordiliera, in the area of inferred thin-skinned
tectonics. Unfortunately, no accurate depth is available for this
event, which also has a thrusting focal mechanism.

Events 7] and 68, in the southern part of the Argentine Puna,
exhibit combined strikeslip and near-horizontal compressive
deformation. The north-northeast and east-northeast—striking no-
dal planes of event 71 (15-km depth) are subparallel to the Jocal
northeast strike of the magmatic arc and western edge of the Puna.
A northeast to north-northeast trend of some of the basins and

ranges of the Puna (the Salar de Antofalla) is also reflected in the

strike of one of the nodal planes of event 68 (11-km depth), which
occurred near the Salar de Antofalla. Event 64, located along the
magmatic arc in the southern segment, also exhibited horizontal
compression. Its 9-km depth is one of the shallowest determined.

COMPARISON WITH THE
MESOZOIC-EARLY TERTIARY CORDILLERA

OF WESTERN NORTH AMERICA

The Mesozoic and early Cenozoic cordillera of western North
America has often been called an “Andean-type™ margin (Hamil-
ton, 1969; Burchficl and Davis, 1975), because inferred eastward
subduction beneath the continental margin produced a suite of tec-
tonic provinces similar to that in South America. If the comparison
is valid, then the Cordilleras of North and South America repre-
sent, respectively, deeply eroded and active examples of a single
type of orogenic system.

Foreland Basement Deformation: Laramide Province

In the western United States between 36°N and 46°N, the
Laramide province is composed of large, crystalline basement
uplifts, bounded by reverse or thrust faults with as much as 10 to 12
km of vertical displacement (Figs. 6 and 10). Laramide deformation
occurred over a period of 30 to 40 m.y. in the Late Cretaceous and
carly Tertiary, approximately 1,000 to 1,500 km from the cocval
active plate margin {Dickinson and Snyder, 1978; Hamilton, 1975).
Although some geologists have proposed that the bounding faults
steepen at depth (Sterns. 1978), decp seismic-reflection profiks
crossing the Wind River and Laramic Ranges indicate that the
faults have moderately fow dips and suggest horizontal shortening
of the entire crust (Fig. 6) (Smithson and others, 1979; Brewer and
others, 1982).
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The Laramide uplifts resemble the Pampeanas Ranges of west-
ern Argentina in both morphology and structure. However, the
Laramidc uplifts developed greater proven structural relief, oc-
curred up 1o twice as far from the continental margin, and evolved
over a longer time span than have the modern Pampeanas Ranges

analogucs.
Foreland Thrust and Fold Belt

Thin-skinned thrusting and folding is best represented by the
Canadian Rockies (Bally and others, 1966; Pricc and Mountjoy,
1970) and the Sevier Belt (Figs. 10 and 11) (Armstrong and Oriel,
1965; Armstrong. 1968; Royse and others, 1975). Thrusting proba-
dly began in the Middle(?) Jurassic in the west and proceeded cast-
ward (toward the craton) into the early Eocene, spanning nearly 100
m.y. Listric thrusts sok into a basa! detachment that steps downsec-
tion westward. This deformation produced 505; or more shortening
of supracrustal strata without significant metamorphism or mylo-
nite development. The shortening rate in ldaho-Wyoming was

~0.15cm; yr.
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Both the Subandcan belt north of 22°S and the Precordillera
between 27°S and 33°S arc probably also thin-skinned thrust belts
(Figs. 10 and 11). In the Subandean belt, the basal detachment is
probably low in the Palcozoic section. with a mimmum shortening
of about 329, and a shortening rate of ~0.6 cm yr (assuming 10
m.y. duration of deformation). Apparent thin-skinned thrusting in
the Precordillera overprints complex older deformation patterns.
Its deformation style may reflect older structaral geometries that
had no analogues in the miogeoclinal wedges of North America.

