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ABSTRACT 

The structural link that ties the formation of the central Andean plateau to the 

evolution of the Andean fold-thrust belt is formation and propagation of basement 

megathrusts. Balanced cross-sections through a regional west-vergent thrust system in 

the hinterland of the eastward-verging Andean fold-thrust belt suggest that the Altiplano 

basin is a crustal-scale, piggy-back basin created as a basement megathrust propagated up 

and over a half-crustal scale ramp located on the eastem edge of the Altiplano. The 

backthrust belt, detached above the basement thrust sheet, acted as a crustal-scale, 

passive-roof duplex building taper after the megathrust overextended the system 

eastward. Pervasive shortening and vertical elongation seen at the outcrop and regional 

scales supports the development of the backthrust belt as a taper-building mechanism. 

The interrelationship of the backthrust belt, basement megathrust, and Andean plateau 

is shown in a sequential, kinematic model based on balanced cross sections from the 

volcanic arc to the foreland. The model links the formation of the plateau to east- Eind 

west- verging portions of the Andean fold-thrust belt through the eastward propagation of 

two large basement megathrusts. The megathrusts can explain topographic and structural 

steps in the Andean fold-thrust belt and accommodate a minimum of 300-330 km of 

shortening which matches shortening estimates in the tighdy folded and faulted cover 

rocks. To a first approximation, the eastem margin of the central Andean plateau 

(defined by the 3 km topographic contour) is contiguous with the leading edge of the 

upper basement megathrust. The relationship between the basement highs and the 
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physiographic boundaries of the Andean plateau suggests that extensive megathrust 

sheets (involving strong rocks such as crystalline basement or quartzite) play an 

important role in the formation of the central Andean plateau. 

Combining the history of foreland basin migration with palinspastically restored 

regional cross sections across the Bolivian Andes between 18° -20° S argues for an 

eastward migrating fold-thrust belt/ foreland basin system since the late Cretaceous. The 

longer time span for the Andean orogeny implies greater shortening amounts, a decrease 

in shortening rates with time and a high (3-4 km) Andean plateau by 20 Ma. 
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CHAPTER 1: INTRODUCTION 

STATEMENT OF PROBLEM 

The Andean mountain range winds 8000 km along the western margin of the South 

American plate forming an impressive backbone to the continent. In the center of the 

extensive Andean mountain chain is a 400 km wide region of high elevation (greater that 

3 km), internally drained basins, and moderate relief. This region, defined as the central 

Andean plateau, is the geomorphic expression of 70 m.y. of mountain building. Even 

though high elevation plateaus and the mechanics and dynamics necessary to build and 

preserve them have fascinated geologists for the last twenty years, the processes involved 

in building a high-elevation plateau are still hotly debated (Dewey et al., 1988; Isacks, 

1988; Harrison et al., 1992; Pope and Willett, 1993; Molnar et al., 1993; Wdowinski and 

Bock, 1994; Almendinger et al., 1997, Matte, et al., 1997). plateaus are expansive (500-

1000 km wide) in aerial extent and relatively subdued in topographic relief. Furthermore, 

they are underlain by thick (on the order of 70 km) crust and reach high (3-5 km) 

elevations. The Himalayan and the Andean mountain chains border the two largest, 

orogenic plateaus in the world. The Tibetan plateau is thought to be the result of 

continental collision between the Indian and Asian continents (e.g. Molnar et al., 1993), 

while the Andean plateau is associated with convergence between oceanic and 

continental lithosphere (Isacks, 1988). Perhaps because of the extreme differences in the 

plate tectonic settings, geologic histories and original boundary conditions of these two 

modem plateaus, general models of plateau formation are often simplified and view the 
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orogens as mechanically and structurally homogeneous, emphasizing many of the 

remarkable similarities between the two plateaus such as the concept of a gravitational lid 

(Molnar and Lyon-Caen, 1988; England and Houseman, 1989), weak lower crust 

(Royden, 1996) or wide zones of pre-existing weaknesses (Isacks, 1988; Wdowinski and 

Bock, 1994). Features that are not addressed by these models such as individual folds, 

faults and sedimentary basins may give greater insights into the processes involved in 

plateau formation and emphasize the importance of heterogeneities in the growth and 

formation of plateaus (e.g.. Lamb and Hoke, 1997; Yin et al., 1999). 

The central Andean plateau is thought to be primarily the result of tectonic shortening 

and thickening associated with the Andean fold-thrust belt (Isacks, 1988; Sheffels, 1990; 

Schmitz, 1994; Lamb and Hoke, 1997). Although models for the Andean plateau have 

conceptually linked crustal shortening to plateau development (Isacks, 1988; Gubbels et 

al., 1993; Wdowinski and Bock, 1994; Ailmendinger 1997; Lamb and Hoke, 1997; Pope 

and Willett, 1998), existing estimates of shortening (Sheffels, 1990; Lamb and Hoke, 

1997; Kley and Monaldi, 1998) fall short of that necessary to account for the 60-70 km 

thick crust of the Andean plateau (Wigger et al., 1994; Zandt et al., 1994; Beck et al., 

1996, Swenson et al., 2000). These estimates typically consider only the eastern half of 

the Andes, which consist of the Eastem Cordillera and Subandean portions of the fold-

thrust belt (Kley and Monaldi, 1998). The causes and mechanisms of crustal shortening, 

and by proxy, plateau formation, in the Bolivian Andes are poorly understood in part 

because the geology of the hinterland of the fold-thrust belt is not well known. 
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Balanced cross sections across the central Andean plateau, specifically integrating 

hinterland structures can address the problem of "missing" shortening. By incorporating 

regional-scale structures, balanced cross sections can show the sequential development of 

the Andean fold-thrust belt and. by inference the Andean plateau. Balanced cross-

sections across an entire fold-thirust belt provide a useful method for understanding the 

deep structure of a mountain belt and obtaining minimnm amounts of tectonic shortening. 

When combined with timing constraints, balanced cross-sections can provide the basis 

for a kinematic scenario for how the mountain belt developed through time. Although 

balanced cross-sections must be both admissible (accurately reflect the structures that 

appear in the field) and viable (jestorable to an undeformed state, conserving shortening 

at all stratigraphic levels), the same set of structural data may have several alternative 

solutions (Dahlstrom, 1970; Bo-yer and Elliott, 1982; Elliott, 1983). However, even 

though cross-sections are non-umique, there are techniques that can be used in balancing 

cross-sections that provide significant geometrical constraints (Boyer and Elliott, 1982). 

These techniques use the interconnectedness and three-dimensional relationships of faults 

as suggested by map patterns and the relationships implied by significant changes in 

structural levels to provide constraints on the three-dimensional portrayal of the 

structures, increasing the likelihiood of correctness (Boyer and Elliott, 1982). Although 

balanced cross-sections exist foir the frontal portions of the Andean fold-thrust belt 

(Roeder, 1988, Baby et al., 1989, Herail et al., 1990; Dimn et al., 1995, Roeder and 

Chamberlain, 1995), cross-secti-ons that extend into the hinterland (Sheffels, 1988; Lamb 
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and Hoke, 1997; Baby et al. 1997; Rochat et al., 1999) have not been incorporated into 

the fold-thrust belt at a crustal scale in a way that allows for sequential reconstruction. 

In this dissertation I use balanced cross sections as interpreted models to discuss the 

major structures within the Andean fold-thrust belt. The balanced cross sections allow me 

to place outcrop-scale structures into a regional context showing that deformation 

mechanisms are similar at several scales. Restored sections provide minimum shortening 

estimates for the Bolivian Andes and indicate that tectonic shortening is suflBcient to 

explain the crustal thickness of the Andean plateau. Sequentially restored cross sections, 

when combined with the basin migration history and available thermochronology, are 

powerful tools for constructing the evolution of the central Andean fold-and thrust belt 

and plateau with time. The cross sections illustrate that the link between crustal 

shortening and plateau formation is regional-scale basement structures. These structures 

include a proposed basement duplex in the westem Altiplano and an extensive basement 

megathrust that structurally raises the Eastern CordiUera with respect to both the 

Altiplano and the foreland structures and the eastern limit of that basement megathrust is 

coincident with the eastern edge of the Andean plateau. 

DISSERTATION FORMAT 

The chapters which foUow represent four separate manuscripts with only minor 

overlap in content. The theme shared by all four manuscripts is the structural evolution 

Andean plateau as seen through the lens of the associated fold-thrust belt. The scales of 
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observation presented in tliese chapters range from detailed outcrop-scale strain to 

lithospheric-scale deformation. 

