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ABSTRACT 

Temporal-spatial evolution of the Central Andean foreland basin system relates 

directly to growth of the adjacent Andean otogenic belt during Late Cretaceous to 

Recent shortening. As the locus of shortening and crustal thickening propagated 

eastward, so too did the foreland basin system. Eastward growth of the orogenic wedge 

induced uplift and erosion of large portions of the basin, removing much of the detrital 

record of mountain building. 

Analyses of remnants of the Oligocene-Miocene foreland basin system in the 

Eastern Cordillera help define the kinematic evolution of the thrust belt in southern 

Bolivia. A series of north-trending depocenters, regarded collectively as a wedge-top 

depozone, evolved during growth of fold-thrust structures of the then-frontal part of the 

orogenic wedge. Growth strata and cross-cutting and onlapping relationships between 

contractional structures and synorogenic strata delineate the chronology of deformation. 

New 40Ar/39Ar dates and published K-Ar dates define a minor Oligocene phase of west-

vergent backthrusting followed by primarily east-vergent thrusting during Miocene 

time. These dates, combined with depositional histories, require synchronous and out-

of-sequence thrust displacement during the Miocene. Depocenters are composed of 

alluvial-fan deposits on their flanks and lacustrine and braided-stream deposits in their 

axes. Most stratigraphic units are confined to individual depocenters, suggesting that 

streams rarely had sufficient power to cut across growing folds. 

An arid climate since -10-15 Ma may explain the preservation of large pans of the 

Late Cretaceous-Miocene foreland basin system in southern Bolivia. In contrast, 

northern Bolivia exhibited a humid climate over this time interval and most parts of any 

foreland basin were completely eroded. Critical taper theory suggests that rapid erosion 
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in a humid fold-thrust belt may induce subcritical conditions in which thrust-front 

propagation is inhibited and internal deformation is promoted. An arid thrust belt may 

be expected to exhibit critical to supercritical conditions that favor thrust-front migration 

and in-sequence thrusting. Such phenomena are observed in Bolivia, suggesting that 

climate and erosion exert fundamental controls on the geometry and kinematics of the 

Andean orogenic belt. 
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CHAPTER 1: INTRODUCTION 

Statement of Problem 

The Andes are the largest and highest orogenic belt on Earth associated with 

subduction of an oceanic plate. The Central Andes exhibit the thickest crust and highest 

average elevation of the Andean orogenic belt (Isacks, 1988; Zandt et al., 1994; Beck et 

al., 1996). Maximum crustal shortening in the orogenic belt occurred in the Central 

Andes (Schmitz, 1994; Baby et al., 1997), suggesting that total shortening is a proxy for 

cmstal thickness and elevation (Isacks, 1988). The extremely thick (-50-80 km) 

continental crust beneath the Central Andes and the regional high elevation supported 

by this crust are generally acknowledged to have been produced mainly by crustal 

shortening rather than magmatic addition (Isacks, 1988; Roeder, 1988; Sheffels, 1990; 

Allmendinger et al., 1997). Thus, the history of thickening is intimately tied to the 

kinematic history of thrust faulting which, in turn, is the ultimate control on the 

development of the associated foreland basin system. 

The Neogene history of crustal shortening and foreland basin development is 

relatively well known in the frontal part of the Central Andean thrust belt, including the 

Subandean Zone of southem Bolivia (Dunn et al., 1995; Moretti et al., 1996) and the 

Precordillera of northern Argentina (Jordan et al., 1993; Zapata and Allmendinger, 

1996a, 1996b). These smdies combined data from foreland basin deposits and structural 

cross sections and demonstrated an eastward progression of thrusting from Miocene to 

Recent time (augmented by minor, out-of-sequence and/or synchronous thrusting 

events) in this easternmost part of the Andes. However, an older period of Late 

Cretaceous-Miocene thrusting and foreland basin evolution remains virtually 

undocumented in hinterland areas farther west, the Altiplano and Eastern Cordillera. 
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Without knowledge of this older deformation and basin development, reasonable 

estimates cannot be made of total shortening, crustal thickening, and the kinematic 

history of these processes. Therefore, a primary goal of this study is to document the 

stratigraphic and structural framework of Upper Cretaceous through Miocene 

synorogenic sedimentary rocks in the hinterland areas of Bolivia and determine their 

relationship with deposits farther east. 

In order to reconstruct the stratigraphic-tectonic history of the Altiplano and Eastern 

Cordillera, this study focuses on the regional stratigraphy and sedimentology of seven 

outcrop belts of synorogenic strata and the geometry and age of contractional structures 

flanking these outcrop belts. A new chronology for the Altiplano and Eastern Cordillera 

deposits is provided by the seven new 40Ar/39Ar ages of this study and about fifteen K-

Ar dates of previous studies. Sixteen measured stratigraphic sections (13.8 km total 

thickness), which include lithofacies descriptions, 80 separate counts of conglomerate 

clast compositions (100 clasts each), and 1700 paleocurrent measurements at 80 sites, 

allow detailed evaluations of the depositional systems and detrital compositions of 

numerous stratigraphic units as well as reconstructions of the paleogeography in terms 

of the location and composition of sediment source areas, die dispersal directions of 

sediment, and the overall unroofing history of the source terranes. The structural and 

stratigraphic geometries along the margins of the individual outcrop belts—in particular, 

the presence or absence of growth strata and the mapped cross-cutting and onlapping 

relationships between fold-thrust structures and basin strata—are utilized to reconstmct 

the kinematic history of thrusting. Collectively, these data indicate alluvial-fan, 

braided-stream, and lacustrine sedimentation on top of a frontal thrust belt characterized 

by synchronous and out-of-sequence thrusting. 
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A complete understanding of the geometry and evolution of the ancient foreland 

basin system now exposed in the Eastern Cordillera requires an analysis of the modem 

foreland basin system adjacent to the present-day Central Andes. Therefore, a detailed 

evaluation of the modem foreland basin system is made in order to document regional 

changes in elevation, Bouguer gravity, sediment thickness, and geologic structures. 

Quantitative basin modeling suggests that the observed cross-sectional geometry of the 

modem foreland basin system is completely attributable to flexural subsidence due to 

the weight of the orogenic load in the Central Andes. Thus, the present-day foreland 

basin system is utilized as a template for interpreting the geometry and long-term 

evolution of the ancient. Late Cretaceous—Miocene foreland basin system. 

Dissertation Format 

The following chapters consist of four separate manuscripts with minor overlap in 

content. The first manuscript, entitled The modem foreland basin system adjacent to the 

Central Andes, presents an overview of the regional variations in elevation, Bouguer 

gravity, sediment thickness, and geologic structures in the present-day foreland basin. 

This manuscript was published in an abbreviated format in Geology in October, 1997. 

The second manuscript. Late Cretaceous—Recent development of the Central Andean 

foreland basin system, utilizes the modem foreland basin system as an analogue for 

ancient deposits now exposed across the Central Andes. Although the age and 

thicknesses of some stratigraphic units are well known, further geochronological work is 

required for a complete evaluation. Ultimately, the hypotheses presented in this 

manuscript are definitively testable as more age control is obtained in the region. This 

paper will be modified with further isotopic ages prior to submittal to Basin Research. 



14 

The third manuscript. Sediment accumulation on top of the Andean orogenic wedge: 

Oligocene to late Miocene basins of the Eastern Cordillera, southern Bolivia, presents a 

wealth of stratigraphic and sedimentologic data from synorogenic deposits in southern 

Bolivia that permit reconstruction of the temporal and spatial evolution of a series of 

sedimentary basins within the Eastern Cordillera. Structural evidence is combined with 

the stratigraphic information to delineate the kinematic history of thrusting. This paper 

has been accepted for publication in the Geological Society of America Bulletin and is in 

press (scheduled for a September 1998 publication). 

The final paper. Climatic and erosional control on the geometry and kinematics of 

thrust belt development, Central Andes, describes the unique climatic situation in 

Bolivia in which the thrust belt is characterized by high precipitation north of 17.5°S 

and low precipitation south of 17.5°S. The climatic difference, which has apparently 

existed since -10-15 Ma, explains large contrasts in net erosion and denudation rates as 

well as large contrasts in the overall kinematics and regional geometry of the thrust belt 

to the north and south. This manuscript will be submitted to Tectonics. 



15 

References 

Allmendinger, R. W., Jordan, T. E., Kay, S. M., Isacks, B. L., 1997, The evolution of 
the Altiplano-Puna plateau of the central Andes: Annual Review of Earth and 
Planetary Sciences, v. 25 , p. 139-174. 

Baby, P., Rochat, P., Mascle, G., and Herail, G., 1997, Neogene shortening contribution 
to crustal thickening in the back arc of the central Andes: Geology, v. 25, p. 883-
886. 

Beck, S., Zandt, G., Myers, S. C., Wallace, T. C., Silver, P. G., and Drake, L., 1996, 
Crustal-thickness variations in the central Andes: Geology, v. 24, p. 407-410. 

Dunn, J. F., Hartshorn, K. G., Hartshorn, P. W., 1995, Structural styles and hydrocarbon 
potential of the Sub-Andean thrust belt of southern Bolivia, in Tankard, A. J., 
Suarez, R., Welsink, H. J., eds.. Petroleum basins of South America: American 
Association of Petroleum Geologists Memoir 62, p. 523-543. 

Isacks, B. L., 1988, Uplift of the central Andean plateau and bending of the Bolivian 
orocline: Journal of Geophysicad Research, v. 93, p. 3211—3231. 

Jordan, T. E., Allmendinger, R. W., Damanti, J. F., and Drake, R. E., 1993, Chronology 
of motion in a complete thrust belt: The Precordillera, 30-31°S, Andes Mountains: 
Journal of Geology, V. 101, p. 135-156. 

Moretti, I., Baby, P., Mendez, E., and Zubieta, D., 1996, Hydrocarbon generation in 
relation to thrusting in the Sub Andean zone from 18 to 22°S, Bolivia: Petroleum 
Geoscience, v. 2, p. 17-28. 

Roeder, D., 1988, Andean-age structure of Eastern Cordillera (province of La Paz, 
Bolivia): Tectonics, v. 7, p. 23-39. 

Schmitz, M., 1994, A balanced model of the southern central Andes: Tectonics, v. 13. p. 
484-492. 

Sheffels, B. M., 1990, Lower bound on the amount of crustal shortening in the central 
Bolivian Andes: Geology, v. 18, p. 812-815. 

Zandt, G., Velasco, A. A., and Beck, S. L., 1994, Composition and thickness of the 
southern Altiplano crust, Bolivia: Geology, v. 22, p. 1003-1006. 

Zapata, T. R., and Allmendinger, R. W., 1996a, Growth stratal records of instantaneous 
and progressive limb rotation in the Precordillera thrust belt and Bermejo basin, 
Argentina: Tectonics, v. 15, p. 1065-1083. 

Zapata, T. R., and Allmendinger, R. W., 1996b, Thrust-front zone of the Precordillera, 
Argentina: A thick-skinned triangle zone: American Association of Petroleum 
Geologists Bulletin, v. 80, p. 359-381. 



16 

CHAPTER 2: PRESENT STUDY 

The methods, results and conclusions of this study are presented in the papers 

appended to this thesis. The following is a summary of the most important findings in 

these papers. 

The modem foreland basin system adjacent to the Central Andes exhibits a 

distinctive regional geomorphology and associated variations in sediment thickness. 

The most proximal part of the foreland basin system, the wedge-top depozone, is a 

region of-1-3 km sediment thickness. The deposits are located in valleys between low-

relief anticlinal ridges in the Subandean Zone and above active, blind thrusts of the 

westernmost Chaco Plain. East of the wedge-top depozone, beneath the western-central 

Chaco Plain, there is a distinctive foredeep depozone which is up to 4 km thick and 

decreases in thickness progressively eastward. The deposits of this foredeep depozone 

thin to a few tens of meters or pinch out onto a forebulge in the eastern Chaco Plain that 

has modest topographic expression in some areas and is a zone of modem soil formation 

(due to extremely limited sediment input) in other areas. Cratonward of the forebulge is 

a distinctive lowland area, the Pantanal Wetland, which is underlain by up to 500 meters 

of sediment. This region, the back-bulge depozone, is filled by sediment derived from 

both the forebulge to the west and the Brazilian shield to the east. 

The present-day four-component foreland basin system, composed of wedge-top. 

foredeep, forebulge, and back-bulge depozones, serves as a modem analogue for the 

ancient foreland basin system in the Central Andes. This four component model, which 

is based on the presently observed basin geometry, is highly predictive in terms of 

stratigraphic stacking patterns, regional subsidence rates, variations in stratigraphic 

thickness, and sediment dispersal patterns. If a fold-thmst belt and associated foreland 
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basin system migrate a considerable distance toward the craton, then individual 

depozones will be stacked vertically in the sense of Walther's Law. Specifically, the 

oldest deposits of a foreland-basin stratigraphic package ought to be composed of back-

bulge deposits which thin both to the west onto the ancient forebulge and to the east 

onto the ancient craton. The back-bulge sequence should be overlain by either a 

condensed section of forebulge strata, representing extremely limited deposition on top 

of an ancient forebulge, or an unconformity, representing non-deposition or erosion on 

an area of modest topographic expression. This section should, in turn, be overlain by a 

thick foredeep section comprised of sediment derived from the thrust belt. The 

uppermost sequence would be predicted to be wedge-top deposits characterized by 

growth strata associated with fold-thrust structures. Although present age control is 

limited, these predicted stratigraphic patterns are indeed observed in Late Cretaceous 

through Miocene strata exposed in the Altiplano, Eastern Cordillera, and Subandean 

Zone and at depth in the Chaco Plain of Bolivia. 

Deposits of the wedge-top depozone afford the rare opportunity to obtain fairly 

precise control on the age of fold-thrust structures, and therefore accurately reconstruct 

the temporal and spatial evolution of individual depocenters within the wedge-top 

depozone. Coarse-grained, synorogenic strata exposed in the Eastern Cordillera of 

southern Bolivia are products of sediment accumulation in alluvial-fan, braided fluvial, 

and lacustrine depositions systems on top of the frontal part of the fold-thrust belt during 

Oligocene-Miocene time. The strata are exposed in five north-trending outcrop belts 

which represent individual depocenters or piggyback basins that were alternately 

connected or separated during different stages of their evolution. Basins were 

commonly separated by fault-propagation and fault-bend folds which also served as 

sediment source areas. Growth strata that formed by progressive fold-limb rotation 
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indicate displacement along thrust faults and related folding synchronous with 

deposition. Such growth strata and mapped cross-cutting and onlapping relationships 

between contractional structures and synorogenic strata define a chronology of 

deformation that is well defined with new 40Ar/39Ar dates and previously published K-

Ar dates. Oligocene deformation was dominated by west-vergent backthrusting whereas 

Miocene deformation was marked by out-of-sequence and synchronous displacement on 

primarily east-vergent thrusts. Each outcrop belt has its own diagnostic stratigraphy, 

suggesting that fluvial systems could not cut across most growing folds in order to 

connect adjacent basins. 

The Central Andes exhibit a drastic climatic gradient along strike, providing one of 

the most straightforward field tests of models for mountain-building which emphasize 

the connection between erosion (or climate) and kinematics of deformation. Data on the 

ancient denudation rates (a proxy for paleoclimate), ancient thrust-belt kinematics, and 

modem rates of thrust-belt shortening collectively indicate internal (out-of-sequence) 

deformation within the narrow, subcritical thrust belt in the humid region and thrust-

front-concentrated (in-sequence) deformation in the wide, critical thrust belt to the 

south. 
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APPENDIX A: THE MODERN FORELAND BASIN SYSTEM ADJACENT TO 

THE CENTRAL ANDES 

Abstract 

Regional variations in sediment thickness, internal structures, average elevation, and 

Bouguer gravity define a four-component foreland basin system adjacent to the Central 

Andes. In the most proximal part of the foreland basin system, the eastern Subandean 

Zone and westernmost Chaco Plain, 1-4 km of Cenozoic deposits overlie active folds 

and thrusts of the frontal Andean orogenic wedge. These wedge-top deposits pass 

cratonward into a foredeep depozone containing a 3-4-km-thick sedimentary prism that 

tapers toward (and locally pinches out against) a broad-wavelength forebulge in the 

central-eastem Chaco Plain. The forebulge is underlain by Precambrian-Mesozoic 

rocks and is largely covered by a thin veneer of Quaternary alluvium. East of the 

forebulge, a thin (0.5 km) saucer-shaped accumulation of sediment beneath the Pantanal 

Wetland represents a back-bulge depozone. Ancient counterparts of these four 

depozones can be identified in the Central Andes, suggesting that modem basin 

architecture is the result of continuous, eastward migration of the coupled orogenic 

wedge and foreland basin system since the Late Cretaceous-Paleocene. 

Introduction 

Foreland-basin stratigraphic models strive to predict ancient sediment-accumulation 

patterns in relationship to the development of an adjacent fold-thrust belt (e.g., Flemings 

and Jordan, 1989; Heller and Paola, 1992). Modem foreland basin systems adjacent to 

active fold-thrust belts provide a meaningful conceptual basis for the formulation of 

these models. In general, a model of ancient basins can only be a reasonable 
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approximation if it incorporates the features that characterize modem foreland basin 

systems. Standard models for foreland basins assume a simple, wedge-shaped cross-

sectional geometry (tapering toward the craton) in profiles oriented perpendicular to the 

regional strike of the fold-thrust belt. The simplicity of these models belies the 

complexity of modem foreland basin systems and proves inadequate in reconstructing 

the details of stratigraphic architecture in ancient foreland basins (DeCelles and Giles, 

1996). Some basic questions must be addressed in order to improve existing models. In 

particular, what is the tme cross-sectional geometry of a modem foreland basin system 

in terms of regional elevation and sediment thickness? Also, what is the structural-

stratigraphic geometry of the transition from the fold-thmst belt to the foreland basin? 

With answers to these questions, the elements of active foreland basin systems may then 

be projected back in time to begin to evaluate the histories of ancient basins and the 

fold-thmst belts to which they are coupled. 

The modem foreland basin system adjacent to the Andes can be considered the type 

example of a retroarc foreland basin (Jordan et al., 1983; Jordan, 1995). The Central 

Andes, characterized by the greatest amounts of crustal shortening and thickening in the 

entire otogenic belt (Schmitz, 1994; Beck et al., 1996), are flanked to the east by a 

foreland basin system that extends into eastern Bolivia, northemmost Argentina, 

Paraguay, and southwestern Brazil (Fig. A. 1). Regional variations in sediment 

distribution, contractional strucmres, average elevation, and Bouguer gravity indicate 

the existence of four distinct depozones in the modem foreland basin system. 

Recognition of the ancient counterparts of these four depozones, which have been 

uplifted and exposed in the Central Andes, provides an evolutionary history for the 

foreland basin system and the Central Andean orogenic wedge. 
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Figure A.1. Map of Central Andes and associated foreland basin system. Contour lines 
in Chaco and Beni Plains represent two-way travel time (in seconds) to base of Tertiary 
section (from Zubieta Rossetti et al., 1996). Reasonable depth conversions utilize -3--4 
km/s seismic velocity for Tertiary fill. Thick lines in western Chaco Plain represent 
blind thrusts that cut Tertiary section and are observable in east-west seismic lines (see 
Fig. A.6). Isopachs of Tertiary fill in Pantanal Wetland are based on seismic and 
borehole data (Ussami et al., 1998). AP-Altiplano; EC-Eastern Cordillera; SZ
Subandean Zone. 



Regional Sediment Distribution 

The modem. Central Andean foreland basin system primarily lies to the east of the 

mountain belt's topographic front and includes the geographic regions referred to as the 

eastern Subandean Zone, Chaco Plain (18°-24°S), Beni Plain (14°-18°S), and Pantanal 

Wetland (Fig. A. I). Sediment is distributed in four naturally divisible "depozones": (1) 

In the most proximal part of the modem foreland basin system, sediment is presently 

deposited and preserved in valleys flanked by anticlinal ridges above active thmsts of 

the eastem Subandean Zone and above actively growing, blind fold-thrust structures 

beneath the gently eastward-sloping, westernmost Chaco Plain (Fig. A. 1). The blind 

stmctures beneath the Chaco Plain are buried beneath ~2-4 km (1.2-2.3 s two-way 

travel time) of Tertiary sedimentary rocks (Zubieta Rossetti et al., 1996). The growth of 

anticlinal ridges in the Subandean Zone indicates high rates of rock uplift relative to 

sedimentation rate (e.g., Suppe et al., 1992), suggesting that modem sediment 

accumulation within the valleys of the Subandean Zone must be substantially less than 

accumulation to the east in the Chaco Plain. Balanced cross sections (e.g., Dunn et al., 

1995) suggest that modem Subandean valleys contain -1-3 km of Tertiary fill. (2) A 

thick accumulation of Tertiary sediment that is not dismpted by fold-thrust structures 

has accumulated beneath the westem Chaco and Beni Plains (Fig. A. 1). The maximum 

thickness of Tertiary fill of -4-7 km (2.0-3.2 s) beneath the Beni Plain (Watts et al., 

1995) contrasts with ~3 km (1.6 s) of fill beneath the Chaco Plain (Coudert et al., 1995). 

The thickness of these deposits decreases steadily eastward. (3) The Tertiary strata in 

the Chaco and Beni Plains pinch out eastward onto a structural high -350 km east of the 

topographic front of the Andes (Fig. A.l). In eastem Bolivia and northemmost 

Paraguay, between 58° and 62°W, pre-foreland basin "basement" is exposed, including 

Precambrian crystalline rocks of the Brazilian shield and Paleozoic-Mesozoic 
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sedimentary rocks (Pareja et al., 1978; Wiens, 1995). In central-northern Paraguay and 

southeastern Bolivia, this zone of basement rocks is widely covered by Quaternary 

alluvium. (4) A secondary zone of sediment accumulation is located to the east of the 

structural high, beneath the Pantanal Wetland of southwestern Brazil (Fig. A. 1). The 

Pantanal fill has an elliptical map pattern and saucer-shaped cross-sectional geometry 

with a maximum thickness of -0.5 km in its center (Ussami et al., 1998). 

These four areas of sediment accumulation represent the wedge-top, foredeep, 

forebulge, and back-bulge depozones (Fig. A.2), respectively, after the classification 

scheme of DeCelles and Giles (1996). Strata of the wedge-top depozone accumulate on 

top of actively growing structures of the orogenic wedge, contain thrust-fault-related 

growth structures, and decrease in thickness toward the orogenic wedge. The foredeep 

depozone is a thick accumulation located cratonward of the blind frontal tip of the fold-

thrust belt; it decreases in thickness toward the craton. The forebulge depozone is a 

structural high that can be a zone of erosion, non-deposition, or stratigraphic 

condensation. The back-bulge depozone is a broad region of limited sediment 

accumulation between the forebulge and the cratonic interior. 

Regional Elevation and Gravity 

Regional elevation and Bouguer gravity profiles of the Central Andes at 18°S (Fig. 

A.3) indicate first-order variations in topography and isostasy of the Central Andes. In 

the elevation profile, the Andes, Chaco Plain, forebulge, and Pantanal Wetland are 

clearly defined (Fig. A.3). The foredeep depozone and distal wedge-top depozone of the 

Chaco Plain form a broad, eastward-sloping surface that lies ~0.35-0.50 km above sea 

level. The forebulge is -300 km wide and has a crestal elevation of ~0.55-0.80 km. 

The Quaternary deposits in the vicinity of this structural high are relatively well drained 
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WEDGE-TOP 

ACTIVE FORELAND BASIN SYSTEM 

Figure A.2. Schematic cross section of foreland basin system and fold-thrust belt. Note 
blind thrusts and growth strata (short line segments in basin fill) in wedge-top depozone, 
cratonward thinning of foredeep depozone, limited or no accumulation in forebulge 
depozone, and thin saucer-shaped back-bulge depozone. 
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Figure A.3. Elevation profile and Bouguer gravity profile across Central Andes and 
foreland basin system at 18°S (after Ussami et al., 1998). A general inverse correlation 
between elevation and gravity over most of the profile suggests Airy (local) isostatic 
compensation of the Andes and the foreland region to the east. However, a departure 
from this general trend (arrow) suggests flexural (regional) isostatic compensation in the 
easternmost Andes and western Chaco Plain. 
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(Wiens, 1995) compared to regions to the east and west. The Pantanal back-bulge 

depozone encompasses an ~300-km-wide region at an average elevation of -0.20 km, 

with a very gentle westward slope. 

On the basis of elevation differences (Fig. A.3) and fluvial drainage patterns, it 

appears that fluvial systems in the Chaco Plain are graded to a different base level than 

the topographically lower Pantanal Wetland, suggesting that the forebulge acts as a 

topographic barrier damming sediment on its western (foredeep) side. Most fluvial 

systems of the Chaco Plain flow parallel to the forebulge axis (Pareja et al., 1978; 

Wiens, 1995). Exceptions include the east-southeast-flowing Tucavaca River, which 

crosses the forebulge in southeastern Bolivia at about 19°S, and the southeast-flowing 

Pilcomayo River, which defines the Argentina-Paraguay border (Fig. A. I). In the 

Pantanal Wetland, west-flowing rivers derived from the craton are diverted into the 

south-flowing Paraguai River which defines Brazil's western border between 18° and 

22°S (Ussami et al., 1998). This back-bulge fluvial system parallels, but does not cross, 

the axis of the forebulge. 

Bouguer gravity data along the regional transect show an inverse correlation with 

elevation (Fig. A.3), suggesting that an Airy isostatic mechanism applies to much of the 

Central Andes and adjacent foreland basin system. However, a departure from this 

inverse correlation in the eastern frontal Andes (Subandean Zone) and western Chaco 

Plain suggests that the load of the orogenic belt is supported in part by a flexural 

(regional) isostatic mechanism (Lyon-Caen et al., 1985). Similarly, crustal-thickness 

studies indicate that Airy isostasy prevails across much of the Andes, except for the 

Subandean Zone and Chaco Plain, where a flexural mechanism appears to be operative 

(Beck et al., 1996). 
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A broad-wavelength (-650 km wide) gravity high corresponds to the eastern Chaco 

Plain and the Pantanal Wetland (Fig. A.3). Ussami et al. (1998) suggest that this gravity 

high could correlate directly with a broad forebulge. With a crest -500 km east of the 

Andean topographic front, however, such a forebulge would require an extremely high 

flexural rigidity (2 x 1025 Nm) in the foreland lithosphere (Ussami et al., 1998). 

Alternatively, an elastic flexural model that utilizes a more typical value of flexural 

rigidity for cratonic lithosphere (7 x 1023 Nm) closely approximates most of the cross-

sectional geometry of the modem basin in terms of regional elevation and sediment 

thickness for the regional profile at 18°S (Fig. A.4; Table A. 1). This model accurately 

predicts the maximum thickness (~3 km) and width (-200 km) of the foredeep 

depozone, the distances from the topographic front to the forebulge crest (-350 km) and 

to the back-bulge axis (-700 km), and the cross-sectional widths (wavelengths) of the 

forebulge (-350 km) and back-bulge (-300 km) depozones. However, the amplitudes of 

the forebulge and back-bulge depozones exceed model predictions (Table A.2), 

suggesting locally nonelastic mechanisms of forebulge uplift and back-bulge 

subsidence. The observed forebulge, which has a height of 0.32 km above the western 

Chaco Plain along the 18°S profile (Fig. A.3), and exceeds heights of 1 km in areas 

south of the profile, surpasses the predicted 0.2 km amplitude and cannot be a simple 

flexural upwarp in an elastic lithospheric plate. This feature is disrupted by numerous 

faults and reactivated basement structures (e.g.. Tankard et al., 1995; Ussami et al., 

1998), which may explain why the actual structural relief exceeds model predictions 

(e.g., Waschbusch and Royden, 1992). In the back-bulge depozone, predicted flexural 

subsidence is only a few tens of meters, much less than the observed 0.5 km of fill 

(Table A.2). The additional subsidence may reflect the dynamic effects of the 

subducted Nazca slab (e.g., Mitrovica et al., 1989; Gumis, 1992) or potentially the 
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Figure A.4. Profile of flexural model for foreland basin system shown at different 
vertical scales in order to highlight flexural subsidence of foredeep (left) and back-bulge 
(right) depozones. Horizontal distances are measured from the topographic front of the 
model load. Topographic profile for the Chaco Plain (from Fig. A.3), shown by dotted 
line, indicates that a modest topographic high approximately correlates with the 
predicted location of the model forebulge. Model parameters are summarized in Table 
A.l. 
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TABLE A. I. PARAMETERS FOR FLEXURAL MODEL OF CENTRAL ANDEAN 

FORELAND BASIN. 