Hinterland

Itis difficult to directly compare the hinterland of North Amer-
ica with that of the Andes. The ancient hinterland of North Amer-
ica is identified from exposure of relatively deep structural levels,
on the basis of known or inferred basement involvement in thin-
skinned thrusting. The foreland-hinterland boundary of the Sevier
belt is probably at the Northern Wasatch and Bannock Ranges

" (Fig. 11)(Royse and others, 1975; Allmendinger and Jordan, 1981),
whereas farther north, the boundary generally corresponds with the
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Figure 10. Comparison of Andean orogen of Bolivia, Chile, and Argentina (o earliest Focene Cordillera of western North America, at
same scale. Features in North America, derived largely from Dickinson (1979), include palinspastic restoration of Basin and Range, San
Andreas, Garlock. and other faults in Coast Ranges. Features in South America derived from references in text. Basement uplifts in North
America are Laramide Province, and in South America are Pampeanas Runges. Locations of cross sections of Figure 11 and of Figure 6c
imdicated. Key: EC, Eastern Cordillera; P, Precordillera; SB, Subandcan belt; CP, Colorado Plateau; 8, Sevier belt; CR, Canadian

Rockies.
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Rocky Mountain Trench (Price and Mountjoy. 1970. Brown, 1978,
Harrison and others, 1980).

The modern Andean hinterland was deformed a few million
years ago by an orogenic event that migrated toward the craton, but
the hinterland is now inactive. with deep structure neither exposed
nor revealed by earthquakes. The solc fault of the Subandean belt is
belicved to step downward to the west at the Eastern Cordillera-
Subandcan belt boundary, suggesting that the Eastern Cordillera
and Altiplano-Puna are “hinterland.”

In western North America north of 39°N, a lincar belt of
dynamically metamorphosed greenschist- to amphibolite-facies
rocks is widcly developed in the hinterland at the eastern fringes of
the Mesozoic magmatic arc. The belt was probably first deformed
during or just prior to Mesozoic deformation in the foreland (Fig.
1) (DeWitt, 1980. Alimendinger and Jordan, 1981). In South
America. no lincar metamorphic belt related to Ncogene deforma-
tion is known. However, one would expect to find such a beit at
depth under the eastern Altiplano-Puna.

35

Magmatic Arc

The Jurassic and Cretaceous magmatic arc was well developed
along the entire length of the North American Cordillera and is
presently expressed as a suite of calc-alkaline intrusives (Davis and
others, 1978; Milier and Bradfish, 1980). However, in the Late Cre-
taceous and early Tertiary (80 to 40 m.y. B.P.), magmatism ceased
in the region west of the concurrently forming Laramide uplifts
(Fig. 10), and, north and south of that corridor, the axis of igneous
activity swept from west to cast. and then returned west (Dickinson
and Snyder, 1978; Cross and Pilger, 1978). This magmatic trend has
been explained as a result of shallowing in the dip of the eastward
subducted slab, perhaps triggering the transition from thin-skinned
to thick-skinned forcland deformation farther east (Lipman and
others. 1971: Burchfiel and Davis, 1975; Coney, 1976; Dickinson
and Snyder, 1978).

In Chile and Argentina, south of 33°S and north of 28°S, the
volcanic zone became anomalously wide in the Miocene. In the
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intervening region, there was hittle volcanism during the Plio-
Quaternary uplift of the Pampcanas basement blocks. The modern
spatia! gap in volcanism correlates with the extent of the nearly
horizontal Benioff zone. Thus in the Andes and the North Amcri-
can Cordillera, thick-skinned forcland deformation and magmatic
gaps are coincident and are inferred to be related to nearly horizon-

tal subduction.

Foreare Region

Forearc basins in western North America, generally repre-
sented by the Great Valiey of California and related basins farther
north, were best developed in the Cretaceous but persisted through
the Eocene (Fig. 10) (Dickinson. 1979). The north-trending forearc
basins, with volcaniclastic sediment fill, were separated from the
Franciscan subduction complex to the west by an east-dipping
major thrust fault (Ingersoll. 1978). Parts of the forearc region in
western North America during the Mesozoic and Cenozoic were the
sites of extensive accretion of island-arc fragments and exotic ter-
ranes with distant affinities (Davis and others, 1978; Coney and
others, 1980).