The first manuscript, entitled. Geometry and Structural Evolution of the Central 

Andean Backthrust Belt, Bolivia (McQuarrie and DeCelles), describes a large-scale west-

vergent thrust system within the generally east-vergent Andean fold-thrust belt of 

Bolivia. The key point presented in this paper is that the relationship between the folded 

and faulted Paleozoic rocks of the west-verging backthrust belt and the Tertiary 

sediments preserved in the Altiplano basin necessitates a crustal scale ramp withia 

basement rocks. We proposed that a basement megathrust (15 km thick and ~200 km 

long) lifted the Eastern Cordillera with respect to the Altiplano and that slip associated 

with the megathrust was mostly fed westward into the west-vergent, central Andean 

backthrust belt. This paper is accepted for publication in Tectonics. 

The second manuscript. Crossing the several scales of strain-accomplishing 

mechanisms: the Central Andean fold-thrust belt (McQuarrie and Davis), links outcrop 

scale observations of strain to regional- and tectonic-scale cross-sections. This approach 

enforces horizontal shortening and vertical thickening as the predominant stj4e of 

deformation at aU scales v^dthin the hinterland of the Central Andean fold-thrust belt. The 

outcrop-scale examples of intraformational deformation are generally concentrated in the 

process zones of thrust faults, where fault-propagation folds and related structures are 

well developed. The intense accrual of strain achieved through folding, faulting aad 

vertical extension as seen at the outcrop-scale supports the fault-propagation fold 
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interpretations depicted in regional cross sections. This paper is in review for publication 

in The Journal of Structural Geology. 

The third manuscript. Building a high plateau: the kinematic history of the central 

Andean fold-thrust belt, Bolivia (McQuarrie), presents a sequential, kinematic model for 

the development of the central Andean plateau based on balance cross-sections across the 

Bolivian Andes. The kinematic model links the formation of the Andean plateau to the 

development of the Andean fold-thrust belt through the creation and propagation of two 

large basement megathrusts, which divide the Andean fold-thrust belt into four areas of 

markedly different structural elevations. The upper basement thrust defines the eastern 

edge of the Andean plateau. Shortening of basement thrusts and cover rocks equals 300-

330 km and can account for the total crustal thickness of the Andean plateau. This paper 

will be submitted to Geological Society of America Bulletin 

The final manuscript, entitled Lithospheric evolution of the Andean fold-thrust belt 

and origin of the central Andean Plateau (McQuarrie, Horton, Zandt, Beck and 

DeCelles), combines the structural data presented in the above papers with stratigraphic 

and sedimentological data firom synorogenic deposits in Andean fold-thrust belt (Horton 

and DeCelles) and recent geophysical work that describes the modem Andean lithosphere 

(Zandt and Beck) to create a lithospheric model of how the Andean fold-thrust belt, and 

by proxy the Andean plateau evolved through time. The combination of structural, 

stratigraphic and thermochronologic data suggests that the Andean plateau reflects 

deformational processes that have been in action since the Late Cretaceous. The addition 

of geophysical studies shows that upper crustal and mantle deformation may have been 
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focused on the eastern edge of the Altiplano through time implying a link- between the 

two processes. The final paper will be submitted to Journal of Geophysical Research. 
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CHAPTER 2: GEOMETRY AND STRUCTURAL EVOLUTION OF THE 

CENTRAL ANDEAN BACKTHRUST BELT, BOLIVIA 

ABSTRACT 

The Central Andean backthrust belt is a large-scale west-vergent thrust system along 

the western side of the Eastern Cordillera in the generally east-vergent Andean fold-thrust 

belt of Bolivia. Although west-vergent structures in the central Andes have been 

recognized previously, we describe the backthrust belt at a regional scale, emphasizing its 

implications for the kinematic development of the Andes and the subsequent influence of 

these kinematics on amounts of tectonic shortening. We use techniques such as line 

length balancing, restorability, and the viability of the progressive development of the 

structures to construct balanced cross sections across the backthrust belt and Altiplano. 

The cross sections are taken to a regional depth of detachment (basement) to examine the 

relationship between mapped surface structures and inferred subsurface structures. The 

relationship of the backthrust belt to the Altiplano suggests that the Altiplano basin is a 

crustal-scale piggy-back basin created as a basement megathrust propagated up and over 

a half-crustal scale ramp located just west of the physiographic bovmdary of the Eastern 

Cordillera. This basement megathrust was the means by which a narrow Paleocene fold-

thrust belt located to the west of the Altiplano propagated eastward and emerged in the 

present Eastern Cordillera. The relationship between the basement thrusts and the 

physiographic boundaries of the central Andean plateau (as defined by Isacks, 1988) 

suggests that extensive megathrust sheets (involving crystalline basement or quartzite) 
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may play an important role in the formation of orogenic plateaus. The kinematic 

development of the Andean fold-thrust belt indicates that the backthrust belt developed as 

a taper building mechanism after the basement megathrust overextended the system 

eastward. The mechanism proposed in this study for the development of the central 

Andean backthrust belt requires a minimnm of 200 km of shortening within the 

Altiplano/Eastem Cordillera alone. This increases minimum shortening estimates across 

the fold-thrust belt in Bolivia to as much as 300-340 km. 

INTRODUCTION 

The Andean mountain belt extends ~8000 km along the western margin of South 

America and is the result of compressional strain associated with the subduction of the 

Nazca Plate. The central Andes in northem Chile, Bolivia, and southern Peru form the 

widest portion of the mountain belt and contain a 4 km high, 400 km wide orogenic 

plateau, the eastern side of which continues to be an actively deforming fold-thrust belt. 

The central Andean plateau is thought to be primarily the result of tectonic shortening 

and thickening associated v^dth the Andean fold-thrust belt, (Isacks, 1988; Sheffels, 1990; 

Schmitz, 1994; Lamb and Hoke, 1997) which may have started as early as Late 

Cretaceous/early Paleocene time (Coney and Evenchick, 1994; Sempere, 1995; Sempere 

et al., 1997; Horton and DeCelles, 1997; Horton et al., 2001). Existing estimates of 

shortening (Sheffels, 1990; Lamb and Hoke, 1997; Kley and Monaldi, 1998) do not 

account for the 60-70 km thick crust of the Andean plateau (Wigger et al., 1994; Zandt et 

al., 1994; Beck et al., 1996, Swenson et al., 2000). However, these estimates typically 
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consider only the eastern half of the Andes, which consists of the Eastern Cordillera and 

Subandean portions of the fold-thnist belt (Kley and Monaldi, 1998). The causes and 

mechanisms of crustal shortening, and hence thickening, in the Bolivian Andes are poorly 

understood in part because the geology of the hinterland of the fold-thrust belt is not well 

known. 

This paper focuses on the geometry and structural evolution of a regional hinterland 

backthrust system that extends along the western flank of the Eastern Cordillera (Fig. 1). 

This backthrust system extends for —600 km along strike from the Eastern Cordillera, 

north-east of Lake Titicaca, to the highlands of the Eastem Cordillera southeast of the 

Salar de Uyuni, and —150 km across strike from the middle of the Eastem Cordillera to 

~70 km into the Altiplano proper (Fig. 2). The predominant vergence of the faults and 

folds in this area is toward the west, and the faidts generally step up section into younger 

rocks from east to west. The westward vergence of structures in this area is used to 

define the geographical boundaries of the backthrust system. The backthrust belt 

connects the kinematic development of the Altiplano with the eastward propagating 

portion of the Andean fold-thrust belt. Although several papers have . westward verging 

features in the Eastem Cordillera (Roeder, 1988; Sempere, 1990; Baby et al., 1990; 

Roeder and Chamberlain, 1995; Baby et al., 1997), the published cross sections are 

schematic and thus do not provide the detail necessary to understand the geometry of the 

central Andean backthrust belt, its lateral variations, and its kinematic connection to the 

eastward propagating portions of the fold-thmst belt. 
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Figure 1 
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Figure 2.1. Topography of the central Andes with major physiograhic 
divisions. White line within the Eastern Cordillera represents the 
approximate eastern edge of the Central Andean backthrust belt. 
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This paper presents three balanced cross sections in northern, central, and southern 

Bolivia, constructed using modem concepts of thrusting (Dahlstrom, 1970; Boyer and 

Elliot, 1982). These cross sections allow us to address the geometrical relationship 

between the Altiplano and the central Andean backthrust belt, specifically the temporal 

and spatial relationships between thrusts and the geometry of subsurface structures. 

Unique features described in this paper, and illustrated in the cross sections, such as 

backthrusts, basement offsets, basement megathrusts, and a crustal-scale piggy-back 

basin, suggest a specific kinematic development for the central Andean fold-thrust belt 

and the central Andean plateau and increase the minimum amount of tectonic shortening 

accommodated by the Andean fold-thrust belt in this region. 