Variable Model value 

mantle density 

cmstal geometry 

crustal rheology 

crustal Poisson's ratio 

crustal Young's modulus 

crustal flexural rigidity 

crustal effective elastic thickness 

topographic load height 

topographic load half width 

topographic load density 

basin fill sediment density 

3300 kg/m3 

infinite, unbroken (continuous) plate 

elastic 

0.25 

7 X 1010 Pa 

7 X 1023 Nm 

48.3 km 

2 km 

300 km 

2650 kg/m3 

2400 kg/m3 

TABLE A.2. OBSERVED GEOMETRY OF CENTRAL ANDEAN FORELAND 

BASIN ALONG EAST-WEST PROFILE AT 18°S VS. PREDICTED FLEXURAL 

GEOMETRY (BASED ON MODEL IN TABLE A.l). 

Geometric parameter Model prediction Observed value 

foredeep depth (km) 2.95 3.0t 

foredeep width (km) 208 200 

distance from topographic front to 

forebulge axis (km) 320 370 

forebulge height (amplitude) (km) 0.20 0.32 

forebulge width (wavelength) (km) 410 340 

distance from topographic front to 

back-bulge axis (km) 730 693 

back-bulge depth (amplitude) (km) 0.01 0.50 

back-bulge width (wavelength) (km) 380 300 

based on 1.6 s two-way travel time to base of Tertiary section in western Chaco Plain 

(Fig. A.l) and a 3.75 km/s seismic velocity for Tertiary fill. 
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isostatic effects of high-density rocks underlying the back-bulge depozone. 

Alternatively, enhanced sediment accommodation space within the back-bulge 

depozone may exist if depositional systems on the east side of the forebulge aggrade to 

an equilibrium drainage profile (Leopold and Bull, 1979) that is attached to the crest of 

the forebulge (Fig. A.5). As streams are commonly graded to their upland source areas, 

this mechanism of sediment accommodation is considered to be a common process 

operating in the back-bulge depozone. For the flexural model in Table A.l, aggradation 

up to an equilibrium drainage profile would result in over 100 m of accommodation 

space above and beyond the original flexural-induced subsidence (Fig. A.5). 

Wedge-Top Deposition 

The frontal tip of many active orogenic belts is buried by substantial thicknesses of 

synorogenic sediment (e.g., Vann et al., 1986); deposition in the most proximal part of 

the foreland basin system thus takes place on top of actively growing structures. This 

region, termed the wedge-top depozone (DeCelles and Giles, 1996), can be identified on 

the basis of growth structures in seismic profiles of the Andean foreland basin (e.g.. 

Tankard et al., 1995; Moretti et al., 1996). A seismic profile in the western Chaco Plain 

at about 21°S (Fig. A.6) demonstrates that active blind thrusts and related folds are 

present at depth. The pre-foreland basin basement, marked by the top of the Cretaceous, 

is overlain by -2-4 km (1.2-2.3 s) of Tertiary sediment. 

Growth strata formed by progressive limb rotation (Fig. A.7) are present in the upper 

part of the Tertiary section and are defined by upsection decreases in the dip of 

reflectors. Such growth strata overlie three buried fault-propagation folds (Fig. A.6), 

suggesting that the limbs were progressively rotated (or tilted) during deposition (e.g., 

DeCelles, 1994; Verges et al., 1996). Strata overlying a fault-bend fold also have been 



forebulge 

0.20 km ' 
0.15 

0.10 

0.05 

100 300 

-0.05 km 

equilibrium 
~ drainage 

profile 

'\ back-bulge 

MODEL: 0-1100 km range V.E. = 3000 X 

Figure A.5. Profile of same flexural model as in Figure A.4, but at a different vertical 
scale, portraying the relative magnitudes of the forebulge and back-bulge depozones. 
Although the model predicts only -12 m of maximum subsidence in the back-bulge 
region, a greater amount of sediment ( over 100 m) can potentially accumulate in this 
region (patterned area) if depositional systems aggrade to an equilibrium drainage 
profile attached to the crest of the forebulge. 
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Figure A.6. Interpreted seismic profile in western Chaco Plain at 21 °S (location in Fig. 
A.1) after Tankard et al. ( 1995). Blind thrusts cut Silurian, Devonian, Carboniferous
Cretaceous, Tertiary pre-growth strata (shaded), and Tertiary growth strata. Arrows 
denote growth structures with an upsection decrease in reflector dip which were 
generated by progressive rotation of the limbs of fault-propagation folds during 
deposition (see Fig. A.7). Note the absence of such growth structures above the fault
bend fold (FBF). TWT-two-way travel time. 
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Figure A.7. Cross-sectional geometry of synorogenic growth strata (shaded) related to 
progressive fold-limb rotation (A, B, C) and instantaneous fold-limb rotation (D, E), 
assuming constant accumulation rates (after Riba, 1976; Anadon et al., 1986; Suppe et 
al, 1992; Zapata and Allmendinger 1996). A. Case of accelerated uplift in which fold
crest uplift rate becomes greater than deposition rate, generating stratigraphic offlap. B. 
Case of decelerated uplift in which fold-crest uplift rate becomes less than deposition 
rate, producing stratigraphic onlap. C. Combination of A and B (accelerated uplift 
followed by decelerated uplift) causing initial offlap, development of a composite 
progressive unconformity, and subsequent onlap. D. Fold growth by outward migration 
of two axial surf aces, producing a kink band that grows wider ( and a fold limb that 
lengthens) through time. E. Growth strata expected for case in which deposition rate 
exceeds uplift rate of a fold growing by outward migration of two axial surfaces (as in 
D). Note the existence of four axial surfaces within the growth strata which taper 
upsection, thereby defining two growth triangles. 
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rotated. However, the strata in this fold do not display an upsection decrease in bedding 

dip, suggesting fold growth by kink-band migration (Fig. A.7) rather than progressive 

limb rotation (Suppe et al., 1992; Zapata and Allmendinger, 1996). 

The "pre-growth" strata in the lower part of the Tertiary section lack upsection 

variations in the dip of reflectors and did not accumulate on actively growing structures. 

The upward transition from pre-growth strata to growth strata thus marks the time at 

which the frontal tip of the fold-thrust belt propagated eastward from the Subandean 

Zone into the western Chaco Plain. This is also the time at which the western Chaco 

Plain was transferred from the foredeep depozone to the wedge-top depozone. Although 

age control is poor, regional correlations suggest that this transition took place during 

late Miocene to Pliocene time (Gubbels et al., 1993; Moretti et al., 1996). 

The two fault-propagation folds on the western part of the seismic profile exhibit no 

topographic expression, indicating that the sedimentation rate is exceeding the rate of 

rock uplift (Suppe et al., 1992). To the east, a fault-bend fold and fault-propagation fold 

are marked at the surface by a few meters to a few tens of meters of relief (Tankard et 

al., 1995). Here, the rock uplift rate exceeds sedimentation rate. Therefore, thrust-belt-

derived sediment is accumulating at the surface over most of profile, except in the area 

above the two eastern folds, where erosion is taking place. 

Discussion 

Because the fold-thrust belt and foreland basin system of the Central Andes have 

propagated progressively eastward (Gubbels et al., 1993; Kley, 1996), recognition of the 

four-component modem foreland basin system may hold the key to reconstructing the 

time-space development of the structurally disrupted ancient foreland basin system. 

Cratonward migration of the foreland basin system over a distance comparable to the 
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basin width might be expected to stack each of the depozones in a continuous, upward-

coarsening vertical sequence of back-bulge, forebulge, foredeep, and wedge-top deposits 

(e.g., DeCelles and Currie, 1996). Such a stratigraphic section would include, from top 

to bottom, (1) an upper wedge-top deposit characterized by growth strata and regional 

thinning toward the fold-thrust belt stacked on top of (2) a foredeep deposit that thickens 

toward the fold-thrust belt where it abuts the distal end of the wedge-top depozone, 

overlying (3) an unconformity or very thin deposit representative of erosion and/or 

minor deposition on the forebulge, which caps (4) a basal, thin back-bulge deposit that 

decreases in thickness toward both the craton and the fold-thrust belt. 

I assert that the ancient position of the foreland basin system at successive time 

intervals in the Central Andes of Bolivia can be determined by identification of the ages 

and depozones of Upper Cretaceous through Recent deposits that are exposed in the 

Altiplano, Eastern Cordillera, and Subandean Zone (Fig. A.l). The Upper Cretaceous-

Paleocene El Molino and Santa Lucia Formations comprise a 0.5-0.9-km-thick 

succession of marginal marine, lacustrine, and distal fluvial deposits that thin both to the 

east and west (Welsink et al., 1995; Sempere et al., 1997). These deposits were 

originally distributed over a region -500 km wide, from the Altiplano to Subandean 

Zone, and are attributed to deposition in a back-bulge setting. A Paleocene 

unconformity has been recognized in the eastern Altiplano (Marocco et al., 1987; 

Sempere et al., 1997) and is herein interpreted as the result of forebulge uplift and 

erosion. The upward-coarsening, westward thickening, 2-5-km-thick Potoco Formation 

of the Altiplano and Eastem Cordillera (Welsink et al., 1995; Sempere et al., 1997) may 

represent the fluvial-dominated foredeep depozone of the Eocene-Oligocene foreland 

basin system. 
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All four components of the late Oligocene to middle Miocene foreland basin system 

are identifiable. The wedge-top depozone is represented by a 1-2-lcm-thick succession 

of conglomerate with numerous growth structures in the western Eastern Cordillera 

(Tupiza Formation and equivalent deposits; Horton, 1996). The foredeep depozone 

during late Oligocene to middle Miocene time probably includes the 2-3-km-thick 

Camargo Formation in the eastern part of the Eastern Cordillera (Sempere et al., 1997). 

The late Oligocene to middle Miocene back-bulge depozone is represented by the 0.5-

km-thick Petaca and Yecua deposits (Marshall et al., 1993), which thin westward in the 

Subandean Zone, perhaps onto the eastern flank of the Oligocene-Miocene forebulge, 

and eastward in the subsurface of the Chaco Plain. 

This interpretation may help to resolve larger issues regarding Andean orogenesis. 

Crustal thickening in the Central Andes and resulting uplift of the Altiplano are 

generally interpreted to be products of late Oligocene to recent shortening (Isacks, 1988; 

Sempere et al., 1990; Gubbels et al., 1993). Recognition of foreland-basin deposits of 

Late Cretaceous-Eocene age (e.g., Sempere et al., 1997), however, suggests that a 

substantial early history of crustal shortening and thickening has been underappeciated 

in most studies. That the total documented shortening in the Subandean Zone and 

Eastern Cordillera is not enough to account for the present-day thickness of crust in the 

Central Andes (Fig. A.8) (Schmitz, 1994; Baby et al., 1997) may simply reflect the 

existence of a large amount of undocumented, pre-late Oligocene shortening in the 

Western Cordillera and Altiplano. Allowing for moderate amounts of pre-late 

Oligocene within the present-day hinterland of the orogenic belt seems more 

geologically reasonable than hypotheses which suggest tremendous amounts of 

underplating and/or magmatic addition to the cmst (Schmitz, 1994; Baby et al., 1997). 

Furthermore, if the Andean history of Peru serves as an anzdogue for Bolivia, then 
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Figure A.8. Crustal-scale balanced cross section through the Central Andes at 21 °S 
(from Baby et al., 1997). Amounts of documented Neogene shortening are shown for 
each geological province. Total Neogene shortening of 231 km is insufficient to 
produce the thick crust of the Altiplano and Western Cordillera, possibly suggesting 
large-scale underplating, magmatic addition, or undocumented pre-late Oligocene 
shortening in western regions. 
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Eocene fold-thrust deformation within the Western Cordillera may have accommodated 

-50 km of shortening, similar to Eocene deformation within the Maranon fold-thmst 

belt of the Western Cordillera, Peru (Megard, 1989). 

Furthermore, the episodic history of mountain building often cited for the Andes 

(Megard, 1984; Sebrier et al., 1988) may be based on a misinterpretation of regional 

unconformities. The Eocene "Incaic" deformation event, commonly recognized by an 

unconformity in the Eastern Cordillera, is succeeded by an early-middle Oligocene 

phase with no recorded deformation (Megard, 1984). I suggest that this Eocene 

unconformity developed during passage of the forebulge through the region now 

occupied by the Eastem Cordillera; in this interpretation, the Oligocene represents the 

onset of foredeep sediment accumulation in this region as fold-thrust deformation 

continued to the west. Progressive eastward migration of the foreland basin system. 

Including the forebulge, to its present-day location suggests that contractional 

deformation was more or less continuous, rather than episodic, throughout the Tertiary. 

Conclusions 

The wedge-top, foredeep, forebulge, and back-bulge depozones of the modem 

foreland basin adjacent to the Central Andes are distinguished by variable amounts of 

sedimentary fill, variations in elevation and Bouguer gravity, and position relative to 

contractional structures of the Andean orogenic wedge. Growth structures in the wedge-

top depozone of the westernmost subsurface Chaco Plain indicate that a significant 

amount of sediment has accumulated on top of actively growing structures above the 

frontal tip of the fold-thrust belt. The foredeep in the western Chaco Plain is a wedge of 

sediment that thickens toward the fold-thrust belt and thins cratonward onto the 

forebulge. The forebulge depozone in the central-eastern Chaco Plain is a region of 
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erosion or limited deposition on top of a broad-wavelength structural high. The back-

bulge depozone beneath the Pantanal Wetland is a wide, thin accumulation of sediment 

that tapers onto the forebulge as well as the craton. Long-term migration of such a four-

component foreland basin system yields stratigraphic-structural relationships in which 

the successive locations of each depozone can be determined throughout the growth of 

an adjacent fold-thrust belt. In the Central Andes, the oldest identifiable deposits of the 

foreland basin system are of Late Cretaceous-Paleocene age, indicating that crustal 

shortening and thickening have occurred over a longer time span than commonly 

envisioned. 
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APPENDIX B: LATE CRETACEOUS-RECENT DEVELOPMENT OF THE 

CENTRAL ANDEAN FORELAND BASIN SYSTEM 

Abstract 

A regional stratigraphic analysis across the Central Andes of Bolivia identifies a 

pervasive stratigraphic stacking pattern in Upper Cretaceous-Recent deposits. The 

typical stratigraphic column contains, in ascending order: (1) a thin (<I km) interval 

composed of fine-grained siliciclastic and carbonate strata; (2) an unconformity or 

condensed stratigraphic section (<50 m thick) composed of fine-grained paleosols; (3) a 

very thick (-1^ km), coarsening-upward succession of sandstone and mudstone; and 

(4) a thick (-1-3 km) conglomeratic section containing growth strata associated with 

active thrust structures. This column represents vertical stacking of distal fine-grained 

deposits of the (1) back-bulge and (2) forebulge depozones which are succeeded by 

progressively younger, more proximal, coarser-grained deposits of the (3) foredeep and 

(4) wedge-top depozones of a foreland basin system. Recognition of fine-grained. 

Upper Cretaceous strata in the hinterland (eastern Altiplano) of the Central Andes as 

back-bulge deposits requires that the Andean orogenic belt initiated fau* to the west in 

Late Cretaceous time and has propagated over 500 km eastward to its present-day 

position. Progressively younger stratigraphic columns to the east in the central (Eastern 

Cordillera) and eastern (Subandean Zone) parts of the orogenic belt require more or less 

continuous eastward propagation of the orogenic belt and associated foreland basin 

system throughout Cenozoic time. New 40Ar/39Ar dates and other recently published 

isotopic dates provide age control to estimate an -10-15 km/m.y. (10-15 mm/yr) rate of 

Late Cretaceous-Recent thrust-belt propagation, similar to modem shortening rates 

determined by GPS studies in the Central Andes. 
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Introduction 

Studies of sedimentary basins related to Andean mountain building typically 

conclude that numerous individual basins scattered throughout the region that is now the 

Andes were the product of short-lived episodes of localized subsidence and sediment 

accumulation (e.g., Megard et al., 1984; Sempere et al., 1990, 1994; Marshall and 

Sempere, 1991, 1993). These pulses of basin development are invariably correlated 

with short-lived (several-m.y.-duration) tectonic "events" of compressional mountain 

building and magmatism that ultimately owe their origin to variations in the rate and 

direction of plate convergence (Sebrier et al., 1988; Noble et al., 1990; Sempere et al., 

1997). Originally recognized by Steinmann (1929) in the Western Cordillera of central 

Peru, the Peruvian (Cretaceous), Incaic (Eocene), and Quechua (Miocene) events have 

been applied to deformations recognized in local study areas throughout the Andes (e.g., 

Yrigoyen, 1979, Megard et al., 1984; Sebrier et al., 1988; Noble et al., 1990; Marshall 

and Sempere, 1993). With more studies of deposits in different regions, Steinmann's 

(1929) original tripartite designation has been modified with a plethora of new names 

for newly recognized events (e.g., Inca I, Inca II, Aymara, Pehuenche, Quechua I, 

Quechua II, Quechua HI, and Diaguita events). A significant problem, however, in the 

analysis of Andean basin development is a common tendency to assign individual 

sedimentary accumulations to specific tectonic events that were originally defined in 

different, local study regions for rocks that are not necessarily of the same age or origin. 

Furthermore, in the absence of age control, inferences on the age of local deposits are 

often based on their inferred genetic relationship to previously defined tectonic events. 

The purpose of the following study is to provide a regional perspective in evaluating 

the origin and tectonic significance of Andean sedimentary accumulations by 

considering in detail the age, composition, thickness, and regional geometry of Upper 
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Cretaceous-Tertiary deposits along a transect through the widest sector of the Central 

Andes (18°-22°S). An advantage of this integrated approach is the recognition that an 

originally extensive foreland basin may be structurally disrupted, uplifted, and eroded as 

a thrust belt migrates toward the craton, potentially cannibalizing the proximal basin fill 

and leaving behind only the most distal, fine-grained deposits of the original basin (e.g., 

Royse, 1993; DeCelles and Currie, 1996; Currie, 1998). Such thrust-belt migration 

suggests that individual sedimentary accumulations preserved as discontinuous outcrop 

belts within the present-day Andes may represent small parts of much larger basins 

rather than isolated basins related to local tectonic processes. 

Rationale 

This study utilizes a simple geometric model of a foreland basin system, based on 

the observed geometry of the modem basin adjacent to the Centrzd Andes (Horton and 

DeCelles, 1997), to understand the stratigraphic implications of long-term cratonward 

migration of the fold-thrust belt. A characteristic four-component geometry is observed 

in foreland basin systems in general (DeCelles and Giles, 1996), including the modem 

Central Andean foreland basin system (Horton and DeCelles, 1997). The four elements 

of a typical foreland basin system (Fig. B.IA) include: the wedge-top depozone, a region 

of sediment accumulation on top of the predominantly blind thrust stmctures of the 

frontal part of the orogenic wedge; iheforedeep depozone, characterized by a thick 

succession which decreases in thickness away from the orogenic belt; theforebulge 

depozone, a stmcturally high zone that may be an area of erosion, non-deposition, or 

limited deposition; and the back-bulge depozone, a broad low-relief region between the 

forebulge and craton in which limited sediment may accumulate. An analogous system 

of subclassification based on the North Alpine foreland basin (lacking only the back-
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Figure B .1. Conceptual model for evolution of a foreland basin system. A. Schematic 
representation of long-term migration of an orogenic belt and its associated foreland 
basin from initial time 1 to final time 4. Foreland basin system consists of four 
depozones-wedge-top, foredeep, forebulge, and back-bulge depozones (DeCelles and 
Giles, 1996). B. Predicted stratigraphic stacking pattern in a vertical column (-3-10 km 
thick) and variations in relative subsidence rates due to migration of the four depozones 
(DeCelles and Currie, 1996). C. Subsidence ( or sediment accumulation) curve for 
stratigraphic column in B (DeCelles and Currie, 1996). Note extremely low subsidence 
rate and unconformity development in forebulge depozone and rapid increase in 
subsidence rate in foredeep depozone. 
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bulge depozone) has been proposed by Sinclair (1997) specifically for "underfilled" 

peripheral foreland basin systems. 

A conceptual model that assumes a simple process in which a fold-thrust belt and its 

related foreland basin system migrate continuously toward the craton (Fig. B. 1 A) results 

in several testable hypotheses. First and foremost, migration of a foreland basin system 

produces a distinctive stratigraphic stacking pattern (Fig. B.IB)—a basal section of 

back-bulge deposits capped by a forebulge unconformity (or highly condensed interval), 

which is succeeded by a thick foredeep accumulation and overlying wedge-top section 

characterized by growth structures. This predicted stratigraphic column can be viewed 

as a faithful application of Walther's Law (Middleton, 1973) in which depositional 

systems that are laterally adjacent to one another become stacked progressively in 

vertical succession through time. Deposits of the four depozones, located at different 

levels in the resulting succession, exhibit distinctive characteristics that permit their 

straightforward recognition (DeCelles and Giles, 1996). Back-bulge deposits are 

typically a few hundreds of meters thick, decrease in thickness toward both the 

forebulge and craton, are derived from thrust-belt, forebulge, and/or cratonic sources, 

and are typically composed of relatively fine-grained (mudstone, sandstone, and 

carbonate), fluvial, eolian, lacustrine or shallow-marine deposits. Forebulge deposits, if 

present, are extremely thin (tens of meters) and contain paleosols suggestive of extended 

periods of time (several m.y.) with limited sedimentation. Alternatively, if the forebulge 

was an area of erosion or non-deposition, the stratigraphic product will be an 

unconformity or, more specifically, a disconformity. Because back-bulge and forebulge 

deposits are relatively thin and very widespread (>104 km2), internal chronostratigraphic 

horizons are subparallel. The foredeep succession attains a thickness of several (up to 8) 

kilometers and characteristically coarsens upward from deposits of minor stream or lake 
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systems into major braided stream systems derived from the adjacent fold-thrust belt. 

Wedge-top strata are typically less than 2-3 km thick, decrease in thickness onto the 

orogen, and contain growth strata related to active structures of the frontal orogenic 

wedge. 

A second powerful prediction of the conceptual model is the temporal variability in 

long-term rates of subsidence and sediment accumulation for a single stratigraphic 

succession (Fig. B.IB). Specifically, a four-part sequential history is expected: (I) low 

subsidence rates in the back-bulge region; (2) extremely low subsidence, or even uplift 

and erosion, of the forebulge depozone; (3) increasingly rapid subsidence of the 

foredeep; and (4) variable, low to moderate rates of subsidence within the wedge-top 

depozone. The long-term subsidence (or sediment accumulation) curve for such a case 

(Fig. B.IC) bears a sigmoidal geometry with a diagnostic flat line segment representing 

unconformity development or extremely limited accumulation in the forebulge 

depozone, followed by a steep upward convex segment indicative of rapid accumulation 

rates in the foredeep depozone. 

Third, the conceptual model for migration of a fold-thrust belt and foreland basin 

suggests that the original foredeep and wedge-top depozones associated with initial 

mountain building will be recycled through erosion as the orogenic wedge migrates 

farther toward the craton. Therefore, the foredeep depozone of the initial foreland basin, 

the thickest accumulation and most readily recognized deposit of the basin, may be 

completely missing from the geologic record of mature orogenic belts that have 

migrated substantial distances toward the craton (e.g., Royse, 1993; DeCelles and 

Currie, 1996). 
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Geologic Setting 

The Central Andes, exhibiting the highest average elevation, greatest east-west 

extent, greatest total shortening, and thickest crust of the entire Andean orogenic belt 

(Isacks, 1988; Sheffels, 1990; Schmitz, 1994; Zandt et al., 1994; Beck et al, 1996; 

Allmendinger et al., 1997), are divisible into five geological and physiographic zones. 

From west to east, these include the Western Cordillera, Altiplano, Eastern Cordillera, 

Subandean Zone, and Chaco-Beni Plain (Fig. B.2). The Western Cordillera, with an 

average elevation of ~4 km, forms the modem magmatic arc. The Altiplano is a high-

elevation (-3.7 km), relatively low-relief plateau, underlain at shallow levels by folded 

and thrusted Cretaceous-Tertiary sedimentary rocks and capped largely by late Tertiary 

volcanic rocks and Quaternary evaporites (Allmendinger et al., 1997; Lamb and Hoke, 

1997). Forming the tectonic boundary between the Altiplano and the Eastern Cordillera 

is the San Vicente thrust, which dips eastward and juxtaposes Ordovician strata in the 

hanging wall against middle Tertiary strata in the footwall (Baby et al., 1990). The 

Eastern Cordillera is a series of high-standing ranges (-3-4 km but locally >5 km 

elevation; Masek et al., 1994) composed mainly of Ordovician phyllite with a steeply-

dipping slaty cleavage and complex internal deformation generally related to east-west 

shortening during Paleozoic (Pre-Andean) orogenesis and Tertiary (Andean) mountain 

building (Kley et al., 1997). Resting unconformably upon the Ordovician rocks of the 

Eastern Cordillera are Cretaceous nonmarine and marine strata with minor interbedded 

basalts (Sempere et al., 1988; Sempere, 1994) and Tertiary, coarse-grained nonmarine 

strata (Horton, 1996; Sempere et al., 1997). The easternmost Eastern Cordillera, also 

referred to as the Interandean Zone, consists of Ordovician, Silurian, and Devonian 

strata involved in tight folds and thrust sheets above multiple Silurian detachment levels. 

Most of the major thrust faults sole into a blind, basement-involved thrust (Kley, 1996). 
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Figure B.2. Map of the Central Andes displaying major geological, physiographic, and 
political boundaries (after Pareja el al., 1978; Gubbels et al., 1993; and Kennan et al., 
1995). Each outlined study area (and corresponding figure number) contains 
Cretaceous-Recent strata. The Western Cordillera (WC) follows the Chile-Bolivia 
border. The Subandean Zone (SZ) is situated between two major thrust faults (barbed 
lines). Major late Miocene ignimbrite shields (MO—Morococala, LF—Los Frailes) are 
shown in western Eastern Cordillera. Inset map (upper right) shows location of areas 
above 3 km elevation (shaded), thrust front (barbed line), and basement-cored uplifts 
(outlined areas) in northern Argentina (Sierras Pampeanas). 
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The Subandean Zone is a typical frontal fold-thrust belt (Fig. B.2), involving Paleozoic 

through Tertiary strata in the hanging walls of numerous east-vergent, ramp-flat thrust 

systems (Allmendinger et al., 1983; Baby et al., 1992; Dunn et al., 1995). These thrust 

faults sole into local decollement horizons in Devonian strata as well as a regional basal 

decollement in Silurian strata (Dunn et al., 1995). To the east of the Subandean Zone 

lies the Chaco-Beni Plain, the modem foredeep of the Central Andean foreland basin 

system (Horton and DeCelles, 1997). 

Altiplano 

Stratigraphy 

The low-relief, high-elevation Altiplano is largely covered by modem low-gradient 

depositional systems, including large salars (ephemeral salt lakes), small intermittent 

streams that show limited incision, and gently inclined piedmont slopes. Isolated ranges 

exhibiting low relief (<1 km) are scattered throughout the Altiplano. These ranges 

contain exposures of an ~5-10-km-thick succession of predominantly Upper Cretaceous 

through middle Miocene sedimentary and volcanic rocks. One of the thickest, most 

continuous exposures of Upper Cretaceous-Tertiary strata in the Altiplano is located in a 

fold belt at 3.6—4.3 km elevation in the Rio Mulatos region in the eastern Altiplano (Fig. 

B.3). This succession has yielded a greater amount of age data, including a new 

40Ar/39Ar date reported herein, than most Altiplano sections. The Upper Cretaceous-

Tertiary stratigraphic column (shown schematically in Fig. B.4) consists of a basal 

section of locally named strata (Orinoca, Mulasi Formations) equivalent to the 

Tarapaya, Miraflores, and Aroifilla Formations (-700 m) which is succeeded by the 

Coroma (-100 m). El Molino (-600 m), Santa Lucia(?) (-50-100 m), Potoco (-4000 
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Figure B.3. Geologic map of folded Mesozoic-Cenozoic strata in Rio Mulatos region of 
eastern Altiplano (location in Fig. B.2) after Geobol (1962a, 1962b) and U.S. Geological 
Survey and Geobol ( 1992). Area is interpreted as a shallow-level fold belt with a salt 
decollement. The complete Cretaceous-Miocene section is >8 km thick (Fig. B.4). 
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Figure B .4. Schematic Upper Cretaceous-Miocene stratigraphic sections from eastern 
Altiplano (location in Fig. B.3). Section 1 is based on calculated thicknesses utilizing 
mapped contacts and bedding orientation data from Geobol (1962) and paleocurrent 
measurements and crude field estimates of thickness by myself and Peter DeCelles 
(summer, 1997). Sections 2 and 3 form a single composite section based on data in 
Kennan et al. (1995). An 40Ar/39Ar age for lower El Molino (Sempere et al., 1997) is 
projected from original sample location near Chita (Fig. B.3). Altiplano exposures of 
the El Molino contain invertebrate and vertebrate fossils of Late Cretaceous-early 
Paleocene age (Gayet et al., 1991). K-Ar ages for Sections 2 and 3 from Kennan et al. 
(1995). The 40Ar/39Ar analyses for the upper Potoco sample in Section 1 are presented 
in Figure B.5. Note the lack of age control for the upper El Molino to upper Potoco 
section. 
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m), and Tambillo (-3000 m) Formations (Geobol, 1962a, 1962b; Kennan et al., 1995). 