In Chile, narrow linear basins offshore may represent poorly
defined forearc basins (Schweller and Kulm, 1978). The Central
(Longitudinal) Valley of Chile might also be interpreted as an
incompletely filled forearc basin. although it seems to occur within
continental crust (“intra-massif forearc basin™ of Dickinson and
Seely, 1979). In the Andes, Paleozoic accretion may have been
extensive, but, in contrast with North America, there is little if any
firm geologic evidence for plate-margin accretion of exotic terranes
_during the Mesozoic-Cenozoic Andean orogeny.

Transition along Strike

Foreland structure in western North America changes mark-
edly along strike between 44°N and 47°N, between the Sevier and
Laramide belts to the south and the Montana Disturbed Belt and
Canadian Rockies to the north (King, 1969) (Fig. 10). Transverse-
trending strike-slip and oblique-slip faults occur in a region of com-
plex structural geometry. Some details of the southern part of the
transition are obscured by younger volcanic matenals. Similarly, in
the Andean transition zone, Pampeanas and Subandean structures
apparently converge, strike-slip faulting and oroclinal flexuring
may be important, and basement rock types change. Yet, Quater-
nary volcanoes suggest that the subducted plate dips steeply, with a
geometry similar 10 areas north of the transition zone.

The northern portion of the North American transitional area
coincides approximately with the northwest-trending dextral Lewis
and Clark lineament. which apparently originated as an important
boundary of the Proterozoic Belt basin and has been subsequently
reactivated (Harrison and others. 1974). The southern limit of this
transitional area is roughly coincident with the Cenozoic Snake
River Plain volcanic belt. It is also the southern limit of a region of
significant Jurassic and younger “suspect terrane™ accretion (Davis
and others, 1978; Coney and others, 1980). Thus. in the transition
zones of both North America and the Andes. there are histories of
significant cross-strike tectonism. These transition zones may pni-
marily reflect segmentation of the upper lithospheric plate due to its
pre-existing geometry, rather than the geometry of the subducted
plate.

In summary, the Neogene structure of the central Andes and
the Mesozoic—arly Cenozoic structure of western North America

are remarkably similar in scalc and geometry. Furthermore, both
orogens exhibit structural control by varying basin geometry along
strike and structural boundaries across strike. Some of those palco-
geographic elements coincidc with boundarics of segments of the
subducted plates. However, there are important differences in dura-
tion of tectonic events and their strain rates, as well as in accretion-

ary histories along the two plate margins.
DISCUSSION
Tectonic Characteristics of Major Segments

Four cross sections summarize the tectonic comparisons and
contrasts of the major segments of the Andes in relation to
subducted-slab gecometry (Fig. 3). The most consistent correlations
between slab-dip and surface geology are (1) the correlation of
flat-subduction with magmatic nulls and basement-involved fore-
land deformation (Figs. 3A and 3C), and (2) the association of
steep-subduction with active volcanic arc segments and forearc con-
tinental basins (Figs. 3B and 3D). Other patterns of crustal defor-
mation are of regiona!l tectonic importance but are not equally well
developed in all segments with equal slab-dip. In all four segments,
the eastward extent of the Benioff zone is approximately coincident
with the eastern limits of probable basement deformation of the
upper plate (Fig. 3); the thin-skinned foreland fold-thrust belt of
Bolivia is located well eastward of the inclined seismic zone.

Although both the Peru and Chile-Argentina flat-slabs have
basement-involved deformation in the foreland, the degree of struc-
tural relief is drastically different and may depend on the duration
of flat-subduction. Noble and McKee (1977) related the Pliocene
expiration of the magmatic arc in Peru to the development of flat-
subduction there. Available radiometric dating between 27°S and
33°S (Leveratto, 1976) indicates that the flat-slab configuration
existed for 10 to 15 m.y., much longer than in Peru (and led to more
extensive thick-skinned deformation of the Pampeanas Ranges).
The actual magmatic history in the southern volcanic gap is a key.
problem for future research.