GEOLOGIC BACKGROUND 

The central Andes fold-thrust belt is subdivided into four physiographically distinct 

provinces: the Western Cordillera, Altiplano, Eastem Cordillera, and the Subandean 

zone (Fig. 1). The central Andean plateau is defined as the region with average elevations 

greater than 3 km (Isacks, 1988; Gubbels et al., 1993; Masek et al., 1994; Lamb and 

Hoke, 1997), and contains three of these physiographically different provinces. The 

Western Cordillera is the active volcanic arc straddling the international border between 

Bolivia and Chile. It rises ~2 km above the surrounding plateau with the high peaks 

reaching >6 km. The Altiplano is a wide (200 km) internally drained region of subdued 

topography east of the Western Cordillera. It has been an isolated basin firom the late 

Miocene to present (Vandervoort et al., 1995), and some authors have proposed that it 
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has existed as a distinct basin since the latest Cretaceous (Lamb and Hoke, 1997). 

Locally narrow mountain ranges consisting of folded Cretaceous to Tertiary shale, 

sandstone, and conglomerate rise ~1 km above the ~3.8 km-high floor of the Altiplano 

basin. The third province, the Eastern Cordillera, rises abruptly from the Altiplano to 

elevations as high as 6.4 km. It is a bivergent (eastward and westward) fold—thrust belt 

composed of Paleozoic, Mesozoic, and Tertiary rocks. On the eastern side of the Eastern 

Cordillera, the elevation of the plateau decreases towards the modem, Subandean fold-

thrust belt. The Subandean zone is the most tectonically active part of the Andean orogen 

(Dunn et al., 1995; Moretti et al., 1996) accommodating —10-15 mm/yr of the -80 min/yr 

convergence of the Nazca and the South American plates (Norabuena et al., 1998). 

BALANCED CROSS SECTIONS 

Although cross sections have been constructed from the Altiplano to the high peaks 

of the Eastem Cordillera (Roeder 1988, Baby et al. 1997; Kley et al., 1997; Lamb and 

Hoke, 1997; Rochat, et al., 1999), the published cross sections are either schematic or the 

methods employed do not extend the sections to a regional detachment and require 

balance. In this study, we constructed three cross sections from the Altiplano through the 

Eastem Cordillera using line length balancing while paying particular attention to 

restorability and the viability of the progressive development of the stmctures. Each 

section extends from the Altiplano to the high peaks of the Eastem Cordillera in the 

northern (Huarina A), central (Lago Poopo B), and southern (Rio Mulato-Kilpani C) 
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Figure 2.2. Generalized geologic map of Bolivia (simplified from 
Pareja et al., 1978) illustrating major lithologic boundaries, thrust systems, 
and locations of cross sections. Boxes are locations of Figures 4, 9, and 14. 
Geographic extent of the Central Andean backthrust belt is indicated by the 
thrust faults with barbs on the east side. 
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mapped transects roughly coincident with the lines of section (see Figs 4, 9,14). The new 

mapping at a scale of 1:50,000 and 1:100,000 and the field-checked regional maps 

(1:100,000 and 1;250,000) were compiled on 1:100,000 scale topographic maps across 

the study areas. Seismic reflection and well-hole data (courtesy of YPFB) were used to 

constrain the geometries of covered structures on the westem and eastern edges of the 

Altiplano in the central and southem cross sections. Each, of the cross sections provides 

different levels of exposure into the fold-thrust belt and takes advantage of the best 

exposures across the transition between the Eastern Cordillera and the Altiplano. 

Relationships exposed and documented well in one section are extrapolated and used as a 

template for the style of deformation within the covered and less exposed regions of the 

other cross sections. The relationships depicted in these cross sections may be viewed as 

a window into the style of deformation buried under much of the Quaternary cover of the 

Altiplano. The cross sections are taken to a regional depth of detachment (basement), 

forcing careful consideration of the relationship between mapped surface structures and 

inferred subsurface structures. Constructing the cross sections in this way allows for 

significant predictions about the kinematic and geometric development of the Andean 

fold-thrust belt as a whole. 

Northern Cross Section (Huarina Fold-Thrust Belt) 

Stratigraphy. The strata involved in the northem cross section range in age from 

Ordovician slates, phyllites and quartzites to upper Tertiary synorogenic sediments. The 
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stratigraphy is described here in terms of mappable units, with emphasis on mechanical 

stratigraphy (Fig. 3). 

The main detachment horizon for the Huarina fold-thrust belt is at the base of the 

Silurian Uncia Formation. The Uncia Formation is an 850-1,200 m thick unit of shale 

and siltstone (Gonzalez et al., 1996). The Uncia is generally the oldest unit exposed in 

the backthrust belt, except in the easternmost exposures where the structures occur 

primarily within the quartzite and siltite of the Ordovician. The thrust sheets, which 

detach in the Uncia Formation, carry the Silurian Catavi and the Devonian Vila Vila 

Formations. The Catavi Formation is a 500-800 m thick unit of alternating shale and 

thin-bedded quartzose sandstone (Gonzalez et al., 1996). The altemating sandstone and 

shale accommodate locally significant internal deformation—mesoscale folds, 

differential thickening and thinning, and secondary detachment levels. The Vila Vila 

Formation (700-1700 m) is composed of thick-bedded (1-3 m) sandstone, quartzite, and 

minor shale and is the most structurally competent unit. The next main detachment 

horizon is in the Belen Formation. The Belen Formation is 1000-1400 m thick and 

composed of shale and thin-bedded sandstone (Gonzalez et al., 1996). A detachment 

horizon in the Belen Formation is needed to balance shortening within eroded upper 

Devonian rocks with the shortening exhibited by the Silurian imbricate fan (Fig. 6). 

The upper Devonian units, i.e., the Sica Sica Formation (400-600 m) and the 

Colpacucho Formation (500-900 m), both contain altemating sandstone and siltstone 

beds (Gonzalez et al., 1996). The Carboniferous xmits, i.e., the Cumana and 

Copacabana Formations, consist of 15- 300 m of sandstone, siltstone and limestone 
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(Gonzalez et al., 1996), and are only locally present within the study area. The eastern 

edge of the Altiplano is the site of a pre-Carboniferous erosional unconformity (Sempere, 

1995) that juxtaposes Carboniferous on upper Devonian (in the east) and Carboniferous 

rocks on lower Devonian (in the west). 

The Cretaceous units, i.e., the Tarapaya, Miraflores and El Molino Formations, are 

exposed where preserved from erosion in narrow fault bounded synclines within the 

Huarina sector of the backthrust belt and in local outcrops west of the Corque sjoicline. 

Because of their exposure to the west and east of the syncline, these Cretaceous units are 

most likely present underneath the thick sedimentary fill of the Corque syncline. The 

50-200 m thick Paleocene Santa Lucia Formation consists of sandstone, mudstone and 

overlies Cretaceous rocks both in the narrow fault-bounded sjoiclines and also in the 

western part of the Altiplano (Sempere et al., 1997; Horton et al., 2001). The Santa Lucia 

Formation is overlain by a 2-6 km thick succession of sandstone, mudstone and limited 

evaporites (Horton et al., 2001). The evaporites are mostly concentrated in the lower part 

of the section and provide detachment horizons that accommodate folding and faulting 

within the syncline. 

Due west of the Huarina sector, and probably closely connected with its development, 

are crustal-scale (~10 km amplitude) synclines (Corque and Topohoco synclines) in 

Tertiary strata (Rochat et al., 1996; Lamb and Hoke, 1997; Baby et al., 1997; Rochat et 

al., 1999). The formations involved in the synclines (as exposed on the surface) are Late 

Eocene/ Early Oligocene and younger non-marine sedimentary rocks that were deposited 

in part in a foreland basin system associated with the developing Andean fold-thmst belt 
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to the west (Sempere, 1995; Horton and DeCelles, 1997; Horton et al., 2001). Despite 

uniform lithologic characteristics over a broad area, the nomenclature for the Oligocene-

early Miocene stratigraphic interval varies along strike. However, it is most commonly 

known as the Potoco Formation or Potoco equivalents and can be as thick as 5 km (Lamb 

and Hoke, 1997; Horton et al., 2001). A 3-8 km thick section containing both 

sedimentary and volcanic rocks overlies the Potoco Formation. The lower part of this 

succession contains early to mid Miocene sandstone and conglomerate derived from both 

the west and the east (Lamb and Hoke, 1997; Hampton and Horton, 2000). Within the 

eastern limb of the Topohoco syncline, these younger deposits are distinguished by the 

presence of growth structures related to the westward propagation of the backthmst belt 

(Sempere et al., 1990; Lamb and Hoke, 1997). In the eastem limb of the Corque sjmcline, 

the early to mid Miocene rocks are overlain in angular unconformity by younger (<9 Ma) 

synorogenic sedimentary rocks (Lamb and Hoke, 1997). 