The stratigraphic section underlying Lhe Potoco Formation represents the middle and 

upper supersequences of the Puca Group (Sempere et al., 1988; Sempere, 1994). The 

basal deposits (middle supersequence of the Puca Group) include red nonmarine 

mudstone and sandstone (Tarapaya equivalents) and a single grey marine carbonate <30 

m thick (Miraflores equivalent). The Miraflores carbonate, which serves as a regional 

marker bed throughout the Altiplano and Eastem Cordillera, contains fossils of 

Cenomanian-Turonian age (-98-90 Ma) and denotes a sea-level highstand that is 

possibly eustatic in origin (Sempere et al., 1988; Sempere, 1994). 

The upper supersequence of the Puca Group is marked by red nonmarine sandstone 

and mudstone of the Aroifilla equivalent, grey nonmarine sandstone and mudstone of 

the Coroma Formation (an equivalent to the upper part of the more regionally 

distributed Chaunaca Formation), grey nonmarine/marine carbonate and interbedded 

mudstone of the El Molino Formation, and red nonmarine sandstone and mudstone of 

the Santa Lucia(?) Formation (Fig. B.4). The lower Aroifilla contains intercalated 

basalts in parts of the Eastem Cordillera (Sempere et al., 1988), including a horizon that 

yielded a K-Ar age of 85.1 Ma (recalculated by McBride et al., 1983 from original 83 

Ma age in Evemden et al., 1977). The overlying Chaunaca has been dated as Santonian 

to earliest Campanian with palynological samples from the Eastem Cordillera and has 

been correlated with middle Campanian strata in Peru (Sempere et al., 1997). The El 

Molino Formation is widespread in the Altiplano and Eastem Cordillera and contains 

abundant marine and nonmarine fossils of Maastrichtian to early Paleocene age (Gayet 

et al., 1991; Sempere et al., 1997). An 40Ajr/39Ar age of 72.57 ±0.15 Ma on biotite 

from a tuff near the base of the El Molino Formation in the eastem Altiplano near Chita 

(Figs. B.3 and B.4) provides the only isotopic age information for the unit and is 
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consistent with a Maastrichtian age (Sempere et al., 1997). In the Eastern Cordillera, the 

overlying Santa Lucia Formation is a distinctive, thin-bedded, red sandstone and 

mudstone unit that consistently occurs above the El Molino Formation. In the Rio 

Mulatos region of the eastern Altiplano (Fig. B.3), however, the El Molino grades 

vertically into the overlying Potoco Formation over an ~50-m-thick transitional section 

that contains numerous stacked paleosols rich in calcareous nodules (Fig. B.4). These 

rocks are not typical of the Santa Lucia Formation. In addition, Sempere et al. (1997) 

note a southeastern Altiplano locality at ~21°S (originally described by Marocco et al., 

1987) in which the Santa Lucia Formation is missing and a thin, pre-Potoco unit (Cayara 

Formation) overlies the El Molino with angular unconformity. 

The stratigraphic section overlying the El Molino Formation is extremely thick and 

poorly dated. The Potoco Formation is -4 km thick and is dominated by red nonmarine 

sandstone and subordinate mudstone. The best age control for the Potoco is offered by 

this study's new 40Ar/39Ar date of 25.4 ± 0.1 Ma on a tuff at -3.3 km above the base of 

the Potoco and -0.7 km below the Tambillo Volcanic Horizon (TVH) at the base of the 

Tambillo Formation (Figs. B.4 and B.5). The tuff is one in a series of thin (<1 m thick) 

andesitic ash-fall tuffs preserved within the upper levels of the Potoco Formation. The 

date represents the mean age of total-fusion analyses on fifteen separate sanidine 

crystals from the tuff (Fig. B.5). These data require a reconsideration of published K-Ar 

dates of volcanic units previously interpreted to be a part of the Tambillo Formation 

(Figs. B.3 and B.4). Kennan et al. (1995) published late Oligocene-early Miocene K-Ar 

dates of three samples (their Fig. 2): 23.1 ± 1.2 Ma on a whole rock basaltic andesite 

sample from the TVH (their sample Rod-91); 24.4 ± 0.9 Ma and 24.8 ± 0.8 Ma on two 

biotite size fractions from a tuff located 150 m downsection from the TVH (their sample 

S3); and 25.2 ± 0.9 Ma on augite from a basalt located 0.5 km downsection from the 
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Figure B.5. Inverse isochron diagram for fifteen total fusion analyses (ellipses) of single 
crystals of sanidine from an ash-fall tuff in upper Potoco Formation, eastern Altiplano 
(location in Figs. B.3 and B.4). Analyses of three additional crystals (crosses) yielded 
low 36Ax/40Ar ratios and are interpreted as xenocrysts. Isochron age was calculated 
using the inverse isochron York (1969) fit routine and omitting the three outliers 
(xenocrysts). Stated precisions for 40Aj/39Ar ages include all uncertainties in the 

measurement of isotope ratios and are quoted at the Ict level. Analyses performed by 
Peter Copeland, University of Houston. Analytical procedures are summarized in 
Appendix C. 
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TVH (their sample Chiar KkoIIu) which they interpreted as a sill. I assert that these 

dates of layers below the TVH represent stratigraphic ages of the upper Potoco 

Formation rather than the lower Tambillo Formation. Based on the new 40Ar/39Ar date, 

the basalt interpreted by Kennan et al. (1995) as a late Oligocene sill in the presumably 

older Potoco Formation is more likely a unit that was deposited in normal stratigraphic 

succession within the late Oligocene portion of the Potoco Formation. A K-Ar age of 

15.8 ± 0.5 Ma on biotite from a tuff located 2.5 km above the TVH (Kennan et al., 

1995) suggests that the Tambillo Formation spans the early to middle Miocene. 

Basin Evolution 

The succession in the eastern Altiplano contains a basal -1.5-km-thick section of 

Upper Cretaceous-early Paleocene representing deposition from -100-65 Ma. Basalts 

within the lower half of this basal section (in the Turonian-Coniacian Aroifilla 

Formation) have been attributed to extension and related volcanism that persisted from 

Late Jurassic to early Late Cretaceous time in Bolivia (Sempere et al., 1988, 1997; 

Sempere, 1994) and in the Salta rift system of northernmost Argentina (Salfity and 

Marquillas, 1994). Therefore, initial compression and mountain building in the Central 

Andes could not have started prior to -90 Ma. 

The Campanian to Miocene section in the eastern Altiplano contains several 

elements in agreement with the predicted stratigraphic stacking pattern in a migrating 

foreland basin system (Fig. B.IB). The Chaunaca-El Molino sequence represents the 

initial back-bulge depozone of the Andean foreland basin system. The entire section is 

-700 m thick, the Chaunaca Formation decreases in thickness to both the east and the 

west (Sempere et al., 1988, their Fig. 3), and all strata were deposited in relatively low-

energy systems (shallow marine platform, lakes, low-gradient streams) that were 
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situated far from any significant topographic features (Sempere et ai., 1997). These 

features are directly analogous to the back-bulge depozone of the modem foreland basin 

(Horton and DeCelles, 1997). Overlying the back-bulge deposits is a transitional 

deposit several tens of meters thick which is lithologically similar to the Santa Lucia 

Formation but is of unknown age. The deposit contains paleosols and may represent 

slow sediment accumulation in a forebulge depozone. The overlying, -4-km-thick 

Potoco Formation is attributed to deposition of sand and mud by fluvial systems in a 

rapidly subsiding foredeep depozone. The uppermost deposits constitute the wedge-top 

depozone and are represented by the conglomeratic Tambillo Formation. The expected 

growth strata of a wedge-top depozone have not been observed in Tambillo outcrops but 

have been imaged seismically in equivalent strata (Azurita Formation) -100 km to the 

north at -I8.4°S (Lamb and Hoke, 1997, their Fig. 9). These growth strata indicate that 

the front of the orogenic belt had entered the eastern Altiplano area by late Oligocene-

early Miocene time. 

A zone of reduced sediment accumulation, or stratigraphic condensation, exists 

between the EI Molino and Potoco Formations. In the upper Potoco, -0.7 km of 

sediment accumulated between the deposition of a tuff dated at 25.4 ± 0.1 Ma and the 

TVH dated at 23.1 ± 1.2 Ma. This yields an average accumulation rate of -0.3 km/m.y. 

(0.2-0.7 m/m.y. using maximum possible age error) for the lower -3.3 km of the 

Potoco, which when projected back in time (assuming a constant rate of sedimentation), 

places the base of the Potoco at -36 Ma (-42-30 Ma using maximum possible age 

error). The top of the El Molino is mid Paleocene (-60 Ma) in age, suggesting that 

some -18-30 million years may be represented by a stratigraphic section, the Santa 

Lucia(?) unit, that is only several tens of meters thick. This period of stratigraphic 

condensation is attributed to deposition in the forebulge depozone. Although the above 
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analysis assumes a constant sediment accumulation rate for the Potoco, the conclusion 

of limited accumulation in the Santa Lucia(?) is consistent with field observations of 

thick paleosols at this level (Fig. B.4). 

Eastern Cordillera: Tupiza and Related Basins 

Stratigraphy 

In southern Bolivia, the Eastern Cordillera is composed of vast exposures of 

deformed Ordovician rocks and a few north-trending outcrop belts of Cretaceous-

Tertiary strata (Fig. B.6). A continuous, 3-4-lan-thick, Upper Cretaceous-Miocene 

section in the Camargo and Otavi synclines to the east (Sempere et al., 1997) contrasts 

with a series of discontinuous, Oligocene-late Miocene sections 0.8-2.3 km in thickness 

exposed to the west near Tupiza (Herail et al., 1996; Horton, 1996; Tawackoli et al., 

1996). The central axis of the Eastern Cordillera is marked by a north-trending belt of 

thin (<250 m), poorly consolidated, volcanic and siliciclastic layers of late Miocene-

Quaternary age (Fig. B.6) which cap an -10 Ma erosional surface, the San Juan del Oro 

surface (Servant et al., 1989; Gubbels, 1993; Gubbels et al., 1993; Kennan et al., 1997). 

In the western Eastern Cordillera near Tupiza, at 3.0-4.3 km elevation, five separate 

outcrop belts of variably deformed Tertiary sedimentary rocks are separated by belts of 

highly deformed Ordovician rocks and limited Cretaceous rocks (Fig. B.7). Each of the 

five outcrop belts has its own distinctive Tertiary stratigraphy (as shown by composite 

measured sections in Fig. B.8), suggesting that each belt developed as a separate 

sedimentary basin with its own depositional history (Horton, 1996). From west to east, 

the basins include the (1) Estarca, (2) Westem Tupiza, (3) Central Tupiza, (4) Eastern 

Tupiza, and (5) Nazareno basins. These basins are bounded by thrust faults or are 
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Figure B.6. Geologic map of Andes in southern Bolivia showing major structures and 
outlined study areas containing Cretaceous-Recent strata (after Pareja et al., 1978). The 
Subandean Zone study area (Fig. B.12) is -20 km northwest of Monteagudo. The 
Interandean Zone as defined by Kley ( 1996) is equivalent to the easternmost Eastern 
Cordillera of other workers. SVT-San Vicente thrust; CTT-Camargo-Tojo thrust; 
SY A-Sama-Yunchara anticlinorium. 
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Figure B.7. Geologic map of Eastern Cordillera basins near Tupiza (location in Figs. 
B.2 and B.6) based on maps by Geobol (1991a, 1991b, 1991c), Troeng et al. (1993), and 
my field mapping ( 1995-1997). A measured section is located in each of the five basins 
(see Fig. B.8). CTB-Central Tupiza basin; ETB-Eastem Tupiza basin. 
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Figure B.8. Generalized measured stxatigraphic sections of the five Eastern Cordillera 
basins near Tupiza (sections 1 through 5 shown in Fig. B.7) based on my field data 
(1995-1997). Each basin exhibits a unique stratigraphy and paleocurrent pattern 
different than its neighboring basins. Only a few lithostratigraphic correlations (dashed 
lines) are possible between adjacent basins. Isotopic dates and error bars are discussed 
in text and Appendix C. 
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isolated from neighboring basins by major folds (Fig. B.7). The stratigraphic columns 

of the individual basins (described in more detail in Appendix C) display different ages, 

thicknesses, and lithofacies. The major stratigraphic features are sununarized below. 

(1) The Estarca basin is composed of the Estarca Formation, a conglomeratic section 

up to -1.2 km thick (Fig. B.8). No age control exists for this unit but it is inferred to be 

Miocene in age based on a lithological and structural similarity to dated rocks in the 

Western Tupiza basin (Geobol, 1991c). 

(2) The ~0.8-km-thick section of the Western Tupiza basin consists of a basal 

mudstone section, the Palquiza unit, and an upper sandstone-conglomerate unit, the 

Oploca Formation (Fig. B.8). These two units are separated by an angular 

unconformity. A K-Ar age of 24.3 ± 0.4 Ma on biotite from a tuff in the Palquiza unit 

(Tawackoli et al., 1996) suggests initial deposition in the Western Tupiza basin during 

the late Oligocene. This unit was folded as part of an overturned syncline prior to 

unconformable overlap by the Oploca Formation. Isotopic dates of biotites from 

interbedded tuffs, including two new 40Aj-/39Ar dates of 15.7 ± 2.4 Ma and 13.33 ± 0.15 

Ma (Horton, 1996; Horton and Copeland, 1996; discussion of dates in Appendix C) and 

a published K-Ar date (8.28 ± 0.74 Ma; Herail et al., 1996), indicate an early to late 

Miocene age for the Oploca Formation. The Oploca contains growth strata related to 

progressive rotation of the limbs of a thmst-cored fold (Horton, 1996; Horton and 

Copeland, 1996). 

(3) The Central Tupiza basin contains an ~2.3-km-thick section of unknown age 

(Fig. B.8). The mudstones of the Catati Formation represent initial deposition in the 

basin and are lithostratigraphically correlated with mudstones of the late Oligocene-

early Miocene Palquiza unit of the Western Tupiza basin. The upper levels of both the 

Catati and Palquiza contain distinctive boulder conglomerates dominated by clasts of the 
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Cretaceous El Molino Formation (Horton, 1996; Tawackoli et al., 1996). Above the 

Catati, the thick Tupiza Formation conglomerate exhibits a well-developed unroofing 

sequence, from strata dominated by clasts of Cretaceous rocks upsection into strata with 

predominantly Ordovician clasts (Horton, 1996). This conglomerate exhibits 

lithofacies, clast compositions, and paleocurrent patterns similar to the dated early-

middle Miocene outcrop belt of Tupiza Formation conglomerate in the Eastern Tupiza 

basin (Fig. B.8). The original complete thickness of the stratigraphic succession in the 

Central Tupiza basin is unknown because the upper stratigraphic levels are cut by a 

thrust fault on the western margin (Fig. B.7). Unlike the Western Tupiza basin, 

however, exposures of progressively rotated growth strata are not associated with this 

structure. 

(4) A basal conglomerate (Bella Vista unit), intermediate volcanic section (Tupiza 

Formation volcanic rocks), and upper conglomerate (Tupiza Formation conglomerate) 

form the ~ 1.6-km-thick succession in the Eastern Tupiza basin. The only age 

constraints on the basal Bella Vista unit are K-Ar ages of biotites from tuffs within the 

overlying Tupiza Formation volcanic rocks (21.7 ± 0.4 Ma and 22.7 ± 0.6 Ma; Herail et 

al., 1996; Tawackoli et al., 1996). The contact between the Bella Vista and early 

Miocene Tupiza Formation volcanic rocks extends a north-south length of ~ 5 km and is 

a transitional contact in the north and an angular unconformity in the south (Horton, 

1996). The transitional contact suggests that the Bella Vista is most likely of Oligocene 

age and the angular unconformity indicates a pre-early Miocene phase of localized 

deformation. The Tupiza Formation conglomerate is of early to middle Miocene age, 

based on isotopic dates of biotites from interbedded tuffs, including a new 40Ar/39Ar 

age of 16.14 ± 0.06 Ma (Horton, 1996; Horton and Copeland, 1996) and a published K-

Ar age of 17.6 ± 0.5 Ma (Tawackoli et al., 1996). This unit contains growth strata 
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associated with progressive rotation of the limbs of a thrust-related fold (Horton, 1996; 

Horton and Copeland, 1996). 

(5) The Nazareno basin is filled by -900 m of mudstone and limited amounts of tuff 

and conglomerate. The lower section is formed by Tupiza Formation volcanic rocks 

which correlate with rocks in die Eastern Tupiza basin and have yielded K-Ar ages for 

biotite of 20.9 ± 0.6 Ma and 21.3 ± 0.4 Ma (Herail et al., 1996; Tawackoli et al., 1996). 

The uppermost Nazareno strata are presumably correlative to a tuffaceous unit (Casira 

Formation) near the Bolivia-Argentina border with an 40Ax/39Ar age of 12.79 ±0.12 Ma 

on biotite from a welded tuff (Gubbels et al., 1993; Gubbels, 1993). Mammalian fauna 

also suggest a middle Miocene age for the Nazareno Formation (Oiso, 1991). 

Basin Evolution 

The variability in stratigraphic thicknesses, ages, lithofacies, paleocurrents, and clast 

compositions among the five different basins (Fig. B.8) suggest that each basin had a 

unique depositional history, possibly due to isolation by topographic barriers related to 

fold-thrust structures. For Miocene deposits younger than ~18 Ma, the presence of 

growth strata indicates that fold-thrust structures were indeed active, and potentially 

formed topographic barriers, during sediment accumulation. Although the pre-growth 

strata succession is relatively thin and finer grained, an angular unconformity in the 

Eastern Tupiza basin (Bella Vista unit; Horton, 1996) suggests that deformation was 

affecting the western Eastern Cordillera by earliest Miocene time. Thus, the rocks 

composing all five basins represent the product of deposition above, or within a few 

kilometers of, active structures of the then-frontal part of the orogenic wedge (Horton, 

1996; Horton and Copeland, 1996). As such, these rocks are interpreted as wedge-top 

deposits. 
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Perhaps the most significant feature about this region is the lack of substantial back-

bulge, forebulge, or foredeep deposits pre-dating the coarse-grained wedge-top 

successions. The absence of these deposits may be attributable to large-scale erosion 

from the active thrust belt prior to initial wedge-top accumulation. As the thrust belt 

propagated into the westem Eastern Cordillera, any pre-existing foredeep depozone and 

underlying Cretaceous rocks must have been uplifted and eroded. The fact that all five 

successions rest unconformably on Ordovician rocks requires pre-early Miocene erosion 

of the ~l-km-thick Cretaceous section—a sequence which was regionally distributed, as 

suggested by lithostratigraphic and chronostratigraphic correlations between regions to 

the east (Camargo syncline) and west (eastern Altiplano) (Sempere et al., 1988; 

Sempere, 1994; Sempere et al., 1997). The presence of boulders of Cretaceous El 

Molino Formation in some basal deposits (Catati and Palquiza units) (Horton, 1996; 

Tawackoli et al., 1996) also requires that a Cretaceous section was indeed originally 

present. 

An unresolved issue is the age of the initial deformation that induced this unroofing 

of foredeep and Cretaceous deposits. Identification of pre-early Miocene deformation is 

difficult in that there are no early Tertiary units preserved that could provide age 

constraints through cross-cutting relationships. Furthermore, the Ordovician rocks in 

the region were affected by an episode of Paleozoic deformation which complicates 

recognition of Andean structures (Kley et al., 1997). The interpretation also hinges on 

the poorly defined age of a probable foredeep accumulation in the Camargo syncline to 

the east. At present, this deformation can be defined only as a post-Cretaceous (post-El 

Molino Formation) and pre-early Miocene (pre-Tupiza Formation volcanic rocks). 
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Eastern Cordillera: Camargo Syncline 

Stratigraphy 

The eastern part of the Eastern Cordillera contains an -200-lcm-long outcrop belt of 

Cretaceous-Tertiary strata in the Camargo and Otavi synclines (Fig. B.6). The Camargo 

syncline is situated directly east of the east-directed Camargo-Tojo thrust and lies on the 

trailing western limb of the Sama-Yunchara anticlinorium (Fig. B.6), a basement-

involved duplex (Geobol, 1995; Kley, 1996). The Camargo stratigraphic column is 

located at 2.5-3.5 km elevation and is most complete in the northern part of the syncline 

where several large cliffs of continuously exposed section are present (Fig. B.9). The 

Cretaceous-Tertiary strata form a 3-4-lan-thick, upward-coarsening succession (shown 

schematically in Fig. B.IO) consisting of mainly nonmarine siliciclastic strata that rest 

unconformably on Ordovician rocks (Sempere et al., 1997). The main stratigraphic 

units are, in ascending order, the Aroifilla (50-100 m), Chaunaca (-50-100 m). El 

Molino (-250-900 m), Santa Lucia (-150-450 m), Impora (-50 m), Cayara (-50-250 

m), Potoco (-4(X)-1000 m), and Camargo (-1(X)0-1400 m) Formations (Fig. B. 10). 

The lower -0.5-1.5 km of the Camargo section consists of the well-dated upper 

supersequence of the E\ica Group (Sempere et al., 1997). The Aroifilla Formation 

contains red fluvial-channel sandstone, overbank mudstone, and locally interbedded 

basalt. The Chaunaca Formation primarily is composed of grey, fluvio-lacustrine 

mudstone. Gray carbonate and interbedded mudstone of the El Molino Formation have 

been attributed to both marginal marine and lacustrine deposition (Gayet et al., 1993; 

Rouchy et al., 1993; Camoin et al., 1997) and the red sandstone and mudstone of the 

Santa Lucia Formation represent fluvial and lacustrine deposition. This upper Puca 

Group succession ranges from Turonian to mid Paleocene age (-90-60 Ma), based on 
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Figure B. 9. Geologic map of the northern portion of the Camargo syncline (location in 
Figs. B.2 and B.6) after Geobol (1995). The syncline is on the trailing (western) limb of 
the Sama-Yunchara anticlinorium and in the footwall of the east-vergent Camargo-Tojo 
thrust to the west (see also Fig. B.6). Possible growth strata of the upper Camargo 
Formation are exposed in -500-800 m-high cliffs (defined by contour lines) along the 
Rio Tumusla. Paleocurrent data from myself and Peter DeCelles (summer, 1997). 



72 

CAMARGO 
SYNCLINE 

b • % • "s • "s * s * s *S 'n 

PROPOSED AGE 

b5>VsV%5svrts5s5̂  ̂

Camargo Fm. 

two clasts: 
91.5 ±6.1 Ma 
90.0 ±2.0 Ma?? 

El Molino Fm. 

conglomerate 

sandstone 

{ ] sandstone/mudstone 

HH mudstone 

Potoco Fm. 

Cayara Fm. 
X Impora Fm. 
»-2=^ Santa Lucia Fm. 

this study Sempere 
etal.,1997 

MIOCENE 
EOCENE-

OUGOCENE 

OUGO-
MIOCENE EOCENE 

OLIGO. LATERAL 
EOCENE LATERAL 

MID. PALEOCENE 

LATE CRETACEOUS -
EARLY PALEOCENE 

carbonate 

zone of paleosols 

paleocurrent data 

isotopic date 

Figure B.IO. Generalized Upper Cretaceous-Tertiary stratigraphic succession of the 
Camargo syncline (location in Fig. B.9) based on Sempere et d. (1997) and my crude 
field estimates of thickness (1996-1997). The El Molino-Santa Lucia sequence is 
reliably dated by magnetostratigraphic correlations, invertebrate and vertebrate fossils, 
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al., 1997). The Impora through Camargo sequence lacks direct age control. An 
40Ar/39Ar age of a volcanic clast in the Camargo Formation (Table B.I) requires a post-
Cenomanian stratigraphic age for the unit. Lithostratigraphic correlations with dated 
Camargo-equivalent strata (see text) and the dated Potoco Formation of the eastern 
Altiplano (Figs. B.3—5) require revision of the stratigraphic ages proposed by Sempere 
et al. (1997). 
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fossils in all units, but particularly the El Molino Formation, and magnetostratigraphy in 

the El Molino-Santa Lucia section (Sempere et al., 1997). 

The poorly dated, -1.5—3.0-km-thick section which overlies the upper Puca Group 

contains grey, fine-grained paleosols of the Impora Formation and red fluvial-channel 

sandstone of the Cayara Formation which are succeeded by an upward-coarsening 

section of red overbank mudstone and fluvial-channel sandstone of the Potoco 

Formation and fluvial to alluvial-fan conglomerate and sandstone of the Camargo 

Formation. The 50-120-m-thick Impora is particularly significant in that it is dominated 

throughout by stacked calcareous paleosols, each ranging from -0.2-2 m thick (Fig. 

B.l lA). These mottled horizons contain pebble- to cobble-sized carbonate nodules in a 

matrix of grey, structureless mudstone (Figs. B.l IB and B.l IC). In some zones, 

nodules are distinctly tabular and vertically oriented and in other zones nodules overlap 

one another are nearly continuous calcretes. Reworked, granule-pebble-sized carbonate 

nodules are commonly contained in cross-stratified sandstone bodies associated with the 

paleosols (Fig. B.l ID), suggesting that the nodules were formed in pedogenic horizons 

at the ground surface and were occasionally reworked by flowing surface waters. Thus, 

the nodules are primary features that were formed at the depositional surface rather than 

secondary features developed during later burial diagenesis. Above the Impora 

Formation, the more-resistant Potoco and Camargo Formations form spectacular cliffs 

(Figs. B. HE and B. IIF). Possible growth strata are present in the Camargo 

conglomerate near the top of these cliffs (Fig. B.l IG). To date, the cliffs have not be 

scaled in order to assess whether or not east-dipping strata on the west limb of the 

syncline exhibit intraformational onlap relationships or a progressive decrease in dip 

upsection toward the horizontal strata in the hinge of the syncline (Fig. B.9). 
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Figure B. 11. Photographs of Upper Cretaceous-Tertiary deposits in Camargo syncline 
(Figs. B.9 and B. 10). A. Stacked paleosols consisting of grey mudstone and calcareous 
nodules 2-8 cm in diameter. Central paleosol is -50 cm thick and exhibits irregular, 
subhorizontal, upper and lower boundaries: one parallel to the hammer (30 cm long) and 
one near the base of the photo. B. Paleosol containing dark grey structureless mudstone 
and light gray calcareous nodules 2-8 cm in diameter. Note 10 cm scale bar on left side 
of card. C. Paleosol composed of grey mudstone and white, calcareous nodules 10-40 
cm in diameter. Hammer for scale. C. Paleosol with grey structureless mudstone and 
calcareous nodules 2-8 cm in diameter. Hammer (arrow) for scale. D. Cross-stratified 
granule-pebble sandstone containing reworked calcareous nodules <4 cm in diameter. 
E. View of coarsening-upward section of mudstone and sandstone, lower-middle Potoco 
Formation. Note the upsection increase in proportion and thickness of sandstone units. 
Lowest resistant sandstone unit is -3 m thick. F. View of Camargo syncline section. 
Upper Santa Lucia Formation (SL)—slope-forming mudstone (foreground, left center); 
Impora Formation (IM)—grey mudstone with distinctive white capping cliff-forming 
unit (middleground, center); Cayara Formation (CY)—light sandstone (middleground, 
right center); Potoco Formation (PO)—resistant dark sandstone (background, right 
center); Camargo Formation (CA)—resistant conglomerate (background, upper right). 
G. West limb of Camargo syncline with Potoco Formation (foreground) and Camargo 
Formation (background). Upper levels of Camargo Formation may contain growth 
strata in which younger strata onlap older strata (arrow). 
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The ages of the Impora Formation and younger strata are poorly known. The Impora 

and Cayara Formation have been regarded as late Paleocene, but this interpretation is 

based only on uncertain regional correlations with strata in Argentina (Sempere et al., 

1997). Based on the abundance of thick paleosols, each of which take significant 

amounts of time to develop (as shown by studies of the development of a l-m-thick 

laterite or calcrete over a period of 1-2 m.y.; Goudie, 1973; Meyer, 1997), one may 

infer a relatively longer time interval for the Impora. Magnetostratigraphic analyses of 

the Potoco Formation have thus far proven fruitless (Sempere et al., 1997; R. F. Butler, 

1997. personal communication), but a tentative lithostratigraphic correlation with dated 

Potoco strata of the eastern Altiplano (25.4 ± 0.1 Ma dale; Figs. B.3-5) suggests a late 

Oligocene-early Miocene age for the upper Potoco in the Camargo syncline. A new 

40Ar/39Ar age for biotite from an andesitic clast within the conglomeratic strata of the 

Camargo Formation does not provide improved constraints. The date, 91.5 ± 6.1 Ma 

(Table B. 1), suggests only a post-Cenomanian stratigraphic age for the Camargo 

Formation. However, some age information may be provided through correlation with 

strata along strike to the north. The Mondragon Formation is exposed at 19.5°S on the 

eastern margin of the Los Frailes volcanic field, -100 km north-northwest of the 

northern tip of the Camargo syncline (Fig. B.2). Similarly, the Bolivar Formation is at 

18°S on the eastern margin of the Morococala volcanic field (Fig. B.2). These two units 

are generally correlative with the Camargo Formation, exhibiting similar thicknesses (up 

to 1 km), conglomeratic lithofacies, and eastward sediment dispersal patterns (Sempere 

et al., 1997). A single biotite separate from a tuff near the base of the Mondragon 

yielded K-Ar ages (2 separate runs) of 19.7 ± 0.8 Ma and 19.0 ± 0.7 Ma (Kennan et al., 

1995). Evemden et al. (1977) report two K-Ar ages (without error bars) on biotite from 

tuffs in the Mondragon as 20.1 Ma and 18.8 Ma. A biotite from a tuff in the Bolivar 
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TABLE B. 1. RESULTS OF 40Ar/39Ar TOTAL-FUSION ANALYSIS OF 

VOLCANIC CLAST, CAMARGO FORMATION, EASTERN CORDILLERA. 