Back-arc structural distinctions between two steeply subduct-
ing segments are especially striking. Between 15°S and 23°S, the
broad Altiplano-Eastern Cordillera uplift and the Subandean thin-
skinned thrust belt are major features of the Andss. South of
34°30°S, over a similarly dipping subducted slab, abundant basalt
at low elevations extends far east of the volcanic axis. and there is
no equivalent of the Altiplano~Eastern Cordillera uplifts. Although
paleogeographic differences may contribute to these striking tec-
tonic distinctions. the marked difference in the downdip length of
the Benioff zones in the two steep-subducting segments may play a
key role. The Neogene volcanic fields south of 34°30°S fie far east of
the Benioff zone. Whether this magmatic province is directly related
to the subduction process and is analogous to the widespread
magmatism of the Altiplano, or whether it is a regional intra-plate
or mantle phenomenon only indirectly related to the subduction
process, is unknown. An intimate relationship qf the Altiplano to
the subduction process is presumed because of the close correspon-
dence of its gecomorphic boundaries to the magmatic arc and to the
geometry of the descending slab.

A late Cenozoic shallowing of the angle of subduction of all the
segments bencath western South America might explain why the
castward limits of foreland deformation and the intermediate-depth
Benioff zone correlate, and why foreland deformation 1s apparently
almost completely Neogene inage. In fact, the 30° dip of the “steep™
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segments is quite gentlc compared to most subduction yones (Isacks
and Bararangi. 1977). Forcland dclormation 700 to 800 km from
the trench s associated with both flat- and stecp-dipping segments
of the Nazca plate. except south of 33°S. The large-scale shallowing
of the subducted plate might be related to the approach of the East
Pacific spreading center and the decreasing age of the subducted
plate (Vlaar and Wortcl, 1976: Molnar and Atwater, 1978). How-
ever, the segment with the youngest lithosphere. south of 33°S, is
neither the flaticst nor does it have significant foreland deforma-
tion. Subduction bencath western North America may have also
shoaled during the late Mesozoic and early Cenozoic as the Pacific-
Farallon spreading center approached California. thereby account-
ing for the analogies between the Andes and western North

America.
Coincidence of Subducted and Overriding Plate Segments

There is a clear correspondence between seismologically
defined lateral segments in the subducted plate and tectoric seg-
ments in the Andes. However, not all shallow crustal segments
correlate to separate Benioff zone segments. Between about 15°S
and 24°S. there is one steeply dipping segment of the subducted
Nazca plate, although continuity of the volcanic axis and forearc
structures suggests that it continues to 27°S or 28°S. Howev=r, east
of the magmatic axis. from 157 S 1o 27°S. the geology defines three
discrete segments. At 18°S. the coastline and structural trends
change abruptly. but there is no similarly sharp coincident bend in
either the Benioff zone or magmatic axis (Fig. 1). At about 23°S,
the Altiplano and classical foreland thin-skinned structures on the
north change to the Puna and variable foreland structures to the
south in the transition zone. Yet. as is especially clear in a compari-
son of the Puna and Altiplano. the Neogene history of the region
from 15°S to 27°S is quite uniform, and it is primarily fault gcome-
tries that differ. Therefore, the three subsegments expressed in the
hinterland and foreland geologv from 15°S to 27°S are probably
inherited from heterogeneities of the continental plate, not from
present plate interactions. .

Essentially, more than one tvpe of tectonic scgmentation may
operate simultaneously in a Cordilleran-type mountain belt. Fore-
arc structures and the magmatic arc may have a strong tendency to
truly reflect subducted-plate geometry. but foreland structures are
probably strongly influenced by both pre-existing crustal geometry
and subducted-plate geometry. To identify ancient slab segmenta-
tion and dip in an inactive orogen. one must examine the coeval
transverse and longitudinal tectonic varnations, rather than using
one or two of the charactenstic features of Figure 3, particularly if
only the hinterland and foreland are praserved.