Structure. The northern sector of the Central Andean backthrust belt is a westward-

verging thrust system referred to as the Huarina fold-thrust belt (Sempere et al., 1990). 

The oldest rocks and deepest structures are exposed in the east with progressively 

younger rocks and shallower levels of deformation to the west. The style of deformation 

within the belt is a series of fault propagation folds and imbricate fans, with the amount 

of displacement generally decreasing to the west. The major structural features include a 

12 km-high basement step marked by the eastem limb of the Topohoco syncline, a fault-

propagation fold belt in upper Devonian rocks at the surface, an imbricate belt in lower 
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Devonian and Silurian rocks, and duplexes within the Silurian rocks (Figs 4, 5 and 6). 

The Silurian Uncia Formation was chosen as the main detachment horizon for the 

northern sector because it is the oldest unit consistently exposed in the hanging wall of 

major thrusts and lesser imbricates throughout this sector of the backthrust belt. 

Basement offset. The 10+ km thick section of synorogenic sediments preserved in the 

Corque and Topohoco synclines constrains the minimum depth to basement at a depth of 

15 km. Two options for the depth to basement under the northem sector of the backthrust 

belt include a similar depth to basement of 15 km, or a minimum depth to basement of 3 

km below sea level, which is simply the total thickness of the preserved Paleozoic 

section. Choosing the conservative option, and proposing a basal detachment in the 

Silurian Uncia Formation below which there is no duplication of the Paleozoic section, 

results in an ~12 km vertical offset of the basement-cover interface between the eastern 

and western parts of the northem sector (Fig. 6). The thrust contact between the folded 

synorogenic sediments and the Paleozoic rocks suggests the basement offset and 

associated broad folding of the Paleozoic through early Tertiary rocks predate the 

westward propagation of the backthrust belt into this area. 

Fold belt. The Devonian fold belt in the central part of the cross section is flanked on 

both sides by major thrusts that carry the Silurian Uncia Formation. Thus, we interpret 

the Devonian fold belt as a set of fault-propagation folds initiating at the Uncia 
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Figure 2.4. Generalized geologic map of the northern sector of the central Andean 
backthrust belt, the Corque syncline and Huarina region (simplified from Geobol, 1967, 
1995a, 1995b, 1996a, and our own mapping). Starred numbers refer to locations 
discussed in the text. 

Figure 2.5. The northern sector of the central Andean backthrust belt. The backthrust 
portion of Figure 2.4 is enlarged to show field data and structural complexities. Starred 
numbers refer to locations discussed in the text. 

Figure 2.6. Balanced cross section and restored section for the northern sector of the 
backthrust belt. See Figures 2.2 and 2.4 for location and Figure 2.3 for key to 
stratigraphic formation names. Starred numbers identify points discussed in text and 
numbered thrusts refer to sequence of thrusting. Upper iine between A and A' represents 
the modem topographic surface. The full geometry of basement thrusts A, B and C can 
be seen in the composite cross section in Figure 2.18 A. 
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detachment horizon. The offsets on these thrusts dimmish up section and shortening is 

taken up in folding and small-offset faulting within the upper Devonian units. The faults 

verge both to the west and east and are interpreted in several instances to sole out in the 

Devonian Belen Formation. 

Imbricate belt. Towards the east, the structures are more closely spaced than their 

counterparts to the west, creating an imbricate fan in the Silurian and lower Devonian 

formations. The imbricate belt resembles a complicated, large, antiform-synform pair 

(Fig. 5 and Fig. 6, *1). The synform is cored by Cretaceous rocks in the middle of the 

cross section. The associated antiform is cored by an imbricate fan within Silurian rocks. 

Although no longer present, the upper Devonian rocks had to accommodate similar 

amounts of shortening as the rocks preserved in the imbricate fan. The excess Devonian 

rocks were probably eroded as fast as they were uphfted, indicating the structure (as it is 

drawn) might never have existed. However, the shortening of the upper Devonian units 

must equal that in the lower Devonian-Silurian units. 

Roof thrusts. The duplexes drawn in the cross section are recognized by map patterns 

and branching thrust faults, which suggests the presence of roof thrusts. Evidence for a 

Silurian roof thrust (Fig. 6, thrust 2) includes the slice of lower Silurian Uncia Formation 

bounded by west- and east-dipping faults in the SE comer of the map (Figs. 4 and 5, * I 

and Fig. 7). These two faults join to the southeast, suggesting they are the same fault. 

Both faults are traceable along strike over much of the Sapahaqui 1:100,000 
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Figure 2.7. Photograph of Silurian roof sheet looking east. Location of photograph 
on Figure 4 and 5 is indicated by *1. Dw is the Devonian Vila Wa Formation, Set 
is the SUurian Catavi Formation and Sun is the Silurian Uncia Formation. 
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map (Geobol, 1995b), implying that the fault is extensive. The amount of stratigraphic 

separation on both the east- and west-dipping faults is incompatible with a simple two-

fault interpretation. The faults would intersect in the subsurface before they reach the 

Uncia Formation. We interpret this fault-bounded syncline as a Silurian thrust sheet that 

has been folded by duplexing of underlying units (Fig. 6, * 2). This sheet must root in 

the thrust belt east of its present location (Fig. 6, *3). We propose that the next 

significant Silurian thrust to the east (Figs. 4 and 5, *2) is the eastern continuation of the 

same fault. Between these two Silurian thrusts is a large. Cretaceous-cored syncline 

(Figs. 4 and 5, *3). For the above interpretation to be correct, the pocket of Cretaceous 

and younger rocks must have been downfaulted before it was overthrust by the Silurian 

thrust sheet. The apparent downcutting of the Silurian roof thrust from the Devonian 

Helen Formation to the Devonian Vila Vila Formation suggests that significant 

Cretaceous paleorelief existed in this part of the section. The "missing" Helen is dashed-

in on the restored section (Fig. 6, fault 5) and a local, pre-Andean normal fault provides 

the accommodation space for the Cretaceous rocks (Fig. 6, *4). Evidence for local 

Cretaceous extension in the Eastern Cordillera is abundant (Sempere, 1995). 

Ordovician rocks are exposed only at the eastern edge of the Huarina sector (Fig. 

6, thrust 1). hi the northeast comer of the Saphiqui map (Figs. 4 and 5, *4), three thrusts 

that carry Silurian rocks join a larger thrust that carries Ordovician rocks. This branching 

pattern of thrusts suggests that the Ordovician rocks are carried by a large roof thrust 

(Fig. 6, fault 1) above a duplex in Silurian rocks. The geometry of this duplex can be 

envisioned in down plunge view to the north-northwest. Very little stratigraphic 
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separation exists between the Silurian roof thrust (fault 2) and this duplex directly to the 

east. We propose that the Silurian thrust sheet (fault 2) is cut by these minor faults that 

join the Ordovician thrust, making this part of the structure a cormecting splay duplex 

(Mitra and Sussman, 1997). The connecting splay duplex transferred motion from the 

floor thrust of the lower duplex through the Silurian roof sheet to the structurally higher 

Ordovician roof thrust. This sequence is schematically illustrated in Fig. 8. One or two 

additional Ordovician thrust sheets are present to the northeast before the system 

becomes predominantiy east verging. 

Balance. The backthrust belt was line-length balanced from the axis of the Topohoco 

syncline to the westernmost thrust in Ordovician rocks (thrust 1) (Fig. 6). This was 

achieved by assuming that the cross section is "pinned" at the axial sxirface of the 

Topohoco syncline, measuring the lengths of the top and bottom of each formation to the 

next fault, and matching the hanging wall and footwall cutoff lengths on the restored 

section with those on the cross section. Because the upper Devonian rocks are not 

present in the western part of the cross section, another "pin" was used in the first large 

syncline that includes the complete upper Devonian section (Fig. 6, *5). The upper 

Devonian rocks are included in the cross section and restored section where the along-

strike map patterns suggest they were present during deformation. The large Jurassic-and 

Cretaceous-cored syncline in the SE comer of the Sapahaqui map rests on the lower 

Devonian Belen Formation, suggesting that by Jurassic time the upper Devonian Sica 

Sica and Colpacucho Formations had been removed by erosion (Figs. 4 and 5, *3). 
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Figure 2.8, Sequence diagram (not to scale) showing progressive development 
of the postulated connecting splay duplex (Mitra and Sussman, 1996) in the eastern 
part of the Huarina sector. A. Emplacement of Ordovician roof sheet. Lower thrust 
represents trajectory of the Silurian roof thrust (discussed in text). B. Emplacement 
of the Silurian sheet shown with the trajectories of the future duplex faults. 
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Many of the thrusts shown on the restored section are steep (45-60°) and are interpreted 

to be a result of the development of fault propagation folds. Shortening estimates for the 

backthrust belt and the entire northern sector are listed in Table 1. We emphasize that 

these are minimum estimates because small-scale deformation and microstrain were not 

incorporated. 