Sample Temp 40Ar/39 Ax 37Ar/39 At 36Ax/39 Ax 40 At* 40Ax*/39 Age ± I a 

number (°C) (%) (Ma) 

volcanic clast. Camargo Formation. Camargo syncline (biotite, J = 0.002135, wt. = 

0.000309 g) 

C4 1300 182.550 0.0035 0.53867 13.4 24.360 91.5 ±6.1 

Notes: Location for C4 sample: 20°43'S, 65° 18' W. High purity biotite separate 

irradiated along with neutron flux monitor OA 1550 (97.9 Ma; McDougall and 

Roksandic, 1974) for 15 hr in the Ford Reactor at the University of Michigan. Argon 

analyses were performed by myself in the Noble Gas Laboratory at the University of 

Arizona with assistance of Suzanne Baldwin. Sample was heated using a double-

vacuum, resistance-heated furnace with temperatures monitored via a thermocouple at 

the base of the crucible. Three S AES getters were used for purification of extracted gas. 

Reported argon isotopic ratios are corrected for procedural blanks, mass discrimination, 

and radioactive decay. Apparent age calculated from these ratios is corrected for 

atmospheric contamination and nucleogenic interference, using the following reactor 

corrections: (36Ar/3'7Ar)ca = O.CKX)27; (39Ar/37Ar)ca = 0.0009; (40Ar/39Ar)K = 0.023. 

Stated precisions for 40Ar/39Ar age includes all uncertainties in the measurement of 

isotope ratios and is quoted at the la level. The low 40Ar radiogenic yield and 

accompanying large errors in calculated age are potentially due to minor alteration of 

biotite grains (observable in thin section). 
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Formation yielded an 40Ar/39Ar age of 17.4 ± 0.11 Ma (Gubbels et al., 1993). In 

summary, the available age data suggest that the Impora through Camargo section is 

significantly younger than inferred by Sempere et al. (1997), with the Impora 

representing a period of prolonged paleosol development during much of the Eocene, 

the Cayara and Potoco representing Oligocene-early Miocene siliciclastic deposition, 

and the Camargo marking Miocene conglomerate accumulation (Fig. B.IO). 

Basin Evolution 

The Upper Cretaceous-Tertiary succession in the Camargo syncline is strikingly 

similar to the predicted stratigraphic stacking pattern in a migrating foreland basin 

system (Fig. B. IB). Although the basal Aroifilla contains basalt and is probably 

associated with Turonian-Coniacian extension (Sempere et al., 1988, 1997; Sempere, 

1994), the overlying Santonian through mid-Paleocene (-87-60 Ma) sequence of 

Chaunaca, El Molino, and Santa Lucia deposits is diagnostic of a back-bulge depozone. 

Regional variations in lithofacies and stratigraphic thickness (Sempere, 1994, his Figs. 

10 and 11) suggest that the axis of the back-bulge depozone was located in the eastern 

Altiplano during El Molino deposition and in the western Eastern Cordillera during 

Santa Lucia deposition. Paleocurrent data from the Santa Lucia (Figs. B.9 and B.IO) 

and El Molino (Sempere, 1994) suggest that sediment in this sequence was derived from 

both the western (forebulge) and eastern (craton) margins, similar to the modem back-

bulge depozone (Horton and DeCelles, 1997; Ussami et al., 1998). 

Strata of the basal back-bulge depozone are overlain by the ~50-m-thick zone of 

numerous stacked paleosols within the poorly dated Impora Formation. Development 

and preservation of such a thick zone of paleosols requires very limited sediment input 

over a prolonged period of time. For example, the surface of the present-day forebulge 
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in the eastern Chaco Plain (Horton and DeCelles, 1997) is a region with extensive 

modem soils (laterites) which have developed on top of a several-m-thick (up to 10 m) 

zone of stacked late Miocene-Pliocene paleosols (Litherland and Pitfield, 1983; 

Litherland et al., 1986). Therefore, by analogy, the Impora probably represents an 

extended period (several to tens of millions of years) of soil formation and limited 

deposition—much longer than the -0.3-million-year duration suggested by Sempere et 

al. (1997). An unconformity separates the Impora from the overlying Cayara section. 

The easterly derived sandstones of the Cayara Formation progressively onlapped older 

rocks to the east (Sempere et al., 1997), suggesting that sediment was derived from an 

eastern forebulge which migrated progressively eastward. 

The Potoco and overlying Camargo deposits represent accumulation in the foredeep 

and wedge-top depozones of the migrating foreland basin system. The total thickness 

(>2 km), upward-coarsening trend, and possible growth strata in the upper levels of the 

section indicate deposition in a rapidly subsiding foredeep followed by deposition on 

top of active structures of the then-frontal part of the orogenic belt. Based on the age of 

Camargo-correlative strata to the north (Mondragon and Bolivar Formations), initial 

thrust-belt deformation in the eastern part of the Eastern Cordillera can be assigned to 

the early-middle Miocene. 

Subandean Zone 

Stratigraphy 

The Subandean Zone of southern Bolivia and northem Argentina (Fig. B.2) consists 

of a series of alternating, north-trending valleys and ridges. Most ridges are cored by 

anticlines above active (or recently active) thrust faults and the intervening valleys 
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represent modern piggyback basins (Mingramm et al., 1979). Collectively, the 

piggyback basins of the Subandean Zone are a part of the modem wedge-top depozone 

of the foreland basin system (Horton and DeCelles, 1997). Seismic profiles suggest that 

modem valleys are underlain by up to 5 km of Tertiary strata (Dunn et al., 1995). The 

western Subandean Zone (Fig. B.12) contains the most continuous, albeit poorly 

exposed, section of Tertiary strata (Erikson and Kelley, 1995; Jordan et al., 1997): an 

~3.5-km-thick, upward-coarsening succession of predominantly nonmarine siliciclastic 

strata (shown in Fig. B.13 from data reported by Erikson and Kelley, 1995; Jordan et al., 

1997). This section is late Oligocene-Recent in age and rests unconformably on 

Cretaceous strata of the Tacuru Group. The Tertiary strati graphic column of the 

Subzmdean Zone is formed by the Chaco Group which contains, in ascending order, the 

Petaca (-50-200 m), Yecua (-0-300 m), Tariquia (~ 1000-1500 m), Guandacay (-1500 

m), and Emborozu (-1000 m) Formations (Fig. B.13). 

The basal sequence formed by the Petaca and Yecua Formations (Fig. B.13) is 

thickest (300-500 m) in the eastern Subandean Zone and decreases in thickness 

westward toward a highly condensed (-60 m) section in the western Subandean Zone 

(Erikson and Kelley, 1995; Jordan et al., 1997). The Petaca is composed of fluvial 

sandstone and mudstone. In the eastern Subandean Zone at ~17.6°S, -70 km northwest 

of Santa Cruz (Quebrada Saguayo), the base of the Petaca contains fossil vertebrates of 

the Deseadean land mammal stage, approximately late Oligocene-earliest Miocene 

(Marshall et al., 1993). The Yecua is a distinctive green-grey mudstone with numerous 

fossil invertebrates, particularly pelecypods, indicative of shallow marine environments 

(Marshall et al., 1993; Erikson and Kelley, 1995). A vertebrate fossil (tentatively 

identified as a limb bone of a litoptem, cf. Theosodon sp.) from the Yecua at -17.6°S, 

-100 km northwest of Santa Cruz (Rio Alto Moile), has an age of Colhuehaupian 
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Gubbels et al. (1993). Deseadan land mammal fauna suggest a late Oligocene-early 
Miocene age for the Petaca Formation. A fission-track age for an ash-fall tuff in the 
lower Tariquia requires revision of the chronostratigraphy proposed by Gubbels et al. 
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Formations is recognized in seismic profiles in the eastern Subandean Zone and western 
Chaco Plain (Gubbels, 1993; Gubbels et al., 1993; Tankard et al., 1995). 
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(middle early Miocene) to Chasicoan (early late Miocene) (Marshall and Sempere, 

1991; Marshall et al., 1993). Although the cited fossils range from early to late Miocene 

age, Marshall et al. (1993) favor an age of -11-9 Ma for the Yecua. However, in the 

western Subandean Zone near Monteagudo, a fission-track age of 24.4 ± 2.6 Ma on 

sanidine from a tuff near the base of the overlying Tariquia Formation (Erikson and 

Kelley, 1995; Jordan et al., 1997) indicates that the Yecua must be much older, 

approximately late Oligocene-early Miocene in age. 

The Tariquia Formation is a fluvial sandstone transitionally overlying the Yecua. 

Although limited fossil vertebrates of Chasicoan (early late Miocene) or Huayquerian 

(late Miocene) age have been sparsely reported (Marshall and Sempere, 1991), the 

recent fission-track age from -380 m above the base of the Tertiary section (-320 m 

above the base of the Tariquia) indicates that the lower part of the - 1300-m-thick 

Tariquia section in the western Subandean Zone must be of late Oligocene-early 

Miocene age (Fig. B.13). In the eastem Subandean Zone and western Chaco Plain, 

proprietary seismic profiles indicate an unconformity at the top of the Tariquia 

Formation. This feature, referred to as the Intra-Chaco Discordance (Padula, 1959, as 

cited by Gubbels et al., 1993) is a "subtle, regionally extensive angular unconformity" 

which caps a lower Chaco (Petaca-Yecua-Tariquia) sequence which decreases in 

thickness and onlaps Paleozoic-Cretaceous rocks to the east (Gubbels, 1993). Based on 

a local seismic-reflection line in Gubbels (1993) and a regional seismic-reflection line in 

Tankard et al. (1995), the Intra-Chaco Discordance is a very shallow (<l-3°) angular 

unconformity that extends eastward from the eastem Subandean Zone to the central 

Chaco Plain -100 km east of the modem thrust front. 

Upper Chaco Group strata of the Guandacay and Emborozu Formations contain a 

coarsening upward sequence of fluvial and alluvial-fan sandstone and conglomerate 
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(Gubbels et al., 1993). These ~2—4-km-thick deposits are not well exposed as they are 

primarily located at depth in the modem valleys (Moretti et al., 1996). An exposed tuff 

within a probable equivalent of the Guandacay Formation (locally named Yesera 

Formation) at ~21.4°S about 20 km northeast of Tarija in the western Subandean Zone 

yielded a K-Ar age for biotite of 6.4 ± 0.4 Ma (Troeng et al., 1993). Moretti et al. 

(1996) informally report an isotopic age of 3.3 Ma (without error bars; presumably a K-

Ar date of biotite obtained by Yacimientos Petroliferos Fiscales Bolivianos) for a tuff 

from die Emborozu Formation at -18.8°S near Abapo in the easternmost Subandean 

Zone. Modem sediments within the valleys of the Subandean Zone can be considered 

as the top of the Chaco Group. Thus, the upper Chaco Group is primarily latest 

Miocene-Recent in age. 

Basin Evolution 

The late Oligocene-Recent Chaco Group of the Subandean Zone resembles the 

expected product of stacking of individual depozones in an eastward-migrating foreland 

basin system (Fig. B. IB). The basal Petaca-Yecua sequence exhibits a saucer-shaped 

cross-sectional geometry with a maximum thickness of -500 m) located in the eastern 

Subandean Zone; the Petaca-Yecua sequence decreases in thickness eastward in the 

subsurface of the Chaco Plain and westward in the outcrops of the western Subandean 

Zone (Gubbels, 1993; Erikson and Kelley, 1995; Jordan et al., 1997). The relatively 

thick Petaca-Yecua deposits in the eastern Subandean Zone are interpreted as the axis of 

the late Oligocene-early Miocene back-bulge depozone, whereas the thin (-60 m) 

section presently -100 km to the west is interpreted as a condensed stratigraphic interval 

of a forebulge depozone in the easternmost Eastern Cordillera and westernmost 

Subandean Zone. The -1-km-thick Tariquia Formation, although significantly thicker 
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than the underlying Petaca-Yecua sequence, may also represent deposition in the back-

bulge depozone. 

A revised chronology for the Subandean succession is based on a single new date for 

the Tariquia Formation (Erikson and Kelley, 1995; Jordan et al., 1997). This 24.4 ± 2.6 

Ma age, combined with 6.4 ± 0.4 Ma and 3.3 Ma ages from the overlying Guandacay 

and Emborozu Formations (Troeng et al., 1993; Moretti et al., 1996), suggests that the 

Intra-Chaco Discordance between the Tariquia and Guandacay Formations may 

represent a large amount of time, potentially 10-15 million years. Therefore, this 

unconformity is interpreted as the result of non-deposition and/or minor erosion in a 

Miocene forebulge depozone located in the Subandean Zone. The Intra-Chaco 

Discordance is overlain by an ~2^-km-thick upper Chaco section which displays a 

coarsening upward trend and contains growth strata in its upper levels (Moretti et al., 

1996; Horton and DeCelles, 1997)—a stratigraphic pattern diagnostic of a foredeep 

depozone succeeded by a wedge-top depozone. The ages of growth strata, although not 

well known, suggest that the Subandean Zone has been part of the actively deforming 

thrust belt since -6-10 Ma (Moretti et al., 1996; Jordan et al., 1997). Furthermore, the 

end of deformation in the Eastern Cordillera by -10 Ma implies that the Subandean 

Zone had become active by that time (Gubbels et al., 1993). 

Long-Term Basin Migration and Stratigraphic Stacking Pattern 

The preceding summary describes the Upper Cretaceous-Tertiary stratigraphic 

columns along an east-west transect through the Central Andes in Bolivia. Stratigraphic 

successions in the Altiplano, eastern part of the Eastern Cordillera, and western 

Subandean Zone (Fig. B.14) contain: (1) deposits of a back-bulge depozone—a basal 

interval several hundred meters thick which is composed of fine-grained siliciclastic and 
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Figure B. 14. Preliminary Upper Cretaceous-Tertiary time-stratigraphic chart for an 
east-west profile across southern Bolivia (18°-22°S). Although the ages of the lower 
stratigraphic levels (El Molino-Santa Lucia) and upper levels (Tambillo, Tupiza, 
Emborozu Formations) are reliably dated, there is limited age control on the 
intermediate section. Paleosol zones, missing stratigraphic units, and a seismically 
imaged unconformity within the intermediate stratigraphic levels suggest a phase of 
non-deposition or erosion attributed to a forebulge unconformity. This feature is 
progressively younger toward the east, suggesting continuous, long-term eastward 
migration of a forebulge and thrust belt. 
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carbonate strata; (2) a forebulge depozone—an unconformity or highly condensed 

stratigraphic section tens of meters thick which represents limited deposition, non-

deposition, or erosion; (3) a foredeep depozone—a several-km-thick, upward-coarsening 

succession of nonmarine siliciclastic strata; and (4) a wedge-top depozone—a several-

km-thick conglomeratic section characterized by growth strata. In contrast, the Tertiary 

stratigraphy in the western Eastern Cordillera represents only an ~I-2-km-thick wedge-

top depozone which was deposited after the older foredeep depozone and Cretaceous 

section had been removed by erosion during initial fold-thrust deformation. 

The ages of the Central Andean depozones are progressively younger from west to 

east. For example the forebulge depozones, which are represented by unconformities or 

condensed stratigraphic sections, span the early Paleocene to early Eocene in the 

Altiplano, the early to late Eocene in the eastern part of the Eastern Cordillera, and the 

late Oligocene to late Miocene in the Subandean Zone (Fig. B. 14). This requires that 

the forebulge has migrated progressively eastward through time. Similarly, the wedge-

top depozones are younger from west to east, recording the eastward migration of the 

frontal part of the orogenic wedge. Therefore, constraints on the regional distribution 

and age of different wedge-top depozones will lead to more accurate kinematic 

reconstructions of the progressive eastward propagation of thrust faults within the 

growing orogenic belt. 

Long-Term Sediment Accumulation 

The rates of subsidence and sediment accumulation vary for the four depozones of a 

foreland basin system. Therefore, a vertical section with each of the four depozones 

stacked one on top of the other will exhibit an upsection variability in these rates—low 

subsidence rates in the back-bulge, essentially no subsidence in the forebulge, very rapid 
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subsidence in the foredeep, and highly variable subsidence in the wedge-top depending 

on the activity of individual thrusts (Fig. B. IB) (DeCelles and Currie, 1996). A 

subsidence curve or sediment-accumulation curve for such a succession will have a 

distinctive sigmoidal geometry in which a flat line segment for the forebulge is followed 

by a steep, upward convex segment for the foredeep (Fig. B.IC) (Allen et al., 1986; 

Angevine et al., 1990). 

Existing age constraints for Tertiary strata permit construction of sediment 

accumulation curves for several areas in the modem foreland basin of South America 

(Fig. B.15). In the Northern Andes, well data from the modem foredeep depozone in 

Ecuador and Peru (Thomas et al., 1995; Contreras et al., 1996) reveal a three-stage 

history for this region: an initial low rate of subsidence from Cretaceous through middle 

Eocene; unconformity development and very limited subsidence from late Eocene 

through late Oligocene; and rapid subsidence from late Oligocene to Recent time. This 

history is attributed to an early phase of slow accumulation of sediment in a back-bulge 

depozone. an intermediate phase of erosion or non-deposition on top of a forebulge, and 

a final phase of sediment accumulation in a rapidly subsiding foredeep. In Bolivia, the 

sediment thickness data from Subandean Zone exposures and Chaco Plain seismic 

profiles (Gubbels et al., 1993; Erikson and Kelley, 1995; Jordan et al., 1997; Kley et al., 

1997) are combined with improved age data (Fig. B. 13), yielding a sigmoidal sediment 

accumulation curve (Fig. B.15). The late Oligocene onset of subsidence in the back-

bulge depozone marks the first time that the Subandean Zone-Chaco Plain region was a 

part of tlie flexurally induced foreland basin system. However, a record of much older 

foreland basin development farther to the west exists within the Altiplano and Eastern 

Cordillera of Bolivia, where back-bulge deposits as old as Late Cretaceous-Paleocene 

age are exposed (Figs. B.4 and B.IO). In summary, sediment accumulation curves from 
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Figure B.15. Sediment accumulation curves (not decompacted) for areas presently in 
the foredeep depozone of the Andean foreland basin system. Overall sigmoidal curves 
indicate initial low subsidence rates during back-bulge (BB) accumulation, essentially 
no subsidence during forebulge (FB) sedimentation, and a later phase of rapid 
subsidence within the foredeep (FD) depozone. Onset of sediment accumulation in 
back-bulge depozone is marked by vertical arrows. The difference in time of initial 
back-bulge accumulation (Late Cretaceous in Peru and Ecuador; late Oligocene in 
Bolivia) is attributed to an overall greater eastward migration of the foreland basin in 
Bolivia such that flexural subsidence during the Late Cretaceous-early Oligocene was 
confined to areas west of the Chaco Plain and Subandean Zone. 
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several locations in the modem Andean foredeep indicate that an eastward-migrating 

foreland basin system has resulted in predictable, long-term variations in sediment 

accumulation rates. 

Discussion 

The age of the onset of contractional mountain building can be obtained by 

identifying and dating the oldest deposits of an adjacent, flexurally induced foreland 

basin. In the Central Andes, the oldest Tertiary deposits in the Subandean Zone of 

Bolivia are late Oligocene in age (Marshall and Sempere, 1991; Marshall et al., 1993; 

Gubbels et al., 1993; Erikson and Kelley, 1995; Jordan et al., 1997), suggesting that 

mountain building has occurred since -25-30 Ma. This inference of the age of 

orogenesis has guided many subsequent interpretations of the timing of thrusting, cmstal 

thickening, and uplift in the Central Andes (Isacks, 1988; Sempere et al., 1990; Gubbels 

et al., 1993; Baby et al., 1997; Okaya et al., 1997; Jordan et al., 1997). Altematively, 

the absence of pre-late Oligocene strata may simply indicate that the Subandean Zone 

was too far east of the early Andean (Late Cretaceous-early Oligocene) orogenic belt to 

be affected by regional flexural subsidence. This suggestion is supported by the data 

presented above for the existence of back-bulge, forebulge, and foredeep depozones of 

Late Cretaceous-Oligocene age in the Altiplano and Eastem Cordillera. These regions 

of sediment accumulation must have originally lain some 50-500 km east of the thrust 

front of the orogenic belt and currently are I(X)-3(X) km west of the active thmst front, 

requiring over 500 km of eastward migration of the thmst front since the Late 

Cretaceous. The present-day distance from the modem forebulge in the eastem Chaco 

Plain to the oldest (-65 Ma) identifiable forebulge depozone in the eastem Altiplano is 

-750 km (roughly 1(X)0 km prior to shortening), yielding an average rate of forebulge 
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migration, and by inference, thrust-front propagation, of 10-15 km/m.y. (10-15 mm/yr). 

This value is similar to the 12-15 mm/yr rate of modem shortening for the Central 

Andes determined by GPS studies (Leffler et al., 1997; Norabuena et al., 1998). Thus, 

mountain building has occurred since Late Cretaceous time and the late Oligocene 

simply marks the time at which the orogenic belt had propagated sufficiently eastward 

to produce flexural subsidence within the Subandean Zone. Furthermore, the eastward 

propagation of the thrust belt has been more or less continuous since the Late 

Cretaceous, suggesting that Andean orogenesis is not the product of numerous short

lived tectonic events, as has been proposed by numerous workers (Steinmann, 1929. 

Yrigoyen, 1979, Megard et al., 1984; Sebrier et al., 1988; Noble et al., 1990; Marshall 

and Sempere, 1993). 

The back-bulge and forebulge depozones may prove difficult to recognize in the 

stratigraphic record, particularly in cases where correlative foredeep and wedge-top 

depozones cannot be identified. As an example, the Upper Cretaceous-Paleocene back-

bulge deposits within the eastern Altiplano (Fig. B.4) cannot be correlated with similar-

aged foredeep deposits to the west. In fact, the oldest (and most westerly) foredeep 

deposits consist of the Eocene(?)-01igocene Potoco Formation in the eastern Altiplano 

(Fig. B.4). The absence of a preserved ancient foredeep depozone farther to the west in 

the hinterland probably reflects the large-scale erosional removal of any such deposits 

due to the progressive eastward migration of the thrust front and continual uplift of more 

internal parts of the thrust belt. For example, balanced cross sections in the Utah portion 

of the Sevier orogenic belt in North America suggest the initial presence and subsequent 

removal of an ancient foredeep that must have been completely eroded during continued 

cratonward propagation of the thrust belt (Royse, 1993; Currie, 1998). 
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Subsidence plots for foreland basins have commonly been used to date the initiation 

of mountain building, assuming that the onset of thrust loading within the orogenic belt 

results in an abrupt increase in the rate of flexural subsidence in the foreland basin. For 

the North American Cordillera, some studies have used this rationale to suggest that an 

increase in subsidence rate at -120-115 Ma marked the onset of the Sevier orogeny 

(Heller et al., 1986; Heller and Paola, 1989; Yingling and Heller, 1992). Recognition of 

an older back-bulge depozone characterized by low subsidence rates, however, suggests 

that flexural subsidence associated with Sevier orogenesis actually began in Late 

Jurassic time (DeCelles and Currie, 1996; Currie, 1998). Similarly, the geometries of 

the sediment accumulation curves for the Andean foreland basin in Ecuador and Peru 

(Fig. B.15) reveal that the Late Cretaceous-early Eocene onset of mountain building in 

the northern Andes is actually recorded by the fairly low subsidence rates of the back-

bulge depozone. Furthermore, the rapid increase in subsidence rate during the late 

Oligocene simply marks the time at which the given region became a part of the 

foredeep depozone of the migrating foreland basin system. Thus, a rapid increase in 

subsidence rates in a foreland basin is attributable to the initiation of sediment 

accumulation within a foredeep depozone, and may actually post-date, by tens of 

millions of years, the true onset of mountain building in the adjacent orogenic belt. 

Conclusions 

1. Continuous eastward migration of the thrust belt and associated four-component 

foreland basin system in the Central Andes over a long time span (since -90-80 Ma) 

and over large distances (>500 km) has resulted in a diagnostic stratigraphic stacking 

pattern in which basal back-bulge deposits are succeeded by forebulge, then foredeep, 

and, ultimately, wedge-top deposits. This pattern is expressed in Upper Cretaceous-
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Tertiary stratigraphic columns across the orogenic belt, from the Altiplano to the 

Subandean Zone. Such continuous eastward propagation of the thrust belt since Late 

Cretaceous time suggests that Andean mountain building did not take place during 

short-lived compressional tectonic episodes. In fact, the given age data for the various 

colunms indicates an average rate of thrust-beh propagation of-10-15 mm/yr since 

Late Cretaceous time, a value that matches quite well the GPS-determined modem 

shortening rates within the Central Andes. 

2. The forebulge depozone is represented in the stratigraphic record by an 

unconformity or condensed interval (<50 m thick) typically composed of stacked 

paleosols. Numerous paleosols probably indicate an extended period (-1-30 m.y.) of 

soil formation that is attributable to the limited subsidence and lack of sediment 

accommodation space associated with a forebulge. 

3. Deposits of the Late Cretaceous foredeep depozone which presumably existed in 

the present-day hinterland region (Westem Cordillera and western Altiplano) have been 

entirely eroded (or possibly are preserved at depth in the Westem Altiplano) as the 

thmst front of the orogenic belt has migrated progressively eastward. Therefore, the 

only remaining, identifiable deposits of the original Late Cretaceous foreland basin 

system are the distal fine-grained deposits of the back-bulge depozone (the El Molino 

Formation of the Altiplano and Eastem Cordillera). 

4. Subsidence curves or sediment-accumulation curves for sites within the modem 

Andean foredeep indicate the timing of earliest flexural subsidence and back-bulge 

sediment accumulation for those particular sites. Rapid subsidence of the foredeep 

depozone post-dates initial back-bulge subsidence by -10-25 m.y., suggesting that 

abmpt increases in foreland subsidence rates are not reliable indicators of the initiation 

of mountain building. 
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APPENDIX C: SEDIMENT ACCUMULATION ON TOP OF THE ANDEAN 

OROGENIC WEDGE: OLIGOCENE TO LATE MIOCENE BASINS OF THE 

EASTERN CORDILLERA, SOUTHERN BOLIVIA 

Abstract 

A large volume of Tertiary synorogenic sediment accumulated on top of the Eastern 

Cordillera of southern Bolivia as the Andean orogenic wedge was shortened, thickened, 

and uplifted. Oligocene to upper Miocene strata were deposited in five basins that were 

separated by active, north-trending, fold-thrust structures of the then-frontal part of the 

orogenic wedge. These coarse-grained deposits recorded accumulation in the most 

proximal sector of the Andean foreland basin system, the wedge-top depozone. 

Analyses of depositional systems, sediment dispersal patterns, and clast provenance 

of 0.6-2.3-km-thick, Oligocene to upper Miocene wedge-top successions demonstrate 

that fault-propagation and fault-bend folds commonly isolated individual basins while 

serving as primary sediment sources. Growth strata which formed by progressive fold-

limb rotation indicate thrust-fault displacement and related folding concurrent with 

deposition. Alluvial fans defined most basin margins whereas braided streams or small 

lakes occupied basin axes. Diagnostic stratigraphic units confined to individual basins 

suggest that streams were rarely able to cut across growing folds to connect adjacent 

basins. 