Upper-Piate Stress Distribution

The modern crustal earthquake patterns are sufficiently similar
to Plio-Pleistocene deformation trends to suggest that existing
stress conditions are a continuation of those which built the modern
Andes. In general, the Andean foreland and locally the magmatic
arc are under cast-west horizontal compression (Fig. 1). Over the
steep-subducting slab from 1578 to 23°S, the 500-km-wide hinter-
land is aseismic. and active brittle deformation is mainly expressed
as horizontal shortening in the foreland. In contrast, above the
nearly horizontal-subducted Nazca plate. earthquakes indicate cast-
west horizontal shortening over a wide arca cast of the forearc
region. Stress patterns in the foreare regions are more complex and
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upper-plate forearc, the stresses may be ‘sub«lamially modified.
especially at very shallow depths, by geometric effccts of convergent
plate coupling along the megathrust plate boundary. such as bend-
ing of the plate (Sacks and Linde, 1978; Yamashina and others.
1978). Isostatic and topographic effects of crustal thickening or
mountain-building processes may also be important (Dalmayrac
and Molnar, 1981).

Modecls of the driving forces of deformation over a steeply
subducting plate must refate foreland thrusting and Altiplano-Puna
uplift. The history of prolific volcanism suggests that heating and
magmatism played important roles in the Aliplano-Puna evolu-
tion. Model options include (1) crustal volume increase in the
Altiplano-Puna duc to extensive magmatism that drove shortening
at a similar horizon elsewhere (Hamilton, 1978; Smith, 1981), and
(2) underthrusting of the foreland beneath a thin, upper-crustal
Altiplano-Puna-Eastern Cordillera plate. To discriminate between
these and other alternative models of Altiplano-Puna evolution,
quantification of the variation of total upper-plate shortening along
strike and across the main segment boundaries is critical. Such a
model must also explain the Neogene change from compression to a
neutral or slightly extensional deformation regime in the Al
plano-Puna.

Segment Boundaries and Paleogeography

We have already emphasized that the geologic history of a

. Tegion may be a profound control on its response to the modern

plate geometries. But ancestral controls may also influence the .

geometry of the subducted plate. if rheology or lithospheric thick-
ness of the upper plaie varies along strike. Such a possibility is
suggested by the coincidence of major paleogeographic boundaries
in the South American plate with modern boundaries of the sub-
ducted plate. For example. the northern limit of the Pampeanas
Ranges province seems to be a major transition in basement charac-
ter and thickness of overlying strata (Salfity. 1980). Also, Laub-
acher (1978) found that the north end of the Altiplano coincides
with a significant boundary in a late Paleozoic phase of deforma-
tion. In general, locating Paleozoic tectonic boundaries is hampered
by inadequate compilation and understanding of complex Paleo-
zoic geology. However, in that Paleozoic tectonic trends are
somewhat oblique to the Andean trends. modern tectonic province
boundaries must crosscut ancient boundaries.

Features in the subducting plate must be weighed against pre-
existing discontinuities in the overriding plate as causes of segmen-
tation of the subducted plate. The possible role of buovancy

variations in the oceanic plate in producing segmsntation has been -

discussed by others (Pilger, 1981; Kelleher and McCann. 1976;
Vlaar and Wortel, 1976). Yet the coincidence of 2 boundary of a
flat-slab with an ancestral upper-plate discontinuity may not be
strictly fortuitous. In some cases, major changes in the map-view
shape of the South American platc may be the primary cause of
segmentation, as, for example, where the Nazca plate subducts
around the curved margin of the continental lithosphere at 15°S,
forcing a geometry that favors tearing the Nazca plate. However, in
other cases. the present segmentation of the Nazca plate may be the
product of tavorable conditions in both lithospheric plates.

In the present Andes and. by analogy., the Mesozoic and early
Cenozoic western North America, the inherited three-dimensional
shape and structure of the continental plate apparently played a
profound role in lateral segmentation. Inherited features may have
TSI VI TYSON ATy pRaP) NGNS Tor PURVPSIF SN I
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srmed. and quite certainly created subsegments that deformed in
arying ways above longer segments of the Benioff zone. Attempts
> relate the modern state of stress to the driving forces generated
y plate interactions must first filter out the influence of these inher-

d controls.
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