Central Cross Section (Lago Poopo sector) 

Stratigraphy. The central sector of the backthrust belt involves similar stratigraphy as 

that exposed farther north. The rocks involved in the deformation range j&om Ordovician 

marine siliciclastic rocks to upper Tertiary sjaiorogenic sediments. The level of post-

Andean erosion is slightly less than to the north, leaving Jurassic and Cretaceous rocks 

exposed in many of the elongate northwest-southeast synclines in the area (Figs. 9 and 

10). The stratigraphic section for the central sector is shown in Fig. 3. 

The main detachment horizon for the Lago Poopo sector of the backthrust belt is at 

the base of and within Ordovician sandstone, shale, slate, and quartzite. The complete 

stratigraphic thickness of Ordovician rocks in this area is unknown, however, the 

thickness of exposed Ordovician ranges from 5-7 km (Rivas, 1971; Rodrigo-Gainza and 

Castanos, 1978). The exposed Ordovician can be divided into three distinct units: the 

Capinota, Anzaldo, and San Benito Formations. The Capinota Formation contains dark 

siltite, phyllite, and slate. It is a mechanically weak layer and both the top and bottom of 

this unit are interpreted to be major detachment horizons for this portion of the backthrust 
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Cross section 
length 
final 

length 
original 

Shortening 
(in km) 

Percent 
Shortening 

Northern Sector 
(Huarina) 

155 km 296 km 141 km 47% 

backthrust belt 100 km 232 km 132 km 57% 

Corque/Topohoco 
synclines 

55 km 64 km 9 km 14% 

Central Sector 
(Lago Poopo) 

286 km 475 km 189 km 40% 

backthrust belt 151km 293 km 142 km 48 % 

Corque/Corocoro 
syncline 

135 km 182 km 47 km 2 6 %  

Southern Sector 
(Kilpani-Rio Mulato) 125 km 210 km 85 km 40% 

backthrust belt 87 km 130 km 43 km 33% 

Rio Mulato 
fold belt 

38 km 80 km 42 km 52% 

Table 2.1. Shortening estimates for the central Andean backthrust belt. 
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belt. The Capinota is overlain by the mechanically strong siltite and quartzite of the 

Anzaldo Formation. The thick-bedded quartzite of the San Benito Formation is the 

mechanically strongest layer within the Ordovician sequence. The Ordovician rocks 

consist of thick, marine sequences of shallowing upward sandstone and shale that are 

conformably overlain by the Cancaniri Formation (Sempere, 1995; Sempere et al., 1991; 

Baby et al., 1992a). The Cancaniri Formation contains glacial-mariae diamictite and 

sandy mudstone that obtain a thickness of 600 m in the area. The Cancaniri is overlain 

by the Llallagua Formation, a resistant, < 1500 m thick unit of fine-grained sandstone and 

quartzite with subordinate mudstone. The Cancaniri and Llallagua Formations decrease 

in thickness both to the east and west. The westward taper is assumed to be depositional 

(Gagnier et al., 1996, Suarez-Soruco, 1995), whereas the eastward taper is most likely 

erosional. In the central sector of the backthrust belt the Llallagua Formation varies from 

1500 m in the west near Lago Poopo to 0 m in the east near Cochabamba (Figs. 2 and 3). 

The Llallagua Formation is overlain by the middle and upper Silurian Uncia and Catavi 

Formations. The lithologics of both units are similar to those described in the northem 

sector. Their combined thicknesses range from 1500 m to 3500 m (Gonzalez et al., 

1996). Most of the Devonian rocks in the central sector are the resistant sandstone and 

subordinate shale and siltstone of the Vila Vila Formation, which reach thicknesses of 

650-800 m (Gonzalez et al., 1996). Small amounts (< 350 m) of the Belen Formation are 

also preserved (Gonzalez et al., 1996). 

The Jurassic and Cretaceous units are preserved in elongate synclines throughout this 

region of the backthrust belt and are structurally conformable with the underlying 
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Paleozoic rocks (Figs. 9 and 10). The Jurassic rocks consist of thick eolianite (the Ravelo 

Formation) overlain by conglomerate and siltstone of the Condo and Tarapaya 

Formations. The thickness of these rocks within the central sector is < 300 m. The 

Cretaceous units are the AroifiUa, Chaunaca and El Molino Formations. These also are 

thin and discontinuous throughout this sector, reaching maximum thicknesses of < 500 

m. 

Northwest of Lago Poopo, along the line of section (B) is the most well-developed 

portion of the Corque syncline (Figs. 2, 9 and 11). The Tertiary sediments in this part of 

the syncline reach thicknesses of 15 km. These Tertiary units are the same as those 

described in the northern sector. However, here the Potoco contains both west (lower 

4000 m) and east (upper 3000 m) derived sediments (Hampton and Horton, 2000). The 

younger Miocene units, thought to record the most rapid phase of sedimentation, were 

deposited between 25-8 Ma and reach thicknesses up to 8 km (Rochat et al., 1996; Lamb 

and Hoke, 1997). 

Structure. The structures in the central sector of the backthrust belt can be divided into 

two main styles, a tightly deformed, west-verging backthrust belt in Ordovician through 

Cretaceous rocks and a broadly deformed, large-amplitude syncline in Tertiary 

synorogenic sediments (Fig. 11). Similar to the northern sector, these two structural 

regimes are separated by a 12-15 km offset in the level of basement. The main style of 

deformation within the backthrust belt is a series of fault propagation folds cored by 

thrusts from the basal detachment. In the Lago Poopo area, the complete Silurian section, 

from the Cancaniri diamictite to the Catavi sandstone, is involved in the tight deformation 
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Figure 2.9. Generalized geologic map of the northern sector of the central Andean 
backthrust belt, the Corque syncline and Lago Poopo region (simplified fi:om Geobol, 
1994, 1995c, and 1995d). Starred numbers refer to locations discussed in the text. 

Figure 2.10. The central sector of the central Andean backthrust belt. The backthrust 
portion of Figure 2.9 is enlarged to show field data and structural complexities. Starred 
numbers refer to locations discussed in the text. 

Figure 2.11. Balanced cross section and restored section for the central sector of the 
backthrust belt. See Figures 2.2 and 2.9 for location and Figure 2.3 for key to 
stratigraphic formation names. Stared numbers identify points discussed in text and 
numbered thrusts refer to sequence of thrusting. Upper line between B and B' represents 
the modem topographic surface. 
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observed in outcrop exposure. We propose that this deformation is accommodated at 

depth by faulting within the Ordovician rocks. Thus the basal detachment for the Lago 

Poopo sector of the backthrust belt is proposed to be at the base of the Ordovician shale. 

Basement offset. The burial of the Paleozoic section under 15 km of Tertiary sediment 

within the Corque syncline places the basement/Paleozoic contact at —20 km depth (Fig. 

11). In the backthrust belt to the east however, this same contact is at a depth of ~6 km. 

This 15 km vertical offset is the same magnitude as the offset described in the northern 

sector. 

Subsurface deformation. The deformation drawn east of the Corque syncline and west of 

the backthrust belt is buried under the young Quaternary cover of the Altiplano. 

Reflections seismic section interpretation (Fig. 12) suggests that faulted and folded 

Paleozoic rocks extend into this region and that angular unconformities at depth within 

the Lago Poopo basin (Figs. 11, 12) reflect synsedimentary folding and faulting. Seismic 

lines and associated well data indicate that under this basin, ~5 km of young (<25 Ma) 

synorogenic sediments rest on Silurian strata. This suggests that Devonian through 

Paleocene (and possibly through Oligocene) rocks were removed from this area prior to 

25 Ma. The seismic data also suggest an intermediate step in the level of the Paleozoic 

under the Lago Poopo basin between the level of the Paleozoic exposed in the backthrust 

belt and the level buried under the Corque sjaicline directly to the west. 