Growth strata and cross-cutting and onlapping relationships between contractional 

structures and wedge-top strata delineate the chronology of fold-thrust deformation in 

the Eastern Cordillera. Five new 40Ar/39Ar dates and previously published K-Ar dates, 

ranging from 30 Ma to 8 Ma, define an Oligocene phase of west-vergent backthrusting 

followed by primarily east-vergent thrusting during the Miocene. Timing of 
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displacement on two east-vergent thrusts is determined by 40Ar/39Ar ages of tuffs 

within adjacent growth strata sequences of the Tupiza Formation conglomerate (16.14 ± 

0.06 Ma) and Oploca Formation (13.33 ± 0.15 Ma, 15.7 ± 2.4 Ma). These ages, 

combined with basin depositional histories, demonstrate synchronous and out-of-

sequence thrust displacement during Miocene shortening. 

Upper-crustal contractional deformation and wedge-top deposition terminated in the 

Eastern Cordillera during late Miocene time as the thrust front propagated eastward into 

the Subandean Zone. Continued thrust-front migration produced the present-day 

configuration in which Eastern Cordillera wedge-top basins, originally developed above 

the toe of the orogenic wedge at relatively low elevations, are now >250 km west of the 

active thrust front and at ~3 km elevation. The modem wedge-top depozone overlies 

the active frontal part of the orogenic wedge and consists of strata in thrust-bounded, 

Subandean Zone basins and sediment overlying blind stmctures beneath the 

westernmost Chaco Plain. 

In general, wedge-top deposits become highly susceptible to erosional recycling as 

the orogenic wedge propagates forward and the wedge surface is uplifted. Nevertheless, 

Eastern Cordillera wedge-top deposits have been preserved for -10-30 m.y. in southern 

Bolivia. Such long-term preservation may reflect the inability of drainage systems to 

remove sediment mass from this low-precipitation region of the Central Andes. 

Retention of sediment mass within the orogenic belt may promote critical thrust-wedge 

conditions in which propagation of the thrust front is favored. 

Introduction 

The structural fronts of many fold-thrust wedges are buried beneath thick 

accumulations of synorogenic sediment (Vann et al., 1986; DeCelles and Giles, 1996). 
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These "wedge-top" accumulations are easily distinguishable from other parts of the 

foreland basin system because they contain growth structures that develop in proximity 

to propagating thrust-tip folds (e.g.. Beer et al., 1990; Lawton and Trexler, 1991; 

Coogan, 1992; Suppe et al., 1992, 1997; Jordan et al., 1993; DeCelles, 1994; Tailing et 

al., 1995; Zapata and Allmendinger, 1996; Ford et al., 1997). Due to their genetic 

association with frontal structures of the fold-thrust belt, wedge-top deposits provide a 

powerful tool for tracking the location of the thrust front through time (Burbank et al., 

1992; Jordan et al., 1993; DeCelles, 1994; Meigs and Burbank, 1997). In turn, this 

information can help establish the kinematic history of shortening and crustal thickening 

in orogenic wedges. 

The Central Andes (Fig. C.IA) contain some of the thickest crust on Earth, locally 

exceeding 70 km (Zandt et al., 1994; Beck et al., 1996). The causes and mechanisms of 

long-term crustal thickening in the Andes remain poorly understood, in part because the 

kinematic history of the fold-thrust belt is not well documented. For instance, many 

workers consider mountain building in the Central Andes to be primarily of Neogene 

age (Isacks, 1988; Sempere et al., 1990; Gubbels et al., 1993; Vandervoort et al., 1995; 

Allmendinger et al., 1997; Baby et al., 1997; Jordan et al., 1997), yet plate-motion 

studies and stratigraphic analyses reveal that orogenesis may have occurred over a much 

longer time interval, commencing in Cretaceous time (Coney and Evenchick, 1994; 

Sempere et al., 1997; Horton and DeCelles, 1997). In addition, the kinematic history of 

the present-day toe of the fold-thrust wedge, the Subandean Zone (Fig. C. I), is poorly 

defined. Although age inferences for synorogenic strata suggest active Subandean 

structures since ~6 Ma (Gubbels et al., 1993; Moretti et al., 1996; Kley et al., 1997), 

recent age data from the lower parts of a few Tertiary sections indicate deformation at 

least by 8.5 Ma and possibly as early as middle Miocene time (Erikson and Kelley, 
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Figure C.l. (A) Regional geologic setting of the Central Andes (after Isacks, 1988) 
including thrust front (barbed line), areas more than 3 km in elevation (shaded), and 
basement uplifts of northwestern Argentina (outlined areas). WC—Western Cordillera; 
AP—Altiplano; EC—Eastern Cordillera; SZ—Subandean Zone; BP—Beni Plain; CP— 
Chaco Plain. (B) Generalized geologic map simplified from Geobol (1991a, 1991b, 
1991c), Troeng et al. (1993), Reutter et al. (1994), and Kley (1996). Paleocene-Pliocene 
map unit primarily represents: Oligocene-Miocene deposits in the Altiplano, Estarca 
basin (EB), Tupiza basins (TB), Nazareno basin (NB), and Rio Honda area (RH); 
Paleocene-Miocene deposits in the Camargo syncline (CS); and Miocene-Pliocene 
deposits in the Subandean Zone. Late Miocene-Quaternary deposits define location of 
the San Juan del Oro erosional surface. Note the lack of Tertiary deposits in the 50-km-
wide transition zone between the Eastern Cordillera and Subandean Zone. 
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1995; Hernandez et al., 1996; Jordan et al., 1997). Such imprecise spatial and temporal 

control on the growth of the Central Andean orogenic wedge may be remedied through 

systematic, detailed analyses of the stratigraphy, structure, and geochronology of ancient 

wedge-top deposits. 

In this chapter, Oligocene to late Miocene growth of the former toe of the Andean 

orogenic wedge is documented by analysis of wedge-top deposits in the Eastern 

Cordillera of southern Bolivia (Fig. C.l). The sedimentary history is determined 

through study of depositionai systems and detrital compositions of numerous 

stratigraphic units. Field information presented here includes 16 measured stratigraphic 

sections (13.8 km total thickness), with lithofacies descriptions, 80 conglomerate clast 

counts, and 1700 paleocurrent measurements at 80 sites. In addition, new 40Ar/39Aj 

dates and previous K-Ar dates provide a chronostratigraphic framework for the deposits. 

Structural development of the frontal part of the Oligocene to late Miocene orogenic 

wedge is defined through analysis of growth strata and mapping of cross-cutting and 

onlapping relationships between fold-thrust structures and basin strata (Fig. C.l). 

Collectively, these data indicate alluvial-fan, braided-stream, and lacustrine 

sedimentation on top of a frontal thrust belt characterized by synchronous and out-of-

sequence thrusting. 

Geologic Setting of Eastern Cordillera Basins 

Eastern Cordillera wedge-top accumulations in southern Bolivia are preserved at ~3 

km elevation, >250 km west of the modem thrust front (Fig. C.l). These 0.6-2.3-km-

thick, nonmarine, Tertiary successions accumulated on top of an ~5-10-km-thick, 

eastward-tapering wedge of Ordovician rocks (Kley, 1996; Kley et al., 1997). Tertiary 

deformation in the Eastern Cordillera has been interpreted as shortening associated with 
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Figure C.2. Explanation and geologic map of Eastern Cordillera basins based on maps 
by Geobol (1991a, 1991b, 1991c), Troeng et al. (1993), and my field mapping. A 
revised Tertiary stratigraphy emphasizes the distinct depositional systems of individual 
basins. WTB-W es tern Tupiza basin; CTB-Central Tupiza basin; ETB-Eastern 
Tupiza basin. 
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either an -S-km-deep decollement within Ordovician-Silurian strata (Baby et al., 1990, 

1992b; Herail et al., 1996) or a series of steeply dipping reverse faults that root into an 

~15-km-deep decollement in Precambrian crystalline basement (Kley, 1996; Kley et al., 

1997). At present, there are no seismic reflection lines to help discern between these 

two alternative interpretations. Baby et al. (1997) estimated 86 km of total shortening in 

the Eastem Cordillera at 21°S. 

North-trending Tertiary outcrop belts (Figs. C.IB and C.2) consist of numerous 

stratigraphic units (Montano, 1966; Herail et al., 1996; Horton, 1996; Tawackoli et al., 

1996; Kley et al., 1997) that are rarely correlatable between individual basins (Fig. C.3). 

However, stratigraphic and sedimentologic information presented here suggests that 

some basins were connected at times. This study addresses, from west to east, the 

Estarca, Western Tupiza, Central Tupiza, Eastern Tupiza, and Nazareno basins (Fig. 

C.2). Isotopic ages of tuffs provide a general chroncstratigraphy for individual basins 

and facilitate stratigraphic correlations among basins (Fig. C.3). The oldest dated 

deposits are of Oligocene age, although local underlying sections could conceivably be 

early Tertiary in age (Herail et al., 1996). Where basal contacts are exposed. Tertiary 

deposits unconformably overlie steeply dipping, low-grade metamorphosed Ordovician 

strata that exhibit a subvertical, penetrative slaty cleavage associated with nearly 

isoclinal folds (Kley et al., 1997). Cretaceous strata, where present, unconformably 

overlie deformed Ordovician rocks and do not exhibit penetrative structural or 

metamorphic fabrics, thereby requiring a pre-Cretaceous episode of regional 

deformation and metamorphism (Kley and Reinhardt, 1994). Although Paleozoic 

contraction probably accounts for the majority of pre-Oligocene deformation in the 

Eastem Cordillera (Sempere, 1995; Kley et al., 1997), some deformation may have 
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Figure C.3. Schematic diagram illustrating stratigraphic nomenclature (modified from 
Montano, 1966; Herail et S., 1996; Horton, 1996; Tawackoli et al., 1996; and Kley et 
al., 1997), age control, and geographic distribution of synorogenic rock units in Eastern 
Cordillera basins. Error bars for each isotopic age are represented by the vertical 
dimension of each line. Note smaller error bars for 40Ar/39Ar step-heating ages. Vertical 
ruled areas indicate unconformities representative of erosion or non-deposition. 
Question marks convey uncertainties in the ages of stratigraphic boundaries. 
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occurred during Mesozoic extension (Sempere, 1994) or early Tertiary contraction 

(Butler et al., 1995; Kennan et al., 1995; Sempere et al., 1997). 

Map relationships (Fig. C.2) and a schematic cross section (Fig. C.4) display general 

structural geometries. Faults are characterized by older over younger relationships, 

Ordovician rocks over Tertiary rocks. The footwalls of these faults commonly exhibit 

synclines and growth structures developed in Tertiary strata. In most locations, 

Ordovician strata in the hanging wall have a similar dip as Tertiary strata in the adjacent 

footwall, suggesting a hanging-wall flat on footwall flat relationship. These 

observations are most compatible with a "thin-skinned" ramp-flat thrust system, as 

opposed to a "thick-skinned" belt of reverse faults (e.g., Kley et al., 1997) or a series of 

normal or strike-slip faults (e.g., Herail et al., 1996). However, the depth and geometry 

of the basal decollement in this thrust system is not known. Figure C.4 represents a 

simplified interpretation of the structural geometries at depth; such geometries are likely 

influenced by pre-existing metamorphic fabrics (of probable Paleozoic origin) and 

normal or reverse faults (of Paleozoic and/or Mesozoic age). 

Observed structural and stratigraphic relationships are as follows. Deposits of the 

westernmost basin, the Estarca basin, thicken eastward and form an asymmetric syncline 

with a vertical eastern limb (Figs. C.2 and C.4). The eastern basin margin is defined by 

the Santa Barbara range, a large antiform in Ordovician rocks. Fill of the easternmost 

basin, the Nazareno basin, thickens westward and forms an asymmetric syncline with a 

steep western limb (Figs. C.2 and C.4). The western basin margin is interpreted as the 

flank of an antiform, possibly cored by a triangle zone within Ordovician rocks. A 

structurally complex region between the Estarca and Nazareno basins contains 

numerous folds and thrusts and three discrete outcrop belts of Tertiary strata which are 

divided by Ordovician rocks (Fig. C.2). Each Tertiary outcrop belt displays a unique 
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Figure C.4. Schematic cross section at - 21 °30' S illustrating the structural and 
stratigraphic relationships exposed at the surface (based on Fig. C.2) and inferred at 
depth for the Eastern Cordillera basins. Note that the structural relationships depicted at 
depth are plausible, but there are no seismic reflection profiles in the vicinity to 
constrain these geometries. Kley et al. ( 1997) inferred contrasting subsurface 
geometries-a series of steeply east-dipping reverse faults that root in an -15-km-deep 
decollement. Horizontal arrows denote growth strata, within the Oploca Formation (To) 
and Tupiza Formation conglomerate (Tt), associated with adjacent fold-thrust structures. 
Labeled stratigraphic units as in Figure C.2. 
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stratigraphy (Fig. C.3), indicating that the belts represent separate depocenters, herein 

referred to as the Western Tupiza, Central Tupiza, and Eastern Tupiza basins (Fig. C.4). 

The Western Tupiza basin is a syncline flanked by older, steeply dipping units and cored 

by younger, subhorizontal strata (Figs. C.2 and C.4). Growth strata indicate that 

underlying Ordovician rocks of the eastern basin margin were actively tilting due to 

folding and/or thrusting during middle-late Miocene deposition (Fig. C.5). The Central 

Tupiza basin contains a vertically dipping, westward-younging succession. These strata 

unconformably overlie Ordovician strata exposed to the east and are cut by the east-

vergent Palala thrust to the west (Figs. C.2, C.4, and C.5). Steeply dipping strata of the 

Eastern Tupiza basin define both limbs of an isoclinal syncline that is bounded to the 

west by the east-vergent Seca thrust and to the east by the west-vergent Jurcuma thrust 

(Figs. C.2 and C.4). 

Most growth strata in these basins exhibit bedding geometries in which dip 

progressively decreases upsection (Fig. C.5). This type of growth strata is analogous to 

"progressive unconformities," originally described in the Pyrenees (Riba, 1976), which 

form as sediment is deposited on the flank of a fold growing through progressive 

rotation of its limbs. In this scenario, beds are continually tilted (rotated) to steeper dips 

and fold hinges become progressively tighter. However, a different type of growth strata 

typifies fold structures that grow through kink-band migration and instantaneous 

rotation (tilting) of fold limbs (Suppe et al., 1992). These growth strata are 

characterized by panels of constant dip that taper upsection, yielding a growth triangle 

geometry in cross section (Suppe et al., 1992; 1997; Zapata and Allmendinger, 1996). 

Although Suppe et al. (1997) reinterpreted the original Pyrenean examples of 

progressive unconformities as growth triangles, field documentation of their geometry 

by Ford et al. (1997) conclusively demonstrates their association with folds that grew by 
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Figure C.5. Photo and line drawing of growth strata in Oploca Formation, eastern 
margin of the Western Tupiza basin. A progressive, upsection decrease in bedding dip 
(from -90° to 0°) indicates active tilting throughout middle-late Miocene deposition 
(open squares indicate approximate locations of dated samples; see Fig. C.2, measured 
section 8). Tilting is attributed to syndepositional displacement along the east-vergent 
Palala thrust, in which Ordovician rocks were emplaced on the Tupiza Formation 
conglomerate, forming a footwall syncline. Note that the Palala thrust has a near-vertical 
dip in this exposure. Modem drainages are shaded. 
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progressive limb rotation. In the Eastern Cordillera basins, most growth strata display 

upsection decreases in bedding dip (as shown in Fig. C.5) rather than growth triangle 

geometries, suggesting accumulation on top of fold limbs which were rotated 

progressively, rather than instantaneously. 

Depositional Systems 

Three facies associations, indicating alluvial-fan, braided-stream, and lacustrine 

deposition, characterize Tertiary deposits of the Eastern Cordillera. The following 

sedimentologic descriptions and interpretations facilitate a paleogeographic synthesis of 

basin evolution and discussion of thrust-belt development. 

Alluvial-Fan Facies Association 

Description.—Conglomeratic sections 200-17(X) m thick are abundant, particularly 

along basin margins (Fig. C.6A). Conglomerate beds 0.1-2.0 m thick persist laterally 

for tens of meters and typically have planar, non-erosional bases and broad, sheet-like 

(non-lenticular) geometries. Traction-transport sedimentary structures are uncommon. 

Conglomerates are poorly to moderately sorted and clasts aic subrounded to subangular. 

Three lithofacies make up the alluvial-fan facies association. (1) The primary 

lithofacies consists of poorly sorted, matrix- or clast-supported, cobble-boulder 

conglomerate (Fig. C.6B). Conglomerate beds are 0.5-2.0 m thick, extend laterally for 

tens of meters, have non-erosive bases, and lack traction-transport structures such as 

cross-stratification or imbrication. A poorly sorted matrix of silt- and sand-sized 

detritus typically supports the subangular clasts. (2) A second lithofacies is composed 

of massive to horizontally stratified, moderately sorted, clast-supported, granule-cobble 

conglomerate (Fig. C.6C). Individual beds are 0.1-1.0 m thick, extend laterally for tens 
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Figure C.6. Alluvial-fan facies association. (A) Conglomerate-dominated, vertically 
dipping section (800 m thick) younging to the right (west). Road for scale. Tupiza 
Formation conglomerate, Central Tupiza basin. (B) Debris-flow deposits. Poorly sorted, 
matrix-supported (lower left, upper right) and clast-supported cobble-boulder 
conglomerate dips about 50° to the right. The clast-rich unit fills a channel scour 
(arrows). Person for scale. Huerta Waykho conglomerate, Western Tupiza basin. (C) 
Hyperconcentrated-flow deposits. Horizontally stratified, moderately sorted, sandy, 
granule-cobble conglomerate. Hammer for scale. Estarca Formation, Estarca basin. 
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of meters, and have sharp, erosive bases. (3) A third lithofacies consisting of massive to 

poorly stratified, moderately sorted, fine- to coarse-grained sandstone represents a small 

proportion of this facies association. Beds are 0.05-0.5 m thick and contain rare 

examples of horizontal and ripple-cross stratification. 

Interpretation.—The three lithofacies of the alluvial-fan facies association are 

interpreted as deposits of debris flows and moderate- to high-sediment-concentration 

water flows. (1) Poorly sorted, matrix- or clast-supported, cobble-boulder conglomerate 

is attributed to deposition by debris flows. Lack of cross-stratification, imbrication, and 

basal scour suggests laminar flow rather than turbulent, traction transport (Johnson, 

1970; Enos, 1977). The coarseness, poor sorting, and fine-grained matrix of the 

conglomerate indicate that debris flows moved plastically as viscous masses (Nemec 

and Steel, 1984; Shultz, 1984). (2) Massive to horizontally stratified, moderately sorted, 

granule-cobble conglomerate is interpreted as the result of high-sediment-concentration 

water flows (hyperconcentrated flows). These clast-supported deposits lack a fine

grained matrix and are better sorted, better organized, and finer grained than the debris-

flow deposits, suggesting that clasts were transported by mixed sediment-water flows 

that contained more water than the debris flows (Shultz, 1984). In hyperconcentrated 

flows, clasts are supported by traction shear stresses, buoyancy, and dispersive pressure 

(Smith, 1986; Pierson and Costa, 1987), producing massive to horizontally stratified 

deposits. (3) The less-common, massive to poorly stratified sandstone lithofacies is 

interpreted as deposits of moderate to high sediment-concentration water flows. Poorly 

developed horizontal stratification suggests upper-flow-regime plane-bed conditions 

whereas low-angle cross-stratification indicates migration of three-dimensional ripples 

(Harms et al., 1982). Similar lithofacies have been attributed to deposition during the 
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growth, migration, and washout of antidunes in water flows (Langford and Bracken, 

1987; Blair and McPherson, 1994). 

The ubiquitous sheet-like conglomerate beds of this facies association (Fig. C.6A) 

suggest that alluvial fans were dominated by unconfined debris flows and unconfmed 

sediment-rich water flows or "sheetfloods" (e.g., Ballance, 1984; Nemec and Steel, 

1984; Whipple and Dunne, 1992; Horton and Schmitt, 1996). The absence of cross 

bedding and lenticular, channel-fill geometries suggests that fans did not have well-

developed channel networks or incised fanhead trenches (e.g., Ballance, 1984; Blair, 

1987). Studies of modem alluvial fans have demonstrated that such debris-flow- and 

sheetflood-dominated fans typically have relatively small drainage catchment areas 

displaying limited water discharge (e.g., Nemec and Steel, 1988; Harvey, 1992). 

Lacustrine Facies Association 

Description.—Sections as thick as 600 m of thin-bedded mudstone and sandstone 

and subordinate gypsum and carbonate are common in basin axes. Beds 0.01-1.0 m 

thick extend laterally for tens to hundreds of meters. Although tuffs are interbedded 

with other deposits, they are most common in this facies association. 

Five lithofacies make up the lacustrine facies association. (1) The most common 

lithofacies is composed of poorly consolidated, massive to laminated mudstone (Fig. 

C.7A). Beds are tabular, <0.1 m thick and have non-erosional contacts. (2) The 

sandstone lithofacies consists of massive to stratified, fine- to medium-grained 

sandstone (Fig. C.7B). Broadly lenticular beds are 0.02-0.5 m thick and exhibit sharp, 

erosional bases. Traction-transport stmctures include horizontal stratification and 

ripple-cross stratification. The rare (3) gypsum and (4) carbonate lithofacies (Fig. C.7C) 

are found exclusively within mudstone-dominated sections. Beds are 0.01-1.0 m thick 
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Figure C.7. Lacustrine facies association. (A) Mudstone-dominated section with two 
resistant layers, a lower sandstone (1.5 m thick) and an upper carbonate (0.5 m thick). 
(B) Ripple-cross-stratified, medium-grained sandstone with subordinate mudstone. 
Notebook for scale. (C) Mudstone-rich section with numerous thin layers of resistant 
gypsum. Hammer for scale (arrow). All photos are of Chifloca unit, Western Tupiza 
basin. 
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and commonly have millimeter-scale horizontal laminations. (5) Massive to 

horizontally stratified tuff beds 0.2-30 m thick contain ash-sized grains with subordinate 

lapilli fragments. 

Interpretation.—Most lithofacies of the lacustrine facies association are interpreted 

as deposits of turbidity currents, sandy debris flows, and wave-induced currents in 

shallow-water ponds or small lakes. (1) Massive to laminated mudstones represent 

deposition by suspension fallout (Ghibaudo, 1992). Suspended mud entered the water 

column through subaerial debris flows and water flows which may have transformed 

into turbidity currents or sandy debris flows upon entering a lake (e.g., Weirich, 1989; 

Mohrig, 1998). However, complete Bouma sequences were not deposited. (2) Massive 

sandstone is attributed to rapid deposition of suspended sand in turbidity currents 

(Lowe, 1982) or freezing of laminar, sandy debris flows (Shanmugam, 1996). 

Horizontal and ripple-cross stratified sandstone represent bedform growth and 

migration, probably in turbidity currents (Lowe, 1982; Ghibaudo, 1992) or wave-

induced currents in shallow lake water (Horton and Schmitt, 1996). Thin (3) gypsum 

and (4) carbonate beds within mudstone intervals are interpreted as evaporites (e.g.. 

Tucker, 1978). These beds do not exhibit nodular or mottled textures suggestive of a 

pedogenic origin. (5) Interbedded tuffs are best represented in this facies association 

due to their high preservation potential in a lake. These tuffs are interpreted as ash-fall 

deposits erupted from explosive volcanoes in the region. 

The fine-grained clastic and chemical sedimentary rocks of this facies association 

are interpreted as deposits of ponds or small lakes in basin axes. Most sediment was 

supplied to lakes by debris flows and water flows. Evaporite lithofacies suggest that 

lakes occasionally desiccated (e.g., Langbein, 1961), possibly due to episodic closed-

basin conditions. However, a lack of thick evaporitic sequences indicates that these 
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lakes were much smaller than the saline lakes characteristic of the Puna-Altiplano 

plateau (e.g., Vandervoort, 1997). Preservation of tuffs suggests that the deepest parts 

of the lakes were at least several meters deep, below the reworking effects of wave-

driven currents. 

Braided-Stream Facies Association 

Description.—Stratified, clast-supported conglomerate sections 20-500 m thick are 

common in the central parts of basins. Beds have lenticular geometries, erosional basal 

contacts, and are 0.2-3.0 m thick. These well-organized, poorly to moderately sorted 

conglomerates contain subrounded to well rounded clasts and a moderate- to well-sorted 

sandstone matrix. 

The two lithofacies of this facies association are not interbedded with each other. 

(1) A fine-grained lithofacies includes organized, clast-supported, moderately sorted, 

sandy, granule-cobble conglomerate to conglomeratic sandstone (Fig. C.8A). Low-

angle cross-stratification and pebble imbrication are common. Broadly lenticular beds 

0.2-0.8 m thick have erosional bases and extend up to a few tens of meters laterally. 

Moderate to well-sorted, fine- to coarse-grained sandstone forms the matrix. Beds lack 

well-developed fining or coarsening trends. (2) A rare, coarse-grained lithofacies is 

made up of organized, poorly to moderately sorted, clast-supported, cobble-boulder 

conglomerate with well rounded clasts and crude horizontal stratification (Fig. C.8B). 

Basal scours within this conglomerate define lenticular beds 0.5-3.0 m thick that extend 

laterally for tens of meters. A moderately sorted matrix is composed of medium- to 

coarse-grained sandstone. Clasts and matrix do not exhibit any systematic grain-size 

trends. 
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Figure C.8. Braided-stream facies association. (A) Low-angle cross-stratified, sandy, 
granule-cobble conglomerate. Knife for scale (arrow). Bella Vista unit, Eastern Tupiza 
basin. (B) Vertically dipping, poorly horizontally stratified, cobble-boulder 
conglomerate that youngs to the right. A 3-m-high shrub and kneeling person for scale 
(arrow). Upper Catati Formation and lower Tupiza Formation conglomerate, Central 
Tupiza basin. 
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Interpretation.—The two lithofacies of the braided-stream facies association are 

interpreted as deposits of migrating dunes and bars within wide, shallow channels. (1) 

The fine-grained conglomerate lithofacies is interpreted as deposits of large, three-

dimensional ripples or antidunes associated with water flows (e.g., Langford and 

Bracken, 1987; Blair and McPherson, 1994). Erosional bases, lenticular beds, 

imbrication, and low-angle cross-stratification indicate in-channel traction transport of 

gravel rather than laminar flow characteristic of debris flows. Additionally, some sand 

was likely suspended within the water column due to the upward component of fluid 

turbulence. (2) The cobble-boulder conglomerate is attributed to traction transport of 

gravel in longitudinal bars (e.g.. Rust, 1972; Nemec and Postma, 1993). Erosional 

bases, lenticular beds, and crude horizontal stratification indicate deposition in stream 

channels. Based on bed geometries, channels were up to ~2 m deep at least 5 m wide. 

The coarse grain size, poor to moderate sorting, and lack of grain-size trends in both 

conglomerate facies suggest that most deposition occurred during floods (e.g., DeCelles 

et al., 1991). The thickness and lateral extent of lenticular beds suggest that braided-

stream channels were relatively small, <2 m deep and only a few tens of meters in 

lateral extent. Thus, the braided-stream systems of the Eastem Cordillera were much 

smaller than typical, large braided-river systems such as the Indus and Ganges Rivers 

(e.g., Willis, 1993). Such small braided streams may have been somewhat similar to 

poorly integrated distributary channels on the distal parts of alluvial fans (e.g., DeCelles 

et al., 1991; Nemec and Postma, 1993). 

Basin Development 

Different stages of basin evolution in the Eastem Cordillera were recorded by 

changes in the depositional processes, distribution of sediment-accumulations areas, and 
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location and composition of sediment source areas. Interpretations of basin histories are 

based on measured sections, including sedimentologic analyses (preceding section), 

conglomerate clast counts, paleocurrent data, and isotopic ages (Fig. C.9; Tables C.l 

and C.2). Details of the 40Ar/39Ar analytical procedures are presented in a subsequent 

section. Paleogeographic reconstructions of depositional systems and sediment 

dispersal pattems indicate three phases of basin development (Fig. C.IO); localized 

alluvial-fan deposition during Oligocene time; late Oligocene-early Miocene volcanic 

and lacustrine deposition; and Miocene alluvial-fan and braided-stream deposition. 

Oligocene 

Tertiary basin development initiated with Oligocene alluvial-fan deposition: the 

Bella Vista unit to the east and the Urulica conglomerate to the west (Fig. C.IO). These 

strata are present exclusively in the Eastern Tupiza and Western Tupiza basins (Figs. 

C.3 and C.9). Minimum (youngest) age limits for these deposits are defined by 

overlying volcanic rocks with primarily early Miocene isotopic ages. Because 

maximum age limits are not available, the strata conceivably could be early Tertiary in 

age. However, the lithology and thickness of these deposits are quite different than the 

well-documented Paleogene section exposed in other parts of the Eastern Cordillera 

(e.g., Marshall et al., 1997; Sempere et al., 1997). 

The Bella Vista unit is a 600-m-thick, sheetflood-dominated alluvial-fan deposit 

which contains Ordovician and Cretaceous clasts derived from the west and east (Fig. 

C.9). This basal Tertiary deposit of the Eastern Tupiza basin was tilted and cut by the 

west-vergent Bella Vista thrust (Fig. C.4) prior to unconformable overlap by the Tupiza 

Formation volcanic rocks. 
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TABLE C.L RESULTS OF 40Ar/39Ar INCREMENTAL-HEATING ANALYSES 

OF TERTIARY TUFFS, EASTERN CORDILLERA, SOUTHERN BOLIVIA. 

Sample Temp 36Ar/39Ar 40Ar/39Ar Ca/K 39At 40At* Age ± la (Ma) 

number (°C) (cum.%) (%) 

Tupiza Formation conglomerate. Eastern Tupiza basin (biotite, J = 0.002589, wt. = 

0.0036 g) 

T3F1A 600 0.97623 38.278 6.11 1.7 11.6 169.96 ±7.62 

T3FIB 650 0.08381 6.930 76.70 5.9 21.9 32.16 ±0.89 

T3F1C 710 0.01602 4.171 181.00 18.9 46.8 19.42 ±0.25 

T3F1D 760 0.00372 3.667 216.00 32.7 77.0 17.08 ±0.14 

T3F1E 800 0.00245 3.607 159.00 39.8 83.3 16.81 ±0.14 

T3F1F 860 0.00276 3.662 105.00 44.1 81.8 17.06 ±0.24 

T3F1G 920 0.00369 3.619 63.70 47.3 76.9 16.86 ±0.35 

T3F1H 980 0.00344 3.614 71.80 52.1 78.1 16.84 ±0.22 

T3F1I 1040 0.00227 3.671 109.00 62.3 84.6 17.11 ±0.16 

T3F1J 1100 0.00159 3.512 103.00 76.3 88.2 16.37 ±0.10 

T3F1K 1150 0.00106 3.465 74.10 92.0 91.7 16.15 ±0.08 

T3FIL 1250 0.00073 3.460 23.00 97.5 94.1 16.13±0.17 

T3F1M 1450 0.00109 2.719 42.90 100.0 89.5 12.69 ±0.43 

Isochron age = 16.14 ±0.06 Ma (40Ar/36Ar)i = 339 ±2 MSWD = 2.57 

Note: MSWD—mean square of weighted deviates. 
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TABLE C.l — Continued 

Sample Temp 36Ar/39Ar 40Ar/39Ar Ca/K 39Ar 40Ar* Age ± 1 a (Ma) 

number (°C) (cum.%) (%) 

Oploca Formation. Western Tupiza basin (biotite, J = 0.002597, wt. = 0.0031 g) 

OCA 580 2.42668 62.597 2.56 6.8 8.0 271.75 ± 13.47 

OCB 610 0.60841 13.000 2.40 10.0 6.7 59.90 ± 5.99 

OCC 660 0.36852 8.875 1.60 15.5 7.5 41.11 ±3.42 

OCD 710 0.20308 6.790 2.15 21.5 10.2 31.54 ±2.07 

OCE 760 0.11114 5.228 9.76 26.3 13.7 24.33 ± 1.33 

OCF 800 0.07400 4.039 9.05 30.0 15.6 18.82 ± 1.07 

OCG 860 0.06938 4.174 10.50 36.6 16.9 19.45 ± 0.73 

OCH 920 0.06786 3.925 10.50 50.4 16.4 18.30 ±0.58 

OCI 980 0.02724 3.138 11.80 63.9 28.1 14.64 ±0.38 

OCJ 1040 0.01432 3.093 14.30 80.4 42.2 14.43 ± 0.23 

OCK 1100 0.00749 3.018 8.86 92.6 57.7 14.09 ± 0.20 

OCL 1150 0.00355 2.947 8.62 98.6 73.8 13.75 ±0.30 

OCM 1250 0.00633 3.400 4.40 99.5 64.6 15.86± 1.81 

OCN 1450 0.01690 2.862 4.25 100.0 36.5 13.36 ±2.92 

Isochron age = 13.33 ±0.15 Ma (40Ar/36Ar)i = 313± 1 MSWD = 1.16 

Note: MSWD—mean square of weighted deviates. 
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TABLE C.2. RESULTS OF 40Ar/39Ar TOTAL-FUSION ANALYSES 

OF TERTIARY TUFFS, EASTERN CORDILLERA, SOUTHERN BOLIVIA. 

Sample Temp 40Ar/39Art 37Ar/39Ar§ 36Ar/39Art 40Ar* 40Ar*/39AK Age ± 1 a 

number (°C) (%) (Ma) 

Oploca Formation. Western Tupiza basin (biotite, J = 0.002135, wt. = 0.000826 g) 

OE 1300 4.095 0.0337 0.23287 5.7 4.095 15.7 ±2.4 

Chifloca unit. Western Tupiza basin (biotite, J = 0.(X)2143, wt. = 0.000937 g) 

PI 1300 3.597 0.0090 0.12137 9.2 3.597 13.9 ±1.2 

Chifloca unit. Western Tupiza basin (biotite, J = 0.002114, wt. = 0.000966 g) 

M3 1300 3.401 0.0145 0.12021 8.8 3.401 12.9±1.1 

Note: decay constant = 5.543 x 10-lO/yr. 

^ Corrected for line blank. 

§ Corrected for line blank and 37Ar decay. 
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Figure C. l 0. Paleo geographic reconstructions of Oligocene to upper Miocene 
depositional systems and sediment dispersal patterns based on facies analyses, 
paleocurrent data, and clast provenance data in Figure C.9. Thrust faults are interpreted 
as active (solid) or inactive (dashed). EB-Estarca basin; WTB-Westem Tupiza basin; 
CTB-Central Tupiza basin; ETB-Eastem Tupiza basin; NB-Nazareno basin. 
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The debris-flow deposits of the Urulica conglomerate form the basal 250 m of the 

Tertiary section along the western margin of the Westem Tupiza basin (Fig. C.9). These 

conglomerates contain only Ordovician clasts. The strata are in the footwall of the west-

vergent Urulica thrust. 

Late Oligocene-Early Miocene 

Explosive volcanism and lacustrine deposition characterized the late Oligocene-early 

Miocene history of much of the region (Fig. C. 10). Up to 400 m of felsic to 

intermediate ash-flow tuffs, the Tupiza Formation volcanic rocks, overlie the Bella Vista 

alluvial-fan deposits of the Eastern Tupiza basin and unconformably overlap Ordovician 

rocks in the Nazareno basin (Figs. C.2, C.3 and C.9). Most published isotopic dates 

(Fig. C.9) indicate early Miocene volcanism (K-Ar biotite dates of 20.9 ± 0.6 Ma, 21.3 ± 

0.4 Ma, 21.6 ± 0.4 Ma, 21.7 ± 0.4 Ma, and 22.7 ± 0.6 Ma; Herail et al., 1996; Tawackoli 

et al., 1996), although one sample yielded an Oligocene age (K-Ar biotite date of 29.9 ± 

0.9 Ma; Herail et al., 1996). Volcanic sources were near the Altiplano-Eastem 

Cordillera border, based on similar ages of volcanic rocks in that region (Soler and 

Jimenez, 1993). 

The 300-400-m-thick Catati Formation, a sequence of lacustrine mudstone with thin 

gypsum layers, defines the base of the Central Tupiza basin (Fig. C.9). Sparse 

paleocurrent data indicate flow from the southeast. This interval is tentatively correlated 

with a thin (<20 m thick), localized section of lacustrine mudstone which overlies the 

Tupiza volcanic rocks of the Eastern Tupiza basin. 

The oldest Tertiary strata in the eastern part of the Western Tupiza basin constitute 

the Falquiza unit, a 200-m-thick section of cross-stratified, braided-stream sandstone 

and subordinate lacustrine mudstone (Fig. C.9). Trough axes define a source to the east-
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southeast. A latest Oligocene age for this section is defined by a K-Ar biotite date of an 

interbedded tuff (24.3 ± 0.4 Ma; Tawackoli et al., 1996). A similarity in paleocurrent 

directions and facies suggests that the Palquiza unit correlates with the Catati Formation. 

Stratigraphic correlations between adjacent basins (Fig. C.9) indicate that some, but 

not all, of the basins were originally connected during late Oligocene-early Miocene 

time. Specifically, fill of this age in the Western and Central Tupiza basins (Huerta 

Waykho, Palquiza, and Catati strata) was apparently deposited in a contiguous zone of 

sediment accumulation to the west (Fig. C.IO). Although volcanic deposits can cross 

topographic barriers, the presence of Tupiza Formation volcanic rocks in both the 

Eastern Tupiza basin and westernmost Nazareno basin may suggest a second zone of 

accumulation to the east. Structural partitioning of these two broad sediment-

accumulation zones into narrow basins must have occurred later during Miocene time 

(Fig. C.IO). 

Early—Late Miocene 

Five separate basins developed in the Eastern Cordillera during Miocene time and 

were filled by alluvial-fan and braided-stream deposits (Fig. C. 10). The greatest volume 

of sediment accumulated during this interval. A few units are correlatable between 

adjacent basins, suggesting intermittent connection by through-going depositional 

systems. 

The Estarca basin fill exhibits pronounced coarsening and thickening from a 

western, 450-m-thick section of braided-stream deposits to an eastern, 1250-m-thick 

section of debris-flow deposits (Fig. C.9). Paleocurrent data indicate that Ordovician 

clasts were shed from a source area east of the basin. More southward-directed 

paleocurrents in the western part of the basin suggest an axial drainage system 
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downslope of the debris-flow-dominated alluvial fans (Fig. C.IO). Although the Estarca 

Formation has not been dated, previous workers note general facies similarities with the 

Oploca Formation of the Western Tupiza basin (Geobol, 1991a, 1991b, 1991c; Troeng 

et al., 1993), possibly suggesting a middle-late Miocene age. 

In the Western Tupiza basin, the mudstone-dominated Chifloca unit consists of 

lacustrine and possibly braided-stream deposits that accumulated during the early-

middle Miocene (Fig. C.9), based on new 40Ax/39Ar biotite dates (13.9 ± 1.2 Ma, 12.9 ± 

1.1 Ma) (Table C.2) and K-Ar biotite dates (18.0 ±0.5 Ma, 17.0 ±0.4 Ma; Herail et al., 

1996; Tawackoli et al., 1996). These strata are overlain by the Oploca Formation, 

which is dominated by braided-stream, pebble-cobble conglomerates that were 

transported axially to the south-southeast (Fig. C.IO). Clasts in both units were derived 

mainly from Ordovician rocks and Tertiary volcanic rocks. Growth strata within eastern 

Oploca exposures indicate deposition synchronous with active displacement along the 

east-vergent Palala thrust (Figs. C.4 and C.5). Therefore, new 40Ar/39Ar biotite dates 

(15.7 ± 2.4 Ma and 13.33 ±0.15 Ma) on tuffs in the lower to middle levels of the 

formation and a K-Ar biotite date (8.28 ± 0.74 Ma ; Herail et al., 1996) on a tuff in the 

uppermost levels of the formation (Fig. C.9; Tables C.l and C.2) indicate middle-late 

Miocene motion on the Palala thrust synchronous with deposition. 

Alluvial fans derived from the west blanketed the Central and Eastem Tupiza basins 

(Fig. C.IO). The Tupiza Formation alluvial-fan deposits are up to 1700 m thick in the 

Central Tupiza basin and up to 700 m thick in the Eastem Tupiza basin (Fig. C.9). 

Paleocurrent data and lateral facies changes indicate that detritus, primarily Cretaceous 

and Ordovician clasts, was derived from the west. Most measured sections reveal an 

unroofing sequence in which Ordovician clasts increase in abundance upsection at the 

expense of Cretaceous clasts (Fig. C.9). The lowermost 100-200 m of the Tupiza 
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Formation conglomerate in the Central Tupiza basin contain numerous, distinctive 

stromatolitic boulders derived from the Cretaceous El Molino Formation. The El 

Molino (Sempere, 1994), which has been completely eroded away in the study region, 

must have been exposed during Miocene time in an uplifted area west of the Central 

Tupiza basin. In the Eastern Tupiza basin, growth strata indicate syndepositional uplift 

on the western margin (Fig. C.4), strata thicken eastward away from the sediment source 

identified by paleocurrent data, and recycled Tupiza Formation volcanic clasts are more 

abundant here than in any other section (Fig. C.9). Collectively, these features suggest 

syndepositional motion on the east-vergent Seca thrust (Fig. C.4). A hanging-wall 

anticline above this thrust probably produced a topographic ridge, causing erosional 

recycling of Tertiary volcanic rocks and a local region of decreased accommodation 

space. A new 40Ar/39Ar biotite date (16.14 ±0.06 Ma; Fig. C.9; Table C.l) and a K-Ar 

date (17.6 ± 0.5 Ma; Tawackoli et al., 1996) for mffs near the base of this succession 

thus require early-middle Miocene displacement on the Seca thrust. 

Most of the Nazareno basin is filled by fluvio-lacustrine mudstone and subordinate 

sandstone and conglomerate of the Nazareno Formation (Fig. C.9), which overlies the 

lower Miocene Tupiza Formation volcanic rocks. A middle Miocene tuff (12.79 ±0.12 

Ma; Gubbels et al., 1993) is correlated with uppermost Nazareno strata. Conglomerates 

are dominated by clasts of Ordovician rocks and Tertiary volcanic rocks. Lateral facies 

changes and sparse paleocurrent data suggest that these deposits were derived from the 

west, and therefore may be distal equivalents of alluvial-fan deposits in the Central and 

Eastern Tupiza basins (Fig. C.IO). 
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Eastern Cordillera Thrust-Belt Development 

Oligocene to late Miocene depositional histories of Eastern Cordillera basins 

indicate the presence of sediment source areas associated with contractional stmctures 

(Fig. C.IO). Growth strata and differing degrees of deformation within successive units 

further demonstrate active folding and thrusting during deposition. The ages and 

chronology of displacement on two major, east-vergent thrust faults (Palala and Seca 

thrusts) and two west-vergent backthrusts (Jurcuma and Bella Vista thrusts) are 

established through isotopic dating of growth strata and mapping of cross-cutting and 

onlapping relationships between structures and basin strata. 

Oligocene 

Deformation during the Oligocene involved west-vergent motion along the Jurcuma 

and Bella Vista thrusts. Displacement along these faults may have generated a sediment 

source for the Bella Vista deposits of the Eastern Tupiza basin (Fig. C. 11 A). The 

easternmost Bella Vista conglomerates were steeply tilted in an asymmetric footwall 

syncline displaying an east-dipping axial surface prior to unconformable overlap by 

Tupiza Formation volcanic rocks. However, ~2 km to the west the Tupiza volcanic 

rocks rest conformably on the Bella Vista unit (Fig. C. I IB), indicating that deformation 

was confined to areas directly adjacent to the Jurcuma and Bella Vista thrusts. Isotopic 

ages from the overlying Tupiza volcanic rocks (Fig. C.9) require motion on the thrusts 

prior to earliest Miocene time. A 32.1 ± 4.9 Ma apatite fission-track date (age of 

cooling through ~110°C isotherm) for a Cretaceous basalt (Tawackoli et al., 1996) in the 

hanging wall of the Jurcuma thrust suggests that most of the exhumation of this thrust 

sheet, and presumably displacement on the fault, occurred during Oligocene time. 
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WEST WTB ETB EAST 

WTB ETB 

EB WTB CTB 
OP.loca Fm. 

ETB NB 

Palaia thrust 
reactivated Jurcuma thrust 

Figure C.11. Oligocene to late Miocene evolution of the Eastern Cordillera thrust belt 
based on measured stratigraphic sections in Figure C.9, mapped cross-cutting and 
onlapping relationships between contractional structures and Tertiary strata in Figure 
C.2, and inferences for deep structure in Figure C.4. (A) Oligocene phase of west
vergent backthrusting. (B) Late Oligocene-early Miocene phase with no deformation. 
(C) Early-late Miocene phase of primarily east-vergent thrusting. Horizontal arrows 
denote growth strata associated with adjacent fold-thrust structures. Basin abbreviations 
and patterns for thrust faults and basin units as in Figure C.10. 
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In the Western Tupiza basin, the Urulica conglomerate is cut by the west-vergent 

Urulica thrust. An unconformable contact between the vertically dipping Urulica 

conglomerate and overlying, moderately dipping, Huerta Waykho and Chifloca units 

(Fig. C.2) indicates pre-Miocene tilting, presumably in response to displacement on the 

Urulica thrust (Fig. C. 11 A). 

In summary, Oligocene deformation generally was characterized by west-vergent 

thrusting and associated footwall folding of alluvial-fan deposits. The west-vergent 

thrusts are considered to be backthrusts in an eastward-tapering orogenic wedge. 

Late Oligocene-Early Miocene 

Evidence for late Oligocene-early Miocene surface deformation, such as growth 

strata or intrabasinal unconformities, does not exist (Fig. C.l IB). Therefore, previously 

active surface-breaking thrusts such as the Jurcuma, Bella Vista, and Urulica thrusts 

were probably inactive, although an underlying decollement may have transferred slip 

farther east (Fig. C.l IB). Deposits of this age are relatively fine grained, the product of 

volcanic and fluvio-lacustrine depositional processes with limited alluvial-fan 

sedimentation. 

Early-Late Miocene 

Miocene time marked the primary phase of east-vergent thrusting, including motion 

on the Seca and Palala thmsts (Fig. C. 1IC). Two dated tuffs from the lower levels of a 

growth strata sequence in the Tupiza Formation conglomerate (Fig. C.9) indicate 

displacement on the Seca thrust during early-middle Miocene time, synchronous with 

Tupiza deposition (Fig. C. 1IC). The Palala thrust, in turn, cuts the youngest Tupiza 

strata, and therefore was active after the main phase of Seca displacement. However, 
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Palala thrusting was also coeval with Seca thrusting, as revealed by middle-late Miocene 

isotopic dates from the lower and upper stratigraphic levels of a growth strata sequence 

in the Oploca Formation (Fig. C.5). Thus, both thrusts were active concurrently during 

middle Miocene time (Fig. C.llC); andout-of-sequence displacement along the Palala 

thrust continued after cessation of motion on the Seca thrust. Furthermore, the west-

vergent Jurcuma thrust which placed Ordovician rocks on lower-middle Miocene Tupiza 

conglomerate and is capped by an undeformed, upper Miocene erosional surface (Fig. 

C.2) must have been reactivated synchronous with middle-late Miocene motion on the 

Palala thmst (Fig. C.I IC). 

Two thrust-related folds acted as major sediment sources during Miocene time. (I) 

The incipient Santa Barbara range was a major source of Ordovician rock and Tertiary 

volcanic rock; detritus was transported westward into the Estarca basin (Estarca 

Formation) and eastward into the Western Tupiza basin (Oploca Formation) (Figs. C. 10 

and C. 1IC). The deposits adjacent to this antiform lack growth strata displaying 

upsection changes in bedding dip, suggesting no fold-limb rotation and no tightening of 

the fold hinge (Figs. C.2 and C.4). A fault-bend fold above a footwall ramp may best 

explain this existence of a large sediment source, lack of surface-breaking thrusts, and 

lack of growth strata due to progressive limb rotation (Fig. C.l IC). Beer et al. (1990) 

describe a similar case in northern Argentina where a fault-bend fold above a blind 

thrust forms the western margin of the Iglesia basin, a piggyback basin between the 

Frontal Cordillera and Precordillera. (2) A second sediment source area, composed of 

Cretaceous and Ordovician rocks, was unroofed along the western margin of the Central 

Tupiza basin, distributing sediment eastward into the Central and Eastern Tupiza basins 

(Tupiza Formation conglomerate) and Nazareno basin (Nazareno Formation) (Figs. 

C.IO and C.l IC). This sediment source was possibly associated with the east-vergent 
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Palala thrust. Although the lower-middle Miocene Tupiza conglomerate in the footwall 

directly east of the thrust lacks growth strata caused by progressive limb rotation, the 

middle-upper Miocene Oploca Formation west of the thrust contains such strata (Fig. 

C.5). Therefore, during Tupiza deposition, the eastern limb of the structure was not 

rotated during uplift and was not associated with a surface-breaking thrust. This early 

structure is interpreted as a fault-bend fold which grew without progressive limb rotation 

(e.g., Suppe et al., 1992). During subsequent Oploca deposition, the western limb was 

rotated synchronously with motion on the Palala thrust, which placed Ordovician rocks 

onto Tupiza conglomerate and formed a footwall syncline (Fig. C. 1IC). In this case, the 

structure is interpreted as a result of fault-propagation folding with progressive limb 

rotation and limb tightening (e.g., Mitra, 1990; McConnell, 1994). Given these 

temporal variations in the development of the structure, the source area is attributed to 

an early-middle Miocene fault-bend fold which evolved into a fault-propagation fold as 

the Palala thrust cut up to the surface during middle-late Miocene time (Figs. C.4 and 

C.l IC). Similar kinematic histories in which an out-of-sequence or break-back thrust 

cuts up from a footwall ramp to form a fault-propagation fold have been documented in 

the Absaroka thrust sheet in the Sevier orogenic belt (Lamerson, 1982; Mitra, 1990; 

Coogan, 1992). 

Rocks above the Seca and Jurcuma thrusts provided an extremely limited amount of 

sediment to the basins. As previously discussed, displacement on the east-vergent Seca 

thrust was synchronous with deposition of the Tupiza Formation conglomerate (Fig. 

C.l IC). A fault-propagation fold above this thrust may have partially isolated the 

Central and Eastern Tupiza basins (Fig. C.IO), providing recycled detritus from Tupiza 

Formation volcanic rocks to the Eastern Tupiza basin. Displacement on the reactivated. 
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west-vergent Jurcuma thrust failed to produce significant uplift as the hanging wall 

neither acted as a large sediment source nor affected sediment dispersal patterns. 

Late Miocene to Recent 

An undeformed, very gently east-dipping, erosional surface known as the San Juan 

del Oro surface (Servant et al., 1989; Gubbels et al., 1993) spans much of the Eastern 

Cordillera of south-central Bolivia and northernmost Argentina (Fig. C. IB). The 

surface is overlain by upper Miocene to Quaternary volcanic deposits and alluvium. In 

the study region, Pliocene-Quaternary alluvium overlie this surface (Fig. C.2) and 

exhibit subhorizontal bedding. Dates of numerous volcanic units overlying the surface 

indicate that upper-crustal deformation ended regionally within the Eastern Cordillera at 

-10 Ma (Gubbels et al., 1993). 

Discussion 

Kinematics of the Orogenic Wedge and Foreland Basin, Southern Bolivia 

Wedge-top accumulations and associated contractional structures of the Eastern 

Cordillera of southern Bolivia demarcate the position and strucmral style of the toe of 

the Central Andean orogenic wedge during Oligocene to late Miocene deformation. The 

wedge-top deposits parallel regional tectonic strike, are bounded by individual fold-

thrust structures, contain growth strata indicative of deposition adjacent to active 

structures, and include strata that were cut by thrust faults soon after deposition. Thus, 

sediment accumulation undoubtedly took place on top of the actively deforming fold-

thrust wedge, not in the undeformed foredeep beyond the structural front of the wedge. 

The frontal thrust tip and foredeep must have been located east of the wedge-top 
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deposits. Candidates for foredeep deposits include middle Miocene strata in the 

eastemmost Eastern Cordillera (Fig. C.I) (Rio Honda deposits; MacFadden et al., 1990) 

and poorly dated Miocene strata of the western Subandean Zone (Tariquia and 

Guandacay Formations; Gubbels et al., 1993; Marshall et al., 1993; Troeng et al., 1993; 

Erikson and Kelley, 1995; Jordan et al., 1997). These sandstone- and siltstone-rich 

deposits were probably contiguous with the eastemmost part of the wedge-top 

depozone, fill of the Nazareno basin. However, large-scale, late Miocene to Recent 

uplift in the eastemmost Eastern Cordillera to westernmost Subandean Zone (Kley, 

1996) eroded much of the wedge-top and foredeep deposits in this region (Fig. C.IB), 

preventing complete stratigraphic continuity between Eastern Cordillera wedge-top 

strata and the Miocene foredeep depozone to the east. 

A reconstruction of Oligocene to late Miocene deformation in the then-frontal part 

of the orogenic wedge is facilitated by cross-cutting and onlapping relationships 

between fold-thmst structures and wedge-top strata and improved age control on 

particular growth structures. Contractional structures in the Eastern Cordillera verged 

toward the foreland to the east and the hinterland to the west. West-vergent structures 

are consistent with deformation styles at the toes of orogenic wedges, where backthrusts 

and triangle zones are well developed and conunonly form the structural front of thrust 

belts (e.g., Vann et al., 1986; DeCelles and Giles, 1996). In southern Bolivia, west-

vergent thrusts may have reactivated old normal faults, similar to Neogene-age thrusts 

and reverse faults which inverted the Cretaceous Salta rift system of northwestern 

Argentina (e.g., Grier et al., 1991; Cominguez and Ramos, 1995). Displacement on 

west-vergent thrusts, which was more pronounced during Oligocene shortening (Fig. 

C. 11), may have been a symptom of long-term maintenance of critical taper during 

growth of the orogenic wedge. Specifically, hinterland-vergent structures may suggest 
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an early orogenic wedge which lacked a significant foreland-dipping slope for its upper 

surface, thus inducing subcritical thrust-wedge conditions and inhibiting an eastward 

vergence direction. Such a condition may have characterized the entire Central Andes 

because west-vergent structures active during Oligocene time are common over much of 

the westernmost Eastern Cordillera of Bolivia (Baby et al., 1990; Sempere et al., 1990; 

Roeder, 1988; Roeder and Chamberlain, 1995). The structural front of the thrust belt 

may have remained in the Eastern Cordillera for -10-20 m.y. until the rear of the 

orogenic wedge, the Western Cordillera and Altiplano, thickened sufficiently to create a 

substantial eastward-dipping slope and induce eastward propagation of the thrust front 

into the Subandean Zone. The evidence presented here for synchronous and out-of-

sequence thrusting at the toe of the orogenic belt further supports this notion that the 

orogenic wedge was at a subcritical taper during much of Oligocene to late Miocene 

time and needed to attain critical taper through internal deformation before the thrust 

front could propagate forward. 

Deformation of the upper crust and accumulation of wedge-top sediment ended in 

the Eastern Cordillera during late Miocene time (Gubbels et al., 1993) as the structural 

front of the orogenic wedge propagated eastward into the Subandean Zone. The 

present-day structural front of the orogenic wedge is a blind thrust tip beneath the 

westernmost Chaco Plain, -50 km east of the topographic front defined by the 

easternmost surface-breaking thrust of the Subandezin Zone (Horton and DeCelles, 

1997). Thus, the upper Miocene to Recent wedge-top depozone is represented by 

sediment on top of emergent structures of the Subandean Zone and blind structures of 

the westernmost Chaco Plain (Fig. C.l). The modem foredeep spans the Chaco Plain 

region east of the frontal blind thrust (Horton and DeCelles, 1997). 
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Controls on Sediment Preservation in the Wedge-Top Depozone 

Long-term preservation of an ancient wedge-top depozone may be relatively 

uncommon. Wedge-top deposits are highly susceptible to erosional recycling as the 

thrust front propagates forward and hinterland regions are continually uplifted above 

active, structurally lower thrust sheets (e.g., Schmitt and Steidtmann, 1990). In cases of 

large uplift, these deposits may be entirely recycled such that there is no remaining 

record of synorogenic deposition. For example, a structural restoration of a part of the 

Sevier orogenic belt by Royse (1993) indicates that a large volume of Late Jurassic-

Early Cretaceous wedge-top and foredeep deposits was completely eroded from west-

central Utah as the region was uplifted during motion on structurally lower thrusts. 

Despite this general trend toward recycling. Eastern Cordillera wedge-top deposits in 

southern Bolivia have been preserved for -10-30 m.y. in a part of the Andes that has 

undergone >200 km of horizontal shortening, associated crustal thickening, and several 

kilometers of surface uplift during the Cenozoic (Isacks, 1988; Gubbels et al., 1993; 

Schmitz, 1994; Beck et al., 1996; Kley et al., 1997). Continued eastward propagation of 

the thrust front resulted in the modem situation in which the Eastern Cordillera wedge-

top basins, originally developed above the relatively low-elevation toe of the orogenic 

wedge, are now >250 km west of the active thrust front and at ~3 km elevation. 