10 20 km 

Figure 2.12. Seismic data and interpretation siiowing deformation and growth of Tertiary sediments to the east and west of the 
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Fold belt. The fold belt in the central portion of the cross section is similar in style and 

location to the Devonian fold belt in the northern sector (Figs. 5, 10, and 11). The fold 

belt contains the entire Silurian section from the Cancaniri Formation to the lower rocks 

of the Vila Vila Formation. The folds are broken by both west- and east-verging faults at 

relatively high angles to bedding. (Fig. 10, * 1). Many of the favilts in the fold belt carry 

the lower Silurian Cancaniri Formation or the upper Ordovician San Benito Formation. 

We suggest that this fold belt is cored by faults carrying more resistant lower Ordovician 

sandstone and quartzite and that the structures are fault propagation folds with the faults 

initiating at the base of or within the Ordovician and transferring displacement into the 

faults and folds in the Silurian units. 

Roof thrusts. The duplex drawn in the central cross section is also recognized from map 

patterns and branching thrust faults (Figs. 9, 10). Fault-bounded Ordovician synclines 

(Figs. 9, 10, *2), which join to the south, or to the north and south, suggest the presence 

of an Ordovician roof sheet (Fig. 11, *1). These fault systems are traceable along strike 

over much of the Cochabamba 1:250,000 map (Geobol, 1995c). We interpret both of 

these fault-bounded synclines as the same Ordovician thrust sheet that has been folded by 

duplexing in underlying Silurian and Ordovician rocks. The evidence for portraying both 

fault-bounded synclines as the same thrust sheet comes from map patterns to the north 

(Figs. 9, 10, *3) where the two thrust systems join (Fig. 13). We propose that this 

Ordovician thrust sheet roots down into the subsurface at the next thrust to the east and 
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Figure 2.13. Photographs showing relationship of Ordovician roof sheet to Jurassic 
footwall rocks. A. Photograph showing hangingwall/footwall relationships on the east 
side of the Ordovician roof thrust. Photograph is taken looking south along the footwall 
cut-off in Jurassic (Jss) through Cretaceous Kmo) rocks. These rocks are dipping 30-40° 
to the west. The hanging wall is a horse in the Silurian Uncia Formation (Sun) identified 
as fault 6 on the cross section (Figure 2.11). The Silurian rocks are dipping 45° to the 
east. Location of photograph is indicated by *5 on Figures 9 and 10 and *3 on Figure 
2.11. B. Photograph showing hangingwall/footwall relationships on west side of 
Ordovician roof thrust. Orientations of Jurassic and Ordovician beds are close to parallel, 
dip west, and indicate a flat on flat relationship. C. Photograph taken where east and 
west dipping Ordovician faults join (Figures 2.9 and 2.10, *3), looking south. 
Orientations of beds are east Oan (Ordovician Anzaldo Formation), N 34 W 70 NE, west 
Oan, N 35 W 57 SW and Jss, N 40 W 47 SW. 
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that the hanging wail cut-off for this thrust sheet is the Ordovician- cored fold and thrust 

shown in Fig. 10, *4. Ordovician rocks carried in the hangingwall of this thrust crop out 

in several places and the thrust is continuous across the Cochabamba 1:250,000 map 

(Geobol, 1995c). The thrusts labeled *4 and *5 and their relationship to the adjacent 

Jurassic and Cretaceous rocks suggest that the Silurian/Ordovician over 

Jurassic/Cretaceous contact (Figs. 9, 10, *5) represents a footwall cut-off in Devonian 

through Cretaceous rocks (Fig. 11, *3 and Fig. 13a)). The corresponding Devonian-

Cretaceous hanging wall cut-off is projected into the air, above the Ordovician-cored fold 

(Fig. 11, *4). The Ordovician roof sheet is broken by an out-of-sequence breakthrough 

thrust (Fig. 11, thrust 7), most likely associated with the formation of duplexes at a lower 

structural level. 

The thrust carrying Ordovician rocks on the easternmost edge of the cross section 

represents the last major west-vergent thrust before the Andean fold-thrust belt becomes 

predominantly east-vergent. 

Balance. A pin line within the Lago Poopo basin was used to determine the shortening 

within the Paleozoic rocks of the backthrust belt. The backthrust belt was line-length 

balanced from the pin to the last west-verging thrust in Ordovician rocks. The Corque 

syncline was balanced from the pin line westward to the western edge of the cross 

section. Shortening estimates are listed in Table 1. These estimates are also a minimum^ 

because of unaccounted-for strain. 
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Southern Cross Section (Rio Mulato-Kilpani sector) 

Stratigraphy. The southern sector of the backthrust belt also consists of rocks ranging 

in age from Ordovician to upper Tertiary synorogenic sediments. Compared to the 

northern and central sectors, there has been much greater pre-Jurassic erosion and much 

less Andean-age erosion. As a result, late Mesozoic rocks are exposed over large areas of 

the backthrust belt at this latitude and rest directly on lower Silurian rocks (Fig. 3). 

The main detachment horizon in the southern sector is within Ordovician rocks. The 

predominant Ordovician lithologies change to the south and to the west. Li the 

northeastern Bolivian Andes, the Ordovician can be divided into the three distinct 

lithologies described previously. However, south of 20° S and west of 66° W, the thick 

quartzite beds that characterize the San Benito Formation and the siltite to quartzite beds 

that defined the Anzaldo Formation become much thinner and less prevalent. The 

dominant lithology of the Ordovician in southern Bolivia (~21° S) is shale/phyllite with 

minor sandstone beds (Kley, 1996; BCley et al, 1997); the total thickness is up to 9 km. 

These predominantly fine-grained sUiciclastic marine sedimentary rocks were deformed 

and metamorphosed during a Paleozoic orogeny (Baby et al., 1992a; Sempere, 1995; 

Kley et al., 1997). This Paleozoic deformational event is not known north of 20° S 

latitude in Bolivia (Sempere, 1995). Similar to the stratigraphy of the central sector, the 

Ordovician strata in the southem sector are conformably overlain by the Cancaniri and 

Llallagua Formations (Sempere, 1995; Sempere et al., 1991). Here, the Cancaniri and 

Llallagua Formations reach their greatest thicknesses, 1500 m and >1500 m respectively 

(Gagnier et al., 1996; Suarez-Soruco, 1995). At the eastem edge of the southem sector of 
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the backthrust belt, the Llallagua Formation grades transitionally into the Silurian Uncia 

Formation. Upper Mesozoic rocks rest unconformably on upp»«r Ordovician and lower 

Silurian rocks in the southem sector. This unconformity is higgler in the stratigraphy to 

the west than in the east, complicating pre-Andean and Andean structures. The restored 

section (Fig. 15) illustrates this slight angular unconformity by showing horizontal 

Jurassic and Cretaceous rocks resting on progressively older Siilurian and then Ordovician 

rocks toward the west. 

The Jurassic through Paleocene rocks of the southem AltipHano and Eastern 

Cordillera are referred to as the Puca Group (Sempere, 1995). The Puca Group is 

interpreted as the fill of an Andean back arc basin (Sempere, 1995). In the area of the 

southem sector, the lower rocks of the Puca Group are confonmable with the older 

Paleozoic rocks and are generally preserved in synclines. The nipper part of the Puca 

Group, consisting of the Aroifillia, Chaunaca, El Molino, and Santa Lucia Formations, is 

deformed in the east-verging fold belt of the Rio Mulato area (western part of the 

southem sector) (Figs. 14, 15). We interpret the evaporite bearnng Aroifillia and 

Chaunaca Formations to be the detachment horizon for the Iarg»« salt-cored Rio Mulato 

fold belt. The Cayara Formation rests on top of the Santa Lucia Formation and in turn is 

overlain by the Oligocene-Miocene Potoco Formation which is 3-3.5 km thick in the Rio 

Mulato area (Sempere et al., 1997; Horton et al., 2001). The Potoco is overlain by up to 

5 km of sandstone, conglomerate and volcanic rocks of the Tambillo and Quehua 

Formations (Geobol, 1962d). 
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Figure 2.14. Generalized geologic map of the Rio Mulato and Kilipani fold-thrust belt 
(simplified from Geobol, 1962a, 1962b, 1962c, and our own mapping). 

Figure 2.15. Balanced cross section and restored section for the Rio Mulato and Kilipani 

fold-thrust belt. See Figures 2.2 and 2.14 for location and Figure 2.3 for key to 
stratigraphic formation names. Stared numbers identify points discussed in text and 
numbered thrusts refer to sequence of thrusting. Upper line between C and C represents 
the modem topographic surface. 