Ancient wedge-top deposits, including the five basins of this study, have been 

widely preserved over much of southern Bolivia. South of the bend in the Andes at 

17.5°S (Fig. C.IA), the Eastern Cordillera and Subandean Zone contain numerous, 

strike-parallel, wedge-top depocenters (Parejaet al., 1978; Baby et al., 1992a; Horton 

and DeCelles, 1997; this study). In contrast, north of the bend, the Eastern Cordillera is 

devoid of Tertiary deposits and the Subandean Zone is represented by only a few strike-

parallel, wedge-top depocenters (Parejaet al., 1978; Roeder, 1988; Baby et al., 1995; 
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Roeder and Chamberlain, 1995). Enhanced preservation of ancient wedge-top deposits 

to the south may be attributable to along-strike differences in both climate and thrust-

belt kinematics. First, a humid climate in the Bolivian Andes north of 17.5°S (-160-

240 cm annual precipitation) contrasts markedly with the drier climate of the Bolivian 

Andes to the south (~60-I20 cm annual precipitation) (Masek et al., 1994; 

Allmendinger et al., 1997). Greater precipitation to the north probably causes a 

relatively high sediment flux out of the mountain belt, thereby recycling most ancient 

wedge-top deposits. Less precipitation to the south promotes preservation of ancient 

wedge-top deposits. The present-day arid climate to the south may have persisted in this 

part of the Andes for at least the past 15 m.y., as evidenced by 1) sedimentologic 

analyses of Miocene deposits which indicate depositional systems with relatively 

inefficient sediment transport (this study), and 2) a documented middle Miocene 

decrease in erosion rates at 24°S in the Western Cordillera of northern Chile attributed 

to a change to more arid conditions (Alpers and Brimhall, 1988). Second, the Neogene 

thrust belt in the Eastern Cordillera and Subandean Zone has evolved differently in 

regions to the north and south of 17.5°S- To the south, the surface of the Eastern 

Cordillera has not been broken by major thrusts since -10 Ma (Gubbels et al., 1993) and 

the Subandean Zone thrust system has developed in a normal piggyback sequence (Baby 

et al., 1992a; Dunn et al., 1995). To the north, however, the Eastern Cordillera and 

Subandean Zone have been characterized by out-of-sequence thrusting (Roeder, 1988; 

Baby et al., 1995; Roeder and Chamberlain, 1995), which creates local zones of uplift 

and increased recycling of ancient wedge-top deposits. In summary, an overall lack of 

ancient wedge-top deposits to the north may reflect large-scale, sediment recycling 

caused by both high precipitation and internal deformation in the thrust belt. This 

inference of increased sediment flux and greater recycling of wedge-top deposits to the 
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north is supported by known amounts of basin fill in the modem foredeep. A foredeep 

with up to ~7 km of Tertiary fill in the Beni Plain to the north contrasts with -3 km in 

the Chaco Plain to the south (Fig. C.l A) (Watts et al., 1995; Coudert et al., 1995; 

Horton and DeCelles, 1997), possibly signifying less recycling of ancient wedge-top 

deposits and substantially lower sediment flux into the foredeep south of 17.5°S. 

The along-strike climatic gradient in the Bolivian Andes may have controlled not 

only sediment flux and wedge-top preservation, but also overall structural geometry of 

the orogenic wedge. North of 17.5°S, the Eastern Cordillera-Subandean Zone region of 

the thrust belt is only 200 km wide and contains, along the Altiplano-Eastem Cordillera 

boundary (Cordillera Real), great hinterland peaks >6 km elevation. To the south, the 

Eastern Cordillera-Subandean Zone region of the thrust belt is 350 km wide and only a 

few hinterland peaks exceed 4.5 km elevation. The northern region also exhibits greater 

topographic relief than the southern region (Masek et al., 1994). It is proposed here that 

the large mass of wedge-top sediment preserved in the arid Andes of southern Bolivia 

may have tended to increase the average wedge taper across the thrust belt (the sum of 

surface slope and decollement slope) over the past -10 m.y., causing a critical or 

supercritical wedge condition (see Davis et al., 1983) in which thrust-front propagation 

is favored. Farther north in the humid Andes of Bolivia, where mass is more efficiently 

removed from the thrust belt, a subcritical wedge condition would be expected in which 

thrust-front propagation is inhibited and internal wedge thickening is promoted (e.g., 

DeCelles and Mitra, 1995). In this sense, the relatively greater internal thickening in the 

Bolivian Andes to the north, as reflected by the substantially higher hinterland peaks 

and narrower thrust belt, may represent a long-term, generally subcritical wedge 

condition largely induced by a wetter climate and greater sediment flux out of the 

orogenic wedge. 
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Conclusions 

(1) Oligocene to upper Miocene synorogenic sediment was deposited on top of the 

former toe of the Central Andean orogenic wedge, the Eastern Cordillera of southern 

Bolivia. This coarse-grained sediment, representing the wedge-top depozone of the 

Andean foreland basin system, accumulated in five separate basins bounded by active 

fold-thrust structures. 

(2) Synchronous and out-of-sequence fold-thrust deformation is demonstrated 

through isotopic dating of tuffs within growth strata sequences and cross-cutting and 

onlapping relationships between contractional structures and wedge-top strata. In the 

Eastern Cordillera, Oligocene west-vergent backthrusting pre-dated the main, Miocene 

phase of east-vergent thrusting and associated growth of fault-propagation and fault-

bend folds. 

(3) Stratigraphic and structural development of Eastern Cordillera wedge-top basins 

was recorded by changes in the depositional environments, position of sediment-

accumulation areas, and location and composition of sediment source areas. In general, 

basin margins were defined by debris-flow- and sheetflood-dominated alluvial fans 

derived from adjacent folds. Basin axes contained braided streams or small lakes. In 

most cases, streams could not cut across growing folds and water was ponded in lakes or 

diverted along basin axes. 

(4) The Andean foreland basin system migrated progressively eastward. From 

Oligocene to late Miocene time, the wedge-top depozone occupied the Eastern 

Cordillera and the foredeep depozone beyond the frontal tip of the thrust belt was 

located in the easternmost Eastern Cordillera and western Subandean Zone. By late 

Miocene to Recent time, the wedge-top depozone had shifted to the Subandean Zone, a 

region of numerous, north-trending basins bounded by active contractional structures. 
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and the westernmost Chaco Plain, where strata overlie blind structures with no 

topographic expression. The present-day foredeep depozone, east of the blind thrust 

front, occupies the central and eastern Chaco Plain. 

(5) Wedge-top deposits are recycled as the thrust front propagates forward and 

hinterland thrust sheets are uplifted. Recycling is enhanced in high-precipitation regions 

with efficient fluvial transport and in local zones of uplift above out-of-sequence thrusts. 

A humid climate and out-of-sequence deformation in the Bolivian Andes north of 

17.5°S may have induced large-scale recycling of wedge-top deposits, effectively 

flushing most sediment out into the modem foredeep. This removal of mass may have 

induced subcritical thrust-wedge conditions since -10 Ma, inhibiting thrust-front 

propagation and promoting further intemal deformation through out-of-sequence 

thrusting. Less mass removal in the Bolivian Andes to the south may have favored a 

critical or supercritical orogenic wedge which grew wider as the thrust front propagated 

forward. 

40Ar/39Ar Analytical Procedures 

High purity biotite separates were prepared from crushed and sized rock chips using 

conventional heavy liquid and magnetic separation techniques. The separates in Table 

C. 1 were irradiated along with neutron flux monitor 92-176 (27.9 Ma sanidine from Fish 

Canyon Tuff; Steven et al., 1967; Cebula et al., 1986) for 25 hr in the 1 Mw TRIGA 

type reactor at the Nuclear Science Center of Texas A & M University. Argon analyses 

were performed in the University of Houston Thermochronology Laboratory by Peter 

Copeland; a more detailed discussion of the laboratory and analytical procedures is 

available in Spell et al. (1996). Samples were heated using a double-vacuum, resistance-

heated furnace. One S AES getter was used for purification of extracted gas. Reported 
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argon isotopic ratios are corrected for procedural blanks, mass discrimination, and 

radioactive decay. Apparent ages calculated from these ratios are corrected for 

atmospheric contamination and nucleogenic interference, using the following reactor 

corrections: (36Ar/37Ar)ca = 0.000270 ± 0.000090; (39Ar/37Ar)ca = 0.000803 ± 

0.000037; (40Ar/39Ar)K = 0 (indeterminate due to use of Cd shielding). Stated 

precisions for 40Ar/39Ar ages include all uncertainties in the measurement of isotope 

ratios and are quoted at the Ic level. Isochron ages were calculated using the inverse 

isochron York (1969) fit routine and omitting outliers until the mean square of weighted 

deviates (MSWD) was <2.6. Errors for isochron ages include the errors associated with 

the J parameter and MSWD. 

The separates in Table C.2 were irradiated along with neutron flux monitor GA1550 

(97.9 Ma biotite; McDougall and Roksandic, 1974) for 15 hr in the Ford Reactor at the 

University of Michigan. Argon analyses were performed in the Noble Gas Laboratory at 

the University of Arizona by the author with the help of Suzanne Baldwin. Samples 

were heated using a double-vacuum, resistance-heated furnace with temperatures 

monitored via a thermocouple at the base of the crucible. Three SAES getters were used 

for purification of extracted gas. Reported argon isotopic ratios are corrected for 

procedural blanks, mass discrimination, and radioactive decay. Apparent ages calculated 

from these ratios are corrected for atmospheric contamination and nucleogenic 

interference, using the following reactor corrections: (36Ar/37Ar)ca = 0.(X)027 ± 

0.00002; (39Ar/37Ar)ca = 0.0009 ± 0.0002; (40Ar/39Ar)K = 0.023 ± 0.002. Stated 

precisions for 40Ar/39Ar ages include all uncertainties in the measurement of isotope 

ratios and are quoted at the Ic level. 

Initial steps of incremental-heating analyses (Table C.I) and the total-fusion 

analyses (Table C.2) exhibit low 40Ar radiogenic yields, and therefore relatively large 
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errors in calculated ages. The initial steps of the incremental-heating analyses yield 

anomalously old ages (Fig. C.9; Table C.l), possibly suggestive of contamination by 

older-generation biotite grains. Thin-section analyses of the tuff samples reveal the 

presence of minor amounts (-1-5%) of biotite grains that exhibit different color and 

crystal habit than the main population of biotite grains. In addition, tuff horizons 

commonly exhibit a small degree of ripple-cross stratification and low-angle 

stratification, suggestive of minor reworking of tuff material by migrating bedforms. 

Although samples are from the least modified parts of the tuff horizons, a small amount 

of older-generation biotite grains may have been added to the main population of 

volcanogenic biotite grains during subsequent transport. Therefore, isochron ages for the 

incremental-heating analyses yield the most appropriate stratigraphic age (Fig. C.9; 

Table C. 1) and reported total-fusion ages (Table C.2) should be considered as maximum 

ages of the given stratigraphic levels. 
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APPENDIX D: CLIMATIC AND EROSIONAL CONTROL ON THE 

GEOMETRY AND KINEMATICS OF THRUST-BELT DEVELOPMENT, 

CENTRAL ANDES 

Abstract 

Long-term erosion rates in the Central Andes may have influenced not only mean 

elevation and relief, but also the regional geometry and kinematic history of the 

orogenic belt. A drastic along-strike climatic gradient exists in the modem Central 

Andes, from a humid region directly north of the 17.5°S bend in the Andes (Bolivian 

Orocline) to an arid region south of the bend. This present-day climatic gradient has 

existed since -10-15 Ma, based on quantitative analyses of middle Miocene to 

Holocene denudation as well as qualitative evaluations of the preferential preservation 

of middle-late Tertiary synorogenic strata and volcanic edifices within the arid region to 

the south. GPS data indicate a present-day kinematic situation in which internal 

shortening is taking place within the thrust belt north of the 17.5°S bend and 

deformation in the thrust belt to the south of the bend is concentrated at the extreme 

eastern front. Similarly, the late Miocene-Pliocene kinematic evolution of the Eastern 

Cordillera-Subandean Zone thrust belt was significantly different on opposing sides of 

the 17.5°S bend. Whereas an out-of-sequence chronology of thrusting characterized the 

narrow (200-km-wide) thrust belt to the north, an in-sequence, forward-breaking 

sequence of thrusting is observed in the relatively wide (350-km-wide) thrust belt to the 

south. The long-term internal deformation and limited width of the thrust belt to the 

north are attributed to prolonged subcritical thrust-wedge conditions induced by rapid 

erosion rates since -10-15 Ma. Such subcritical conditions favor internal deformation 

and inhibit thrust-front advance. In the thrust belt to the south, a progressive eastward 



167 

migration of thrusting is interpreted as the result of long-term critical to supercritical 

thrust-wedge conditions promoted by extremely low rates of denudation since middle 

Miocene time. 

Introduction 

Through theoretical models, analogue models, and field-based analyses, erosion has 

been recognized as a major process that directly influences the regional geometry 

(including mean elevation and relief) of a contractional orogenic belt (Koons, 1989; 

Molnar and England, 1990; Beaumont et al., 1992; Avouac and Burov, 1996) as well as 

the geometry of individual fault structures (e.g., Mugnier et al., 1997; Masek and 

Duncan, 1998). Erosion also has the potential to dictate the kinematic development of 

an orogenic wedge in terms of amount, rate, and timing of shortening and uplift (Dahlen 

and Suppe, 1988; Beaumont et al., 1992). Theoretical models applied to the Southern 

Alps of South Island, New Zealand have provided a foundation for subsequent studies 

evaluating erosional control on mountain building (e.g., Koons, 1989, 1990, 1995; 

Norris et al., 1990; Beaumont et al., 1992). The Southem Alps exhibit modem 

precipitation patterns that vary greatly across the strike of the orogenic belt—high 

precipitation on the steep, western flank of the Alps and low precipitation on the gentle, 

eastern slope (Koons, 1989). For this orogenic belt, high precipitation on the western 

side correlates with high rates of rock uplift, high relief, a steep average slope, and a 

single major fault, whereas low precipitation on the eastern side coincides with low 

uplift rates, low relief, a gende average slope, and numerous smaller faults (Fig. D. I). 

The argument that differences in precipitation have actually controlled these contrasting 

uplift rates, relief, surface slope, and fault patterns for hundreds of thousands to millions 

of years in the Southem Alps is supported by studies which utilize erosion-transport 
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Figure D. I. General model for evolution of an asymmetric contractional orogenic belt 
based on the Southern Alps of South Island, New Zealand (after Norris et al., 1990; 
Koons, 1990). High precipitation and rapid erosion on one side of the orogen induces 
high uplift rates, high relief, steep slopes, and exposure of deep-crustal assemblages 
associated with a single major fault (Alpine Fault). Low precipitation and limited 
erosion on the other side causes low uplift rates, low relief, gentle slopes, and exposure 
of upper-crustal assemblages associated with a suite of thmst faults (Otago belt). 
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models (e.g.. Chase, 1992) and simple uplift parameters to generate realistic cross-

sectional geometries of the orogen (Koons, 1989, 1990, 1995; Beaumont et al., 1992; 

Masek and Duncan, 1998). 

The kinematics of deformation within an orogenic belt may be largely controlled by 

erosion. First, removal of mass by erosion induces a vertical component of uplift due to 

the principle of isostasy (Molnar and England, 1990; Leeder, 1991) and possibly due to 

inward flow of replenishing mass in a viscoplastic lower crust (Avouac and Burov, 

1996). Second, mass removal reduces overburden, decreasing gravitational stress. For 

critically tapered orogenic wedges, this condition results in increased strain rates 

(Beaumont et al., 1992) and internal wedge deformation rather than thrust-front advance 

(Dahlen and Suppe, 1988). As an example, rapid erosion on the western, high-rainfall 

side of the Southern Alps apparently induces rapid uplift rates and provides a 

gravitationally favorable region for the development of a major fault system such as the 

Alpine Fault (Beaumont et al., 1992; Masek and Duncan, 1998). For a wedge-shaped 

contractional orogenic belt, high erosion rates (and associated decrease in gravitational 

stress) may promote out-of-sequence thrusting within the wedge interior (DeCelles and 

Mitra, 1995; Norris and Cooper, 1997) and prevent advance of the thrust front (e.g., 

DeCelles, 1994; Pavlisetal., 1997). 

Several problems exist in studying the cause/effect connection between erosion and 

tectonics in ancient mountain belts. One major concern is the inherent uncertainty in 

reconstructing ancient climates and associated erosion patterns. Many studies tacitly 

assume that the presently observed climate and erosion rates of a particular region have 

been uniform over the past few thousand to several million years. However, given the 

history of late Cenozoic climate change over much of the planet (Molnar and England, 

1990), this assumption is particularly tenuous. A second issue concerns the problem of 
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comparing opposite flanks of a single otogenic belt and attributing the observed 

topographic and structural asymmetry to a climatic asymmetry (e.g., Koons, 1989, 1990, 

1995; Norris et al., 1990; Beaumont et al., 1992). In general, the foreland side of an 

orogenic belt contains structures quite different from those of the hinterland side, 

regardless of climate. This is exemplified by the regional geometry of the Andean 

orogenic belt and precipitation patterns in South America (Fig. D.2). The northern 

Andes (north of ~17°S) exhibit a humid climate on their eastern (foreland) flank and an 

arid climate on their western (hinterland/forearc) flank. The southernmost Andes (south 

of ~35°S) exhibit the reverse situation—humid to the west and arid to the east (Fig. 

D.2). These climatic differences are related to latitudinal variations in global circulation 

patterns: easterly winds in northern South America and westerly winds in southern 

South America (Legates and Willmott, 1990). Despite their reversed climatic 

asymmetries, both the northern and southern Andes have a similar topographic and 

stmctural asymmetry characterized by a distinctive, eastward-tapering, east-verging 

orogenic wedge with a gently dipping eastern (foreland) side and a steeply dipping 

western (hinterland/forearc) side (Winslow, 1981; Isacks, 1988; Megard, 1989). Such a 

wedge-shaped cross sectional geometry and dominant structural transport (or vergence) 

toward the foreland is: ubiquitous for contractional orogenic belts (Molnar and Lyon-

Caen, 1988); predicted by analogue and theoretical models of shortening (Chappie, 

1978; Davis et al., 1983; Masek and Duncan, 1998); and observed in regions with vastly 

different climatic regimes (e.g., the northern, southern, and central Andes; Winslow, 

1981; Isacks, 1988; Megard, 1989). 

Given these potential pitfalls, the ideal geologic situation in which to truly evaluate 

the interaction of climate and tectonics would necessarily be a region on a single side of 

an orogenic belt which exhibits an along-strike climatic variation that has persisted for a 
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Figure D.2. Precipitation (mm/day) in South America and adjacent areas based on 
global mean annual precipitation data (from Legates and Willmott, 1990). Note the 
highly asymmetric precipitation across the Andes (near the westem margin of South 
America). A humid eastem foreland and arid westem forearc in the northern Andes 
contrasts with an arid eastem foreland and humid western forearc in the southem Andes. 
The Amazon drainage basin approximately coincides with the area of >4 mm/day 
precipitation north of ~17°S. The Parana drainage basin extends southward from ~17°S 
along the 60°W longimde line and parallel to the zone of 1-4 mm/day precipitation. 
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sufficiently long interval of time. In this manner, the deformation of a humid region 

could be directly compared and contrasted with deformation in an arid, but structurally 

similar, region in the same orogenic belt. The Andes, with their tremendous latitudinal 

range and associated variations in precipitation (Fig. D.2), are a prime candidate for 

testing the potential causal relationship between climate and tectonics. On the eastern 

slope of the Central Andes, within the fold-thrust belt, a drastic change in precipitation 

occurs over a strike length of a few hundred of kilometers. The more humid region 

presumably exhibits greater rates of surface erosion, and potentially greater sediment 

flux to the foreland. This study aims to evaluate the humid and arid sectors of the 

Central Andean thrust belt in terms of modem climate (precipitation), ancient climate 

(erosion rates), stmctural geometries, kinematic histories, and active deformation rates 

in order to identify possible cause/effect correlations between climate and tectonics. 

Regional Geologic Setting 

The Central Andes display the highest average elevation, greatest cross-strike extent, 

greatest crustal shortening, and thickest cmst of the entire Andean orogenic belt (Isacks, 

1988; Sheffels, 1990; Schmitz, 1994; Zandt et al., 1994; Beck et al, 1996; Allmendinger 

et al., 1997; Baby et al., 1997). From west to east, the Central Andes include: the 

Western Cordillera, a magmatic arc; the Altiplano, a high-elevation hinterland plateau; 

the Eastern Cordillera, the uplifted interior of the thmst belt; the Subandean Zone, the 

seismically active frontal part of the thmst belt; and the Chaco-Beni Plain, the 

undeformed foredeep overlying basement rocks of the Brazilian shield (Fig. D.3). This 

overall geometry represents a typical non-collisional orogenic belt associated with 

subduction of an oceanic plate beneath a continental margin (Dewey and Bird, 1970; 

James, 1971). The Central Andes are underlain by the subducted Nazca Plate which 
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Figure D.3. Map of the Central Andes displaying major geological, physiographic, and 
political boundaries and location of a lithospheric profile (Fig. 4) and two topographic 
profiles N and S (Fig. 5) (after Pareja et al., 1978; Gubbels et al., 1993; and Kennan et 
al., 1995). The Westem Cordillera (WC) follows the Chile-Bolivia border. The 
Subandean Zone (SZ) is situated between two major thrust faults (barbed lines). Note 
the greater amount of Tertiary sedimentary rocks within the Eastern Cordillera and 
Subandean Zone south of bend in the Andes at 17.5°. Circles denote three sites with 
denudation information (1—Zongo and Huayna Potosi granites; 2—Cerro Chorolque; 
3—La Escondida. Major lakes and salars include Lake Titicaca (LT), Salar de Uyuni 
(SU), and Salar de Atacama (SA). Inset map (upper right) shows location of areas 
above 3 km elevation (shaded), thmst front (barbed line), and basement-cored. Sierras 
Pampeanas uplifts (outlined areas) in northern Argentina. 
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dips -30° eastward (Fig. D.4). Along strike to the north and south, the dip of the 

subducted slab becomes much less and is nearly horizontal (Barazangi and Isacks, 

1976). 

The Central Andes form an asymmetric orogenic belt with a short, steep western 

slope (west flank of Western Cordillera), a high axial plateau (Altiplano), and a long, 

rugged eastem slope (Eastern Cordillera and Subandean Zone) (Figs. D.3 and D.4). The 

steep western slope has not been disrupted by upper-crustal structures, and therefore 

exhibits a continuous, strikingly smooth morphology for hundreds of kilometers along 

strike (Isacks, 1988). The Altiplano has an average elevation of -3.7 km yet has 

remarkably subdued topography (Fig. D.4). The limited relief may be due, in part, to 

the fact that large areas of the Altiplano are modem depositional surfaces for a number 

of actively forming sedimentary basins. The rough topography of the eastem slope is a 

result of a series of fold-thrust structures in the Eastem Cordillera and Subandean Zone. 

This retroarc fold-thrust belt verges eastward toward the craton (Figs. D.3 and D.4). 

An abrupt change in tectonic strike is present in the Central Andes at 17.5°S. 

Thrust-belt structures north of the bend strike northwest-southeast, whereas those south 

of the bend strike north-south (Fig. D.3). Although exact mechanisms for the formation 

of this bend (commonly referred to as the Bolivian Orocline) are debated, it is primarily 

attributed to spadally variable patterns of regional crustal shortening in the Altiplano to 

Subandean Zone since -30 Ma (Isacks, 1988; Sempere et al., 1990; Butler et al., 1995: 

MacFadden et al., 1995). The age of coarse-grained, foreland-basin deposits in the 

region indicates initial contractional deformation in the Eastem Cordillera during the 

late Oligocene (Sempere et al., 1990; Horton, 1996) and in the Subandean Zone during 

the late Miocene (Gubbels et al., 1993; Hernandez et al., 1996; Moretti et al.. 1996). 
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Figure D.4. Lithospheric cross section showing asymmetric topography and structure of 
Central Andes (from !sacks, 1988). The smooth, steep western slope contrasts with the 
long, rough topography of the eastern slope. A schematic regional decollement depicts 
crustal shortening and thickening associated with the numerous structures of the east
vergent thrust belt on the eastern slope of the Andes. The western slope lacks major 
upper-crustal structures and potentially represents a crustal-scale monocline above a 
thickened lower crust (!sacks, 1988). Figure 3 shows location of cross section. 
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Topography and Precipitation 

Two profiles through the Central Andes reveal drastic differences in topography and 

precipitation north and south of the 17.5°S bend in the Andes (Masek et al., 1994). The 

eastern plateau margin of the Altiplano is most striking in that it exhibits significantly 

greater relief and a higher average elevation to the north than regions to the south (Fig. 

D.5). In fact, maximum values of elevation and relief anywhere in the Bolivian portion 

of the Eastern Cordillera-Subandean Zone thrust belt occur in the northern region. This 

includes a suite of tremendous rugged peaks (>6 km high) in the Cordillera Real region 

(westernmost Eastern Cordillera) which extends from La Paz northwest into Peru (Fig. 

D.3). The gradient of the eastern, foreland-dipping slope is much greater along the 

northern profile than the southern profile (Fig. D.5). To the north, average elevation 

drops -3 km in a horizontal distance of -60 km from the drainage divide (-3° average 

slope). A similar 3 km drop in average elevation takes place over a horizontal distance 

of -225 km along the southern profile (-0.8° average slope). 

The topographic contrast between the northern and southern profiles correlates with 

a drastic change in climate near the 17.5°S bend in the Andes. Annual precipitation 

along the northern profile is typically 2-4 times the value for the southern profile (Fig. 

D.5). Within the Eastern Cordillera-Subandean Zone thrust belt in particular, 

precipitation of -1.4—2.4 m/yr to the north contrasts with -0.2-1.1 m/yr precipitation to 

the south (Fig. D.5). Masek et al. (1994) discuss the positive correlation between 

amounts of rainfall and relative slope and relief. They attribute the development of 

high-relief peaks and a steep frontal slope to the humid climate and associated high rates 

of erosion to the north. 

The observed variation in rainfall along strike of the Central Andes may reflect a 

regional, latitudinally controlled climatic boundary which is expressed in central South 
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Figure D.5. Topography and mean annual precipitation along the N and S profiles 
(locations shown in Fig. 3) (from Masek et al., 1994). Topography is based on elevation 
data from a 100-km-wide swath along the trend of each profile. The upper and lower 
limits of the shaded envelope represent the maximum and minimum elevations, 
respectively, within each swath. The vertical extent of the envelope represents 
topographic relief. The swath-averaged elevation is shown by dark line within 
envelope. Precipitation data ( dark circles) have been projected from stations within a 
200-km-wide swath. AP-Altiplano, EC-Eastern Cordillera, SZ-Subandean Zone. 
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America near -17°S. This boundary demarcates the southern margin of the Amazon 

drainage basin, a feature which occupies the northern half of the continent (north of 

-17°S) and is characterized by rainfall rates >15 m/yr (>4 mm/day; Fig. D.2). The 

Parana basin, which drains the central axis of southern South America (south of -17°S) 

and meets the Atlantic in southeastern South America, is characterized by lower rainfall 

rates (<15 m/yr). The transition from the humid Amazon basin to the arid Parana basin 

at I7°S, which corresponds quite well with the 17.5°S climatic boundary in the Central 

Andean thrust belt, is attributed to global circulation patterns which are primarily a 

function of latitude (Fig. D.2). 

Long-Term Erosion 

Amounts and rates of middle Miocene-Holocene denudation have been relatively 

high north of I7.5°S and extremely low to the south (Fig. D.6), suggesting that the 

climatic (and erosional) contrast observed in the modem Central Andes has existed since 

-10-15 Ma. Apatite and zircon fission-track data from several plutons in the Cordillera 

Real (westernmost Eastern Cordillera) near La Paz (site 1, Fig. D.3) provide constraints 

on rates of Tertiary denudation (Benjamin, 1986; Benjamin et al., 1987; Masek et al., 

1994). Fission-track ages represent the time at which apatite and zircon cooled through 

the 100°C and 200°C isotherms, respectively. In the case of the Zongo and Huayna 

Potosi granites in the Cordillera Real, apatite samples yield ages ranging from -5-20 

Ma and zircon samples yield much older ages, from -25-100 Ma. Assuming a 

reasonable geothermal gradient (25-30°C/km), these data indicate denudation rates of 

-100-200 m/m.y. prior to ~ 10—15 Ma (Fig. D.6). Rapid denudation rates of -200-900 

m/m.y. have characterized the middle-late Miocene to Holocene history of the 

Cordillera Real such that -4-8 km of material has been eroded from the thrust belt in the 
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Figure D.6. Denudation data for northern (N) and southern (S) sites within the Central 
Andes: N-Zongo and Huayna Potosi granites (westernmost Eastern Cordillera, 
Bolivia); S-La Escondida mine (Atacama Desert, Western Cordillera, Chile). 
Locations shown in Figure 3. At N, apatite and zircon fission-track data recalculated by 
Masek et al. (1994) from Benjamin (1986) and Benjamin et al. (1987) require rapid 
denudation since -10-15 Ma. At S, temporal variations in overburden thickness are 
calculated using petrologic data on supergene and post-supergene mineral assemblages 
and requisite pressure-temperature conditions (Alpers and Brimhall, 1988). Middle 
Miocene to Holocene denudation is several orders of magnitude higher at N than S. 
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past 10-15 m.y. (Fig. D.6) (Benjamin, 1986; Benjaniin et al., 1987; Masek et al., 1994). 

South of the bend in the Andes, a detailed study by Alpers and Brimhall (1988) of 

the La Escondida mine in the Atacama Desert provides the most convincing evidence 

for limited erosion, and presumably an arid climate, since -15 Ma. Their analysis of the 

porphyry-copper deposit at La Escondida utilized diagnostic, supergene and post-

supergene mineral assemblages to reconstruct the pressure-temperature conditions of 

mineralization and infer the thickness of the lithocap overburden. A series of K-Ar ages 

on interbedded tuffs facilitates a detailed reconstruction of the temporal variations in 

overburden thickness and, thus, rates of denudation. These data indicate a drastic 

reduction in erosion rates to values of 1-10 m/m.y. during middle Miocene time (Fig. 

D.6), suggestive of initial hyperarid conditions in the Atacama Desert, a region which 

presently receives less than -0.05 m/yr precipitation (Alpers and Brimhall, 1988). 

Several additional observations in the region south of the bend are suggestive of an 

arid climate and extremely low erosion rates since the middle Miocene. First, major 

middle Miocene volcanic edifices such as Cerro Chorolque and the Chocaya stock 

(Francis et al., 1983; Gubbels, 1993), remain largely intact in the westernmost Eastern 

Cordillera of southern Bolivia. Cerro Chorolque (site 2, Fig. D.2) is a shallow 

subvolcanic intrusion dated as 16.2 ± 0.3 Ma (Grant et al., 1979; Schneider, 1985; 

Schneider and Halls, 1986) which retains its original volcanic morphology and reaches 

an elevation of 5552 m (Fig. D.7A). The elevation difference between the summit of 

Cerro Chorolque and the surrounding region is -1750 m, comparable to the relief of the 

largest modem volcanoes of the active arc in the Western Cordillera. The fact that this 

middle Miocene volcanic edifice remains virtually unaltered from its original state 

suggests extremely low rates of erosion over the past -15 m.y. A second point concerns 

the large volume of Miocene and younger synorogenic sediment preserved within the 
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Figure D.7. Photographs of southern Bolivia displaying minimal erosion from middle 
Miocene to Holocene time. A. View of Cerro Chorolque volcanic edifice (subvolcanic 
intrusion dated as 16.2 ± 0.3 Ma) and its ejected volcanic deposits (Quehua Formation) 
in the foreground. Neither the more-resistant edifice (with peak elevation of 5552 m) 
nor the less resistant volcanic deposits (at 3800 m elevation) have been significantly 
incised since middle Miocene time. B. View of San Juan del Oro geomorphic surface 
near the Bolivia-Argentina border. Surface slopes <3° westward and is capped 
regionally by late Miocene to Holocene volcanic and sedimentary strata. 
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Eastern Cordillera-Subandean Zone thrust belt in southern Bolivia and northern 

Argentina. Numerous north-trending belts of Tertiary strata are preserved within this 

region (Fig. D.3), including deposits of the San Juan del Oro geomorphic surface in the 

Eastern Cordillera (Fig. D.7B). The surface is a regional erosion surface located at -2-^ 

km elevation and capped by late Miocene and younger deposits (Gubbels et al., 1993; 

Kennan et al., 1997). Collectively, the preservation of such large amounts of sediment 

and a geomorphic surface at high elevations within the uplifted hinterland of an 

orogenic belt—a region typically characterized by large amounts of denudation rather 

than deposition—suggests special conditions in which very limited erosion has taken 

place since -10-15 Ma. In direct contrast, the Eastern Cordillera north of the 17.5°S 

bend contains no Tertiary sediment, and the Subandean Zone has substantially less 

Tertiary sediment than areas to the south (Fig. D.3). 

A north-south contrast in denudation since middle Miocene time may have affected 

large-scale sediment accumulation histories within the adjacent foreland basin. North of 

the 17.5°S bend, the foredeep beneath the Beni Plain is filled with 4—7 km of mostly 

Neogene sediment, whereas the foredeep south of the bend, beneath the Chaco Plain, 

contains a maximum thickness of only 3 km of Neogene sediment (Horton and 

DeCelles, 1997). This contrast may be the result of relatively higher erosion rates in the 

northern thmst belt and higher sediment yields into the foredeep beneath the Beni Plain. 

Mode! for Thrust-Belt Evolution 

Critical-Taper Theory 

Critical-taper theory states that a fold-thmst wedge strives for a stable or critical 

condition in which the net force driving the wedge forward—the sum of a gravitational 



185 

body force and a horizontal compressive force—is exactly balanced by the basal-friction 

force resisting the advance of the wedge (Davis et al., 1983; Dahlen and Suppe, 1988; 

Dahlen, 1990). The critical condition is dependent on several mechanical properties of 

the wedge, including basal strength, internal wedge strength, basal pore-fluid pressure, 

and internal pore-fluid pressure. For a given set of these values, the critical condition 

will be attained only if the sum of surface slope (a) and decollement slope (|3) reaches a 

specific value, or "critical taper." Because numerous combinations of a and P may sum 

to this specific value, the critical condition is represented by a line in a and P space (Fig. 

D.8). When changes in any of the geometric parameters (a and P) or mechanical 

parameters force the wedge out of the critical state into a "supercritical" or "subcritical" 

state (Fig. D.8), the wedge responds by deforming to alter its geometry (a and/or P) 

until the critical condition is regained. For instance, an orogenic wedge that becomes 

subcritical may attempt to regain a critical state through internal deformation by out-of-

sequence thrusting, synchronous thrusting, or duplexing (e.g., Boyer, 1992; DeCelles 

and Mitra, 1995; Mitra, 1997; Mitra and Sussman, 1997). An implication of this sort of 

thrust wedge behavior is that processes, such as erosion, which reduce surface slope 

may tend to induce internal deformation within the wedge (DeCelles, 1994; DeCelles 

and Mitra, 1995). 

Mechanical properties and thrust wedge geometry are nearly impossible to retrieve 

from an orogenic wedge (e.g., Meigs and Burbank, 1997); nevertheless, it is possible to 

use a symptomatic approach in which wedge behavior (that can be inferred from 

regional patterns of thmsting and erosion) is interpreted in terms of critical taper models 

(e.g., DeCelles and Mitra, 1995; Mitra, 1997). Since the fold-thrust belt in the Central 

Andes is still active, a first-order question concerns the present-day conditions of the 

thrust belt north and south of the bend in the Andes at 17.5°S. Specifically, is the wedge 
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Figure D.8. Critical taper theory for thrust wedges (after DeCelles and Mitra, 1995). 
Upper diagram shows geometry of a thrust wedge being pushed from behind (arrow). 
Wedge taper equals the sum of the surface slope (a) plus the angle of basal decollement 

(P). Lower diagram depicts wedge behavior in a-p space in response to variations in 
some key parameters. I—critical, stable sliding along base or self-similar advance 
through accretion and concurrent internal deformation; in—subcritical, insufficient 
taper prevents advance and promotes internal deformation; FV—supercritical, stable 
sliding and advance through accretion without internal deformation. Variations S and P 
alter the mechanical properties of the wedge and affect the location of the critical-taper 
line in a-P space. Variations E and D modify the geometry of a specific wedge 
(represented by the solid square) that initially has critical taper. 
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internally deforming (consistent with a subcritical condition) or is deformation 

concentrated at the thrust front (consistent with a critical to supercritical condition)? 

Evaluating the current thrust-wedge conditions in these two regions of the thrust belt 

requires data on the active deformational processes within the orogenic belt. 

Furthermore, are modem kinematics of the thmst belt similar to the ancient, Miocene-

Pliocene history of deformation? 

Active Tectonics: GPS Data 

The condition of a modem thrust wedge may potentially be evaluated with surface 

velocity data from a collection of sites along a transect through the wedge. For a critical 

to supercritical wedge, deformation should be concentrated at the thrust front (Fig. 

D.9A). Therefore, the velocity relative to the stable craton should be uniform for all 

sites in the thmst belt, yielding a straight horizontal line in a velocity profile across the 

thmst belt (Fig. D.9A) This geometry essentially represents a single intact thmst sheet 

sliding stabley toward the craton with no intemal deformation of the sheet. The 

example in Figure D.9 presents the particular case in which all sites within the thmst 

belt have moved the same distance (18 mm) toward the craton in a given amount of time 

(a single year). Thus, the total displacement (18 mm) at the rear of the wedge is 

entirely accommodated by displacement (18 mm) on a single frontal thmst. 

A different velocity profile is predicted for a subcritical wedge characterized by 

intemal deformation. Intemal shortening requires that the distance between sites on the 

surface of the wedge will be decreased (Fig. D.9B). Therefore, surface velocities 

relative to the stable foreland will be progressively lower from the hinterland to the 

thmst front, yielding a foreland-sloping line in a velocity profile across the thmst belt 

(Fig. D.9B). Figure D.9 shows a case in which total displacement (18 mm) of the rear 
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Figure D.9. Schematic representation of expected horizontal surface velocities relative 
to a stable craton (bold arrows) within a thrust wedge that is critical to supercritical (A) 
or subcritical (B). In both cases, the rear of the thrust belt (left) has been displaced 18 
mm toward the stable cratonic foreland (right) in a single year. In an example of a 
critical to supercritical wedge (A), the 18 mm/yr velocity is constant throughout the 
wedge, there is no internal deformation within the wedge, and shortening is taken up 
exclusively on the frontal thrust. In an example of a subcritical wedge (B), internal 
shortening within the wedge requires that surface velocities become progressively lower 
toward the thrust front and an 18 mm displacement at the rear of the thrust belt is 
distributed on faults (three, in this case) in the frontal part of the thrust belt. 
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of the wedge is accommodated by synchronous displacement on three active thrusts 

(with displacements of 9, 6 , and 3 mm) in the frontal part of the wedge. 

Space geodetic observations provide an excellent opportunity to determine the 

velocity of points on Earth's surface relative to each other on a very short time scale 

(several years) and, in this case, evaluate the present-day condition of the thrust wedge. 

Recent GPS (global positioning system) studies in the Central Andes provide modem 

surface velocities for numerous sites within the orogenic belt (Leffler et al., 1997; 

Norabuena et al., 1998) which are utilized here to evaluate the current condition of the 

thrust wedge north and south of the 17.5°S bend in the Andes. The entire GPS data set 

published in Norabuena et al. (1998) ranges from 8°-22°S and extends from the west 

coast to the craton. The following analysis utilizes the GPS data for all sites east of the 

axis of the Western Cordillera and between 13° and 22°S (Table D.I). Velocity data are 

grouped into two populations in order to constmct two profiles perpendicular to the 

strike of the orogenic belt—a northeast-southwest profile north of the bend (using data 

from 13°-17.5°S) and an east-west profile south of the bend (using data from 17.5°-

22°S). The absolute velocities from Table D.l are resolved into their appropriate 

components in the plane of cross section (Table D.2). All velocities are reported relative 

to a stable South America which is defined by data from four permanent GPS sites along 

the east coast, ranging from 5°N to 35°S, and two survey sites within the undeformed 

foreland, -200-^00 km from the thrust front (Norabuena et al., 1998). 

Two velocity profiles across the orogenic belt (Fig. D. 10) sample the region from 

the active magmatic arc (Western Cordillera) to the foreland basin (Chaco-Beni Plain), 

crossing the hinterland plateau (Altiplano) and thrust belt (Eastern Cordillera and 

Subandean Zone). In both the northern and southern profiles, maximum velocities are 

observed in the arc (Westem Cordillera) and minimum velocities are observed in the 
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TABLE D. I .  GPS-DERIVED SURFACE VELOCITIES (mm/yr) IN THE CENTRAL 

ANDES WITH RESPECT TO STABLE SOUTH AMERICA. 

Site Latitude Longitude Vn Ve Smax Smin Sazimuth 

Western Cordillera and [ Altiplano sites fl3°-17.5°S) 

AREQ -16.47 -71.49 3.35 22.38 2.09 1.52 -42.73 

CANA -13.99 -73.93 1.84 20.98 3.55 2.17 -83.94 

COTA -15.14 -72.78 -0.01 35.37 6.44 2.82 -88.41 

BAJO -16.95 -70.35 1.01 21.23 3.23 1.92 -81.05 

LAMP -15.33 -70.35 4.42 11.92 3.39 1.98 -83.24 

COMA -17.04 -68.44 5.87 14.16 4.52 2.14 -86.48 

CUSO -13.51 -71.98 6.16 10.11 2.91 1.97 -80.66 

Eastern Cordillera and Subandean sites f 13°--17.5°S) 

PNAS -16.23 -68.49 4.68 9.90 4.80 2.28 -87.10 

PPAT -12.91 -71.41 18.57 6.15 4.1 2.1 -86.93 

LEON -15.99 -67.60 5.67 13.26 3.76 1.97 -85.25 

CNOR -17.23 -66.21 7.04 8.61 3.96 1.91 -85.74 

SAPE -15.65 -67.42 3.16 3.09 4.41 2.03 -86.97 

TUNA -17.02 -65.47 4.65 6.67 4.33 1.95 -86.78 

CHIM -16.94 -65.17 3.45 3.19 3.41 1.75 -84.47 

FITZ -12.67 -69.35 3.99 -0.9 2.39 1.75 -76.63 

RE YE -14.30 -67.35 1.36 11.64 4.59 2.04 -87.65 

Western Cordillera and Altiplano sites ("17.5' '-22°S^ 

SACA -18.54 -68.76 5.88 23.87 4.82 2.15 -86.55 

OLLA -21.35 -68.04 5.87 24.59 4.68 2.18 -85.53 

CORQ -18.39 -67.66 8.16 19.66 4.16 1.97 -85.49 

CHTA -20.17 -66.95 11.35 19.04 4.66 2.14 -86.09 

ORUR -17.71 -66.69 9.25 14.76 4.34 2.00 -86.32 
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TABLE D. 1 — Continued 

Site Latitude Longitude Vn Ve Smax Smin Sazimuth 

Eastern Cordillera and Subandean sites n7.5°-22°S') 

CSUR -17.72 -66.27 4.65 12.29 3.42 1.79 -83.67 

POTO -19.73 -65.71 7.84 16.06 4.56 2.10 -86.29 

SUCR -18.99 -65.21 6.64 16.12 3.90 1.87 -85.20 

TARI -21.63 -65.05 3.04 14.14 4.04 1.92 -84.70 

ENRI -21.47 -64.23 3.24 15.62 4.22 1.97 -85.49 

VAGR -18.71 -64.15 4.84 10.12 18.46 5.68 -89.83 

INGM -18.46 -63.12 2.75 5.90 3.98 1.86 -86.18 

PSUC -21.56 -62.63 4.75 6.55 3.85 1.84 -85.06 

Note: Data published in Norabuena et al., 1998; tabular data provided by S. Stein, 

Northwestern University. Vn-northward velocity, Ve-eastward velocity. Error ellipses 

defined by the major axis magnitude (Smax) and direction (Sazimuth, measured clockwise 

from north) and the perpendicular minor axis magnitude (Smin). 
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TABLE D.2. GPS-DERIVED SURFACE VELOCITIES (mm/yr) CALCULATED 

FTIOM DATA IN TABLE D.l. 

Site Distance Velocity Velocity Velocity 

(km) (+ error) (- error) (calculated) 

Western Cordillera and Altiplano sites f 13°--17.5°S) 

AREQ 459 20.544 15.844 18.194 

CANA 456 18.486 13.786 16.136 

COTA 456 27.353 22.653 25.003 

BAJO 409 18.076 13.376 15.726 

LAMP 284 13.904 9.2041 11.554 

COMA 269 16.513 11.813 14.163 

CUSO 269 13.855 9.1546 11.505 

Eastern Cordillera and Subandean sites ("13°--17.5°S) 

PNAS 210 12.66 7.9596 10.31 

PPAT 179 19.83 15.13 17.48 

LEON 123 15.736 11.036 13.386 

CNOR 112 13.416 8.7162 11.066 

SAPE 83 6.7694 2.0694 4.4194 

TUNA 38 10.354 5.6544 8.0044 

CHIM 9 7.0452 2.3452 4.6952 

FITZ 2 4.535 -0.165 2.185 

RE YE -26 11.542 6.8424 9.1924 

Western Cordillera and Altiplano sites ('17.5' '-22°S1 

SACA 589 28.05 19.69 23.87 

OLLA 513 28.77 20.41 24.59 

CORQ 472 23.84 15.48 19.66 

CHTA 397 23.22 14.86 19.04 

ORUR 370 18.94 10.58 14.76 



194 

TABLE D.2 — Continued 

Site Distance Velocity Velocity Velocity 

(km) (+ error) (- error) (calculated) 

Eastern Cordillera and Subandean sites ("17.5°-22°S') 

CSUR 325 16.47 8.11 12.29 

POTO 266 20.24 11.88 16.06 

SUCR 213 20.3 11.94 16.12 

TARI 196 18.32 9.96 14.14 

ENRI 109 19.8 11.44 15.62 

VAGR 101 28.58 -8.52 10.12 

INGM -8 10.08 1.72 5.9 

PSUC -60 10.73 2.37 6.55 

Note: Data from Table D. 1 is resolved into the velocity component into an appropriate 

profile. Northern data set (13°-17.5°S) is projected onto a northeast-southwest profile 

and southern data set (17.5°-22°S) is projected onto an east-west profile. Reported 

distance from thrust front is measured parallel to each profile (positive for Andean sites, 

negative for foreland sites). Maximum and minimum permissible velocities are 

calculated using the arithmetic mean of the individual site errors in Table D.l for the 

northern data set (Smin = 2.02; Smax = 3.87) and the southern data set (Smin = 1.98; Smax 

= 4.22) (excluding VAGR which exhibited significantly higher error). 
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Figure D. 10. Surface velocity profiles for GPS sites in the Western Cordillera to 
foreland of the Central Andes. GPS data and site names are from Norabuena et al. 
(1998) and shown in Table D.l. The velocity data are resolved into two transects, one 
to the north and one to the south of the bend in the Andes at 17.5°S (Table D.2). Sites to 
the north (13°-17.5°S) are projected onto a northeast-southwest (045°-225°) profile 
(upper diagram). Sites to the south (17.5°-22°S) are projected onto an east-west (090°-
270°) profile (lower diagram). Surface velocities within the fold-thrust belt of the 
Eastern Cordillera and Subandean Zone are uniform in the southern profile and highly 
variable in the northern profile. Following the concept in Figure 9, these data suggest 
relatively little internal deformation (critical to supercritical state) to the south and 
significant internal deformation (subcritical state) to the north. 
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frontalmost part of the thrust belt (eastern Subandean Zone) to foreland basin (Chaco-

Beni Plain). Following Norabuena et al. (1998), the observed velocities are interpreted 

as (1) deformation associated with shortening in the fold-thrust belt and (2) locking 

along the plate boundary zone. (1) Surface shortening represents a permanent change in 

the position of sites on the surface of the Andes relative to stable South America. Thus, 

site velocities in the Eastern Cordillera-Subandean Zone thrust belt, a region of active 

upper-crustal shortening, can be regarded as rates of surface shortening in the plane of 

the given cross section. Measurable non-zero velocities of foreland sites relative to 

stable South America may indicate intracratonic surface shortening in regions east of the 

Andes. (2) The high velocities within the Western Cordillera and Altiplano, a region 

that is not known to be undergoing active upper crustal shortening (Lamb and Hoke, 

1997), are tentatively interpreted as recorders of transient elastic deformation that will 

be released (and the deformation recovered) during future earthquakes. 

Surface velocities within the Eastern Cordillera-Subandean Zone are most relevant 

to this discussion as they indicate the cross-strike variations in surface shortening, an 

important parameter in evaluating the condition of a thrust wedge (Fig. D.9). For the 

northern profile, site velocities are higher in the Eastern Cordillera than in the 

Subandean Zone (Fig. D. 10), requiring internal shortening within the thrust belt 

(subcritical case in Fig. D.9B). For the southern profile, site velocities are more or less 

uniform across the Eastern Cordillera and western Subandean Zone (Fig. D.IO), 

suggesting that deformation is concentrated at the thrust front and that the thrust belt is 

moving as an intact sheet undergoing no internal deformation (critical to supercritical 

case in Fig. D.9 A). Therefore, present-day velocity data from GPS measurements 

suggest an active subcritical thrust belt north of the 17.5°S bend in the Andes and an 

active critical to supercritical thrust belt south of the bend. Based on this analysis, one 
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may predict similar kinematic histories for the thrust belt during Miocene-Pliocene 

time—a hypothesis testable through structural, geometric, and kinematic data on thrust-

belt rocks. 

Structural Geometries and Kinematics 

The Eastern Cordillera-Subandean Zone thrust belt displays differences in broad-

scale structural geometries and fold-thrust kinematics north and south of the 17.5°S 

bend in the Andes. The most obvious geometric difference is the cross-strike width of 

the thrust belt—350 km to the south and only 200 km to ±e north (Fig. D.3). In 

addition, the slopes of the upper topographic surface (Fig. D.5) and basal decollement 

(where known) are different in the two regions. The northern thrust belt has a large 

wedge taper characterized by a 4° decollement slope (Roeder, 1988; Roeder and 

Chamberlain, 1995), a 0.5-1° surface slope from the thrust front to the central Eastern 

Cordillera, and a 3° surface slope in the westernmost Eastern Cordillera (Fig. D.5). In 

contrast, the southem thrust belt has an extremely low taper defined by a 2° decollement 

slope (Dunn et al., 1995; Kley, 1996), a 0.5° surface slope in the Subandean Zone, and a 

0.7-1.5° surface slope in the Eastern Cordillera (Fig. D.5). Despite these differences, 

some large-scale structural geometries are similar throughout the thrust belt. To both 

the north and south, the majority of contractional structures are east-vergent and are 

ultimately related to thrust faults that root in a regional basal decollement primarily in 

Silurian strata (Roeder, 1988; Roeder and Chamberlain, 1995; Baby et al., 1992, 1995, 

1997; Dunn et al., 1995). West-vergent backthrusts are common along the western 

margin of the thrust belt (Eastern Cordillera-Altiplano boundary) in areas to the north, 

including the Huarina fold-thrust belt (Sempere et al., 1990; Roeder and Chamberlain, 

1995), and in areas to the south, including the San Vicente thrust (Baby et al., 1990; 
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Kley et al., 1997). Furthermore, estimates of total shortening within the Eastern 

Cordillera-Subandean Zone thrust belt are approximately the same to the north and 

south, ranging from 177 to 230 km (Sheffels, 1990; Kley et al., 1996, Schmitz and Kley, 

1997; Baby et al., 1997). 

Unlike regional structural geometry, the kinematic evolution of the thrust belt has 

been markedly different to the north and south. During the late Oligocene to middle 

Miocene, contractional deformation was limited to the Eastern Cordillera in areas to 

both the north and south (Roeder, 1988; Baby et al., 1990; Sempere et al., 1990; Roeder 

and Chamberlain, 1995; Horton, 1996). Initial deformation in the Subandean Zone 

began during late Miocene time, roughly between 12 and 6 Ma (Gubbels et al., 1993; 

Hernandez et al., 1996; Kley, 1996; Moretti et al., 1996). In southern Bolivia, the 

undeformed, late Miocene San Juan del Oro geomorphic surface covers much of the 

Eastern Cordillera, suggesting that no upper-crustal deformation has taken place in that 

region since -10 Ma (Gubbels et al., 1993). To the north, however, no evidence exists 

for cessation of upper-crustal deformation in the Eastem Cordillera. 

Detailed analyses of the structural geometries in the Subandean Zone indicate out-

of-sequence thrusting to the north and generally in-sequence thrusting to the south. 

Major east-directed thrusts in the southern Bolivian Subandean Zone cut continuously 

upsection to the east and root into local decollements in Devonian strata and a regional 

basal decollement in Silurian strata (Dunn et al., 1995). Thrust kinematics in this region 

have been attributed to an in-sequence, eastward progression of deformation during late 

Miocene-Pliocene time (Herail et al., 1990; Baby et al., 1992; Dunn et al., 1995). In 

contrast, the thrust belt north of 17.5°S contains several major thrusts which cut 

downsection in the direction of transport (to the east), requiring an earlier phase of 

deformation in locations to the east (Roeder, 1988; Roeder and Chamberlain, 1995). 
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These out-of-sequence thrusts, including the Main Andean thrust (which forms the 

Eastern Cordillera-Subandean Zone boundary; Roeder, 1988; Roeder and Chamberlain, 

1995), indicate that late Miocene-Pliocene contraction was not recorded by a simple 

eastward progression of deformation. 

Discussion 

For the Central Andes, long-term climate and erosion rates are considered to be key 

elements governing the geometry and kinematic history of the orogenic belt. In this 

sense, a humid climate and rapid erosion rate north of 17.5°S since -10-15 Ma may be 

regarded as the principal causes of subcritical thrust-wedge conditions in which internal 

deformation is promoted. Similarly, an arid climate and extremely low denudation rates 

to the south may facilitate critical to supercritical conditions that promote a continuous 

eastward progression of thrusting. However, a host of other variables, in addition to 

erosion, potentially influence thrust wedge behavior (Davis et al., 1983; Dahlen and 

Suppe, 1988; Boyer, 1995; DeCelles and Mitra, 1995; Mitra, 1997; Mitra and Sussman, 

1997). 

Boyer (1995) and Mitra (1997) identified the initial slope of the pre-orogenic 

sedimentary prism as an important variable which determines the initial decollement 

slope (P), and therefore influences the overall taper in a thrust wedge. In the Central 

Andes, a much greater thickness of lower Paleozoic strata accumulated in the region 

north of the 17.5°S bend (Herail et al., 1990), creating a steeper sloping sedimentary 

prism to the north than to the south. This is exemplified by a change in the decollement 

slope (3) from a northern value of 4° to a southern value of 2° (Roeder, 1988; Roeder 

and Chamberlain, 1995; Dunn et al., 1995; Kley, 1996; Allmendinger et al., 1997). In 

general, regions with a more steeply sloping sedimentary prism and higher P will have a 
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relatively higher taper (sum of a and (3), thereby promoting more critical to supercritical 

conditions than adjacent areas with gently sloping sedimentary prisms (Boyer, 1995; 

Mitra, 1997). In the Central Andes, however, the high-P northern region exhibits a 

kinematic history that is consistent with subcritical thrust wedge conditions. 

Furthermore, the average surface slope (a ) in the north (0.5—3° range) is greater than to 

south (0.5-1.5° range), a condition which ought to, but does not, promote critical to 

supercritical conditions to the north. These observations require that some mechanical 

differences must exist between the northern and southern regions such that the value of 

critical taper is higher to the north than to the south. Potential differences include, but 

are not limited to, reduced internal strength of the northern wedge (possibly related to 

incorporation of an increasing amount of sedimentary rocks), increased strength of the 

basal decollement to the north (due to strain hardening or buttressing by basement 

rocks), or decreased pore-fluid pressure along the basal surface (possibly due to 

erosional breaching of the decollement) (DeCelles and Mitra, 1995; Mitra, 1997). 

Without more information on the specific mechanical properties of the northern wedge 

and basal decollement, it is difficult to distinguish between these various possible 

factors. However, it does seems appropriate to summarize the scenario as follows: (1) 

differences in mechanical properties between the northern and southern thrust belts 

produce a situation in which the northern thrust beh requires a higher taper than the 

southern thrust belt to achieve critical thrust-wedge conditions; and (2) long-term 

climate and associated erosion rates modify the geometry of the upper surface of the 

wedge, thereby affecting taper, and promoting subcritical conditions in the humid thrust 

belt to the north and critical to supercritical conditions in the arid thrust belt to the south. 
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Conclusions 

Long-term erosion rates may exert a fundamental control on the regional structural 

geometry and kinematic evolution of the thrust belt on the eastern slope of the Central 

Andes. This is exemplified by a remarkably sharp contrast in climate along the strike of 

the orogenic belt and corresponding variation in the width and kinematic history of the 

thrust belt. North of the bend in the Andes at 17.5°S, a humid climate and associated 

rapid erosion rates have prevailed since middle Miocene time. The region south of the 

bend has an arid climate and has exhibited extremely low erosion rates from -10-15 Ma 

to present. In general, rapid denudation within the narrow (200-km-wide) northern 

thrust belt promotes a subcritical thrust-wedge condition in which internal contractional 

deformation attempts to build taper prior to forward advance of the thrust belt. Modem 

surface velocities based on GPS data indicate that the northern thrust belt is indeed 

experiencing internal shortening. To the south, a wider (350-km-wide) thrust wedge has 

expanded through continuous eastward migration of the thrust front with relatively little 

internal deformation. GPS data reveal that shortening is concentrated at the thrust front 

and that little internal shortening is occurring, consistent with a critical to supercritical 

wedge. The climatic gradient and associated variation in thrust-belt structure and 

kinematics in the Central Andes suggest that climatic variations along the strike of an 

orogenic belt have the potential to modify the tectonic processes associated with 

contractional mountain building. 
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