Figure 2.14 

67° 30' W 

67° 30' W 

47 J data from this 
' study 

"/data from Geobol, 1962b,c 

( 

N 

t 
line of transect 

folds t thrust fault 

I 1 1 1 1 1 
0 10 20 30 40 50 km 

66° W 

I I Piiocene and younger sediments 

It ' \ late Miocene volcanics (<10 Ma) 

r ° I early Miocene 
I. . -I Oligocene 
mm Paieocene (Santa Lucia and Cayara) 

I I Cretaceous (El Molino) 

V | Jurassic and Cretaceous 

1 I Silurian Uncia 

HH Silurian Liailagua 

Silurian Cancaniri 

I .1 Ordovlcian 



Salar 
C 9de 

Rio Mulato fold belt Figure 2,15 
Kilpani FTB 

west-verging fold and thrust belt 

10 km offset of 
Paleozoic 

^TTT^east-vergmg fold belt 

Basement ramp 

10 15 20 25 30 km 
125 km 

o „ o—0—5—0—6 „ o „ 0—o „ o „ u—o—5—T3—b „ 6 „ 0—6 u—o „ o „ 0—6. 6 „ 0—5 3 tr 
O O O O O O O O O O O O O Q O O  O Q  O O o ^ f ^ O  0 0  

• i2: . ' • l i ' ' ' ;  



63 

Structure. The major structural features of the southern sector of the backthrust belt 

include a salt-cored fold belt in the Rio Mulato area, a 10 km-high basement step that 

separates the Rio Mulato fold belt in the west from the Kilpani thrust belt in the east, and 

a fault propagation fold belt in Cretaceous and lower Silurian rocks (Fig. 15). Like the 

other sectors, the style of deformation is a series of fault propagation folds cored by 

thrusts from the basal detachment horizon. In the southern sector, the folds are cored by 

thrusts in Ordovician rocks. The detachment horizon within the Ordovician rocks is less 

constrained than in the northem sector because the Ordovician rocks only surface on a 

few thrusts. However, the short wavelength of the folds (many of which are also in the 

late Mesozoic rocks) and the common regional elevation of many of the Jurassic-cored 

synclines suggest a relatively shallow and uniform detachment horizon. The Ordovician 

detachment is interpreted to dip ~3° westward with respect to the top of the Ordovician. 

With respect to the base of the Jurassic rocks, the main detachment dips <0.5° to the west 

(Fig. 15). 

Basement offset. The ~10 km basement step between the predominantiy Paleozoic rocks 

to the east and the Tertiary rocks to the west is also seen in the Rio Mulato-Kilpani thrust 

system. The basement-cover contact is buried 15 km under the Rio Mulato fold belt, but 

the bulk of the Paleozoic section is exposed at the surface only 20 km to the east (Fig. 

15). 
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East-verging fold belt. The Rio Mulato fold belt is a series of large amplitude (up to 8 

km) salt-cored folds in Cretaceous and younger rocks, which detach in gypsum, of the 

AroifiUia and Chaunaca Formations. Many of the folds are broken by minor thrust faults 

that verge east (Fig. 14). The gypsum breaches the surface at the anticlinal crests of the 

folds, creating gypsimi diapirs. We interpret the gypsum to be "in-situ" due to the 

conformable bedding of the gypstim and the Chaunaca Formation along the edges of the 

diapirs. The Rio Mulato fold belt is thrust over the Miocene synorogenic sediments of 

tbe Quehua Formation on an east-verging thrust fault that is interpreted to be the basal 

detachment for the fold belt (Fig. 15). 

West-verging fold-thrust belt. The Kilpani section of the southern sector is a west-

verging fault-propagation fold belt, similar in style to the fault-propagation folds in the 

northern sector. The thrust faults lose displacement upward and the shortening is taken 

up by folding. The eastern boundary of the cross section is the first major thrust carrying 

Ordovician rocks in the hanging wall (Fig. 15, *1). No evidence exists for roof sheets or 

duplexes in this cross section of the backthrust belt, indicating that significantly less 

shortening is expressed at the surface. The disparity in shortening between the northern 

and central cross sections and the southern cross section may suggest the presence of 

unrecognized subsurface structures, particularly between the Rio Mulato fold belt and the 

backthrust belt. 
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Balance. The southern cross section was line-length balanced from the western edge of 

the cross section (near Salar de Uyuni) to the easternmost thrust in Ordovician rocks. 

All of the units were line-length balanced except for the Cretaceous Aroifiliia and 

Chaunaca Formations within the Rio Mulato fold belt. These Cretaceous units were area 

balanced and retrodeformed to a collective length of 47 km for a 1.2 km thick bed (Fig. 

15). Similar to the other sectors, many of the thrusts shown on the restored section 

(especially in the Silurian units) are steep (45-60°), and are interpreted to be a result of 

fault-propagation folding. Shortening estimates for the southern sector are listed in Table 

1.  

Comparisons Among the Three Cross Sections 

Common entities. The northern, central, and southern cross sections display older imits 

and deeper exposures in their eastern portions than in the west, the thrusts tend to verge 

and cut up-section to the west, and the style of deformation is similar for hundreds of 

kilometers along strike. The duplexes in the eastern parts of the Huarina (northern) and 

Lago Poopo (central) sectors require that at least in those sections, the thrusts broke in 

sequence from east to west (Boyer and Elliott, 1982). The combination of these features 

is strong support for a westward-verging, westward-younging backthrust system that 

extends along a significant portion of the central Andean fold-thrust belt. 

The most noticeable feature in all three cross sections is the large, half-crustal scale 

offset in the basement. This large offset between rocks exposed on the Altiplano and 

those exposed within the Eastern Cordillera has been recognized on earlier regional cross 
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sections. Baby et al. ^1997) and Rochat et al. (1996, 1999) inteq)reted this step to be due 

to a nonnai fault. Tlaey proposed that a half graben formed on the Altiplano to allow for 

rapid sedimentation during the middle Miocene (within the Corque syncline). However, 

seismic sections (Fig. 12) (Lamb and Hoke, 1997) do not show the eastward-fanning dips 

expected for rapid sedimentation on a down-to-the-west normal fault. The relationship 

visible on seismic are consistent with compressional growth structures over fault-

propagation folds under the Lago Poopo basin (Fig. 12) and a westward-fanning angular 

unconformity in mid to late Miocene rocks in the east limb of the Corque syncline (Lamb 

and Hoke, 1997). The: latter relationship indicates westward rotation of the eastem limb 

of the syncline. Morerover, structural inversion of a half-graben will not produce the 

well-documented geometry of the Corque syncline. A lack of any extensional structures 

between the fold-thrust belt and the syncline also supports a non-extensional environment 

for the Corque syncline. 

In the schematic cxoss sections of Lamb and Hoke (1997), the contact between the 

Paleozoic rocks and the overlying Tertiary sediments is depicted as irregular and varies in 

depth across strike. In the vicinity of the Corque syncline, a step in this contact allows 

for the excessive sedimentation recorded in this area. However, no structural 

interpretation was suggested by Lamb and Hoke (1997) for how or why this —10 km thick 

depocenter would be focused along the axis of the Corque syncline. 

Another mechanism that could explain the large basement offset between the 

backthrust belt and the Tertiary sediments is a west-verging basement thrust. Although 

this mechanism may explain the basement offset, it also creates significant problems. 
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The first is the large discrepancy in the amonnt of shortening recorded in the cover rocks 

of the backthrust belt and the amount that could be accommodated by a west-verging 

basement thrust. If the amount of shortening on the hypothetical basement thrust were 

large, sUp would need to be fed into the Altiplano, where there are no structures that 

could accommodate such a high percentage of shortening. If the amount of shortening on 

this west-verging basement thrust was small, a large discrepancy would be created 

between the amount of shortening in the basement versus that accommodated by the 

backthrust belt. 

The along-strike continuity of the offset in the Paleozoic rocks strengthens the 

argument that this step is a dominant feature within the hinterland of the central Andean 

fold-thrust belt. We propose this laterally continuous step in the basement was produced 

as a large east-vergent basement thrust moved up and over a —12 km basement ramp. 

The interpretation of this step as a large ramp within the basement is supported by 

Paleozoic hangingwall and Tertiary footwall cut-off relationships documented in the 

northern sector (Figs. 4, 6) as well as seismic interpretations in the Poopo basin and the 

uniform thickness and geometry of the beds within the Corque syncline. The 

interpretation of this step as a ramp implies that the overlying Paleozoic through Tertiary 

rocks were passively folded into a monocline as the basement thrust cut up-section 

eastward and was emplaced beneath what is now the Eastern Cordillera. The eastward 

displacement of the basement thrust was partially accormnodated by the westward 

propagation of the backthrust belt in the cover section. The backthrust belt thus forms the 

roof system of a crustal scale passive-roof duplex (Banks and Warburton, 1986). This 
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interpretation is also consistent with an overall compressional environment for the 

formation of the Andean plateau, and an eastward evolving Andean fold-thrust belt. 

Although the steepness of many faults within the Eastern Cordillera and their 

apparent minimal offsets have been used as arguments for the low shortening potential of 

this part of the fold-thrust belt (e.g. Martinez, 1980), Sheffels (1990) suggested that the 

repeated juxtaposition of steep stratigraphic units across these faults requires that the dips 

of the faults flatten with depth, thios dramatically increasing the shortening 

accommodated by an individual fault. Our work suggests that two sets of steep faults are 

present within the backthrust system. The first set consists of faults that typically dip 45-

65° but are sub-parallel to bedding, indicating that they formed as detachments at much 

lower angles (sub-horizontal) (Fig. 16). These faults are located within the interior parts 

of the backthrust belt in the northern and central sectors. These initially sub-horizontal 

faults were then rotated into their present steep dips by displacements on younger, 

westward faults. The second set of faults cut steeply up dip as seen in the field, on maps, 

and in the restored section (Fig. 17). The steep dips of most of these faults are the result 

of the development of fault propagation folds. The shortening in these rocks was 

accomplished first by folding above a propagating fault tip and later by faulting (Mitra, 

1990; McNaught and Mitra, 1993). 

Lateral structural variations. The three cross sections exhibit significant changes in 

shortening amounts firom north to south, particularly within the backthrust belt. The 

sector with the longest undeformed length is the central sector (308 km). Here the 
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Figure 2.16. Photograph of high angle fault (45-65°) with low (sub-parallel) to fault 
to bedding angle. Fault, Sun (SUurian Uncia Formation) and Dw (Devonian Vila Vila 

Formation) all dip steeply (45-65°) to the east. Location of Photo is along strike of *2 
(Figures 4 and 5) to the southeast. 

Figure 2.17. Fault in Devonian rocks showing high fault to bedding angle. The fault 
is located in the western portion of the backthrust belt (northem sector). 
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backthrust belt has shortened 142 km or 46%. The original length of the northern cross 

section was 232 km, and the amount of shortening is 132 km, but the percent shortening 

is larger (57%) than to the north. The most significant difference is seen by comparing 

these shortening estimates to the shortening estimates in the southern sector. In the 

southern sector, the original length of the backthrust belt was 130 km, and it has 

shortened 43 km or 33%. The possible explanations for the discrepancy include 

unrecognized shortening in the backthrust belt, either unmapped duplex structures east of 

the cross section (near the Potosi area; Fig. 2) or buried west-vergent structures east of 

the Rio Mulato area, or a real gradient in width of and shortening accommodated by the 

backthrust belt that decreases to the south. The along-strike projection of the duplexes, 

both in the northern sector and the central sector, lies east of the Kilpani cross section. In 

this region, maps show angular unconformities between the Ordovician rocks and the 

overlying Jurassic and Cretaceous rocks (Geobol, 1996b), making recognition of Andean-

age deformation difficult. Also, the map patterns of the structures in this area give little 

indication of duplexes (Geobol, 1996b). The shortening difference may be a reflection 

of buried thrusts west of the backthrust belt and east of the Rio Mulato fold belt. In this 

area there is a depositional basin similar to the Poopo basin (Figs. 9, 11). Reflection 

seismic data indicate buried folds and faults within the Poopo basin (Fig. 12)(Lamb and 

Hoke, 1997). There is also evidence of buried folds and faults south of the southern 

sector, west of the major west-verging San Vicente fault (Baby et al. 1990). In the 

southern cross section the basement step and the western edge of the backthrust belt were 

conservatively chosen as the westernmost extent of the exposed Paleozoic rocks. This 
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l^ves km of covered geology that may include the westward extension of the 

backtbi^^ belt, smailar to the covered fold-thrust belt to the north and south. The third 

possibili^ is that the amount of shortening accommodated by the backthrust belt 

^screas^s to the south. The total amounts of shortening vary from 141-189 km in the 

^^orth to km in the south, documenting that the decrease in shortening amounts is real. 

The decf^^e in shortening accommodated by the backthrust belt may reflect a decrease 

short^'^g within the entire fold thrust belt to the south, or an increase in the amount of 

sliorteni^S taken up by east-verging structures. 

CompoS**® Cross Sections 

The composite cross sections shown in Fig. 18 links the west-verging backthrust belt 

to the m^^ east-verging Andean fold-thrust belt. The hinterland cross sections presented 

ill this p^P^t are joined with the previously published cross sections from the Eastern 

^Ordillcf^ the Subandean zone (Rochat et al., 1999; Baby et al., 1997; Schmitz and 

Kley, 1997; Kley, 1996; Kley et al., 1996). No attempt is made to depict kinematic detail 

the scale of the composite cross sections because the level of detail in our cross 

sections not matched by previous cross sections and because of significant across-strike 

offset be^een section lines. However, the basement thrust we propose as a mechanism 

to lift the Eastern Cordillera with relative to the Altiplano coincides with the basement 

thrusts tb^t elevate the Eastern Cordillera with respect to the Subandean zone in the east 

(Kley, 1996; Kley et al., 1996; Schmitz and Kley, 1997; Baby et al., 1997; Rochat et 

al j999)- Viewed in this context, the west- and east-verging sections of the Eastem 
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Figure 2.18. Composite cross section across the Andean fold-thrust belt. A. The Corque 
S5Ticline and Huarina fold-thrust belt combined with the regional cross section of Baby et 
al. (1997) and Rochat et al. (1999). B. The Rio Mulato and Kilpani fold-thrust belt 
combined with the cross section of Kley (1996), Kley et al., (1996) and Schmitz and BCley 
(1997). Vertical lines represent the eastern boundarj' of our cross sections, arrows 
indicate boundaries between physiographic provinces. Numbers are shortening estimates 
from the published cross sections and our own. 
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Cordillera are structurally elevated areas of "thin-skinned" deformation underlain by 

basement megathrusts. Kley (1999) described a similar two-stage geometry of basement 

and cover deformation to explain both the elevation and tight deformation seen in the 

Interandean zone (the area between the Eastern Cordillera and the Subandean zone) of 

the fold-thrust belt. The composite cross sections (Fig. 18) show 100-200 km of eastward 

transport on basement thrusts that carry 12-15 km thick basement thrust sheets. The size 

(thickness and length) and the transport distance are similar to other megathrusts in the 

internal portions of fold-thrust belts (Hatcher and Hooper, 1992). 

The crustal duplex in the hinterland of the northern section (Fig. 18 A) is constrained 

only by the need to fill space beneath surface exposures of basement rocks in the western 

Altiplano (Geobol, 1995d). The structural relief on the basement-cover contact in this 

region must be —12 km. The growth of this basement high is seen in growth structures 

imaged on seismic lines west of the Corque syncline (Fig. 12). These growth structures 

fan eastward suggesting that the basement was uplifted with respect to the syncline fi:om 

25-5 Ma. The pronounced 9 Ma angular unconformity on the east limb of the Corque 

syncline and the conformable sequence on the west limb suggest that major growth of the 

duplex was post 9 Ma (Lamb and Hoke, 1997). The western duplex formed by out-of-

sequence hinterland shortening. Compression, which built this duplex, also folded the 

westem limb and faulted both the westem and eastern limb of the syncline. Slip 

associated with the growth of this duplex was fed eastward into the Subandean zone 

along the lower basement thrust. It is likely that the southern cross section has a similar 

geometry to the west. Seismic reflection data from the northeastern portion of the Salar 



75 

de Uyuni show the gentle eastward dip and possible growth in the sjmorogenic sediments 

(proprietary data YPFB). These gentle eastward dips may reflect the same growth of the 

basement duplex as proposed for the westward growth seen on the seismic sections to the 

north. 

The basement duplex and the main decoUement for the thrust belt are both very deep 

(35-40 km) with respect to a brittle/ductile transition zone in an orogenic system (Carter 

and Tsenn, 1982; Wernicke 1990; Beck et al. 1996). Although these faults are depicted 

as discrete surfaces in the cross sections, the deformation was most likely in the ductile 

regime and the lower detachment may be a difiRise crustal shear zone. 

New Estimates of Shortening 

The shortening estimates produced on the basis of balanced cross sections across the 

backthrust belt and Altiplano significantly increase shortening estimates for the entire 

Andean fold-thrust belt (Table 2). Documented shortening estimates for the Andean 

fold-thrust belt range fi:om 191 to 260 km (Kley and Moretti, 1998). By combining new 

shortening estimates for the backthrust belt and Altiplano with those previously published 

for the east-vergent portion of the fold-thrust belt, we increase minimum shortening 

estimates for the entire Andean fold and thrust belt by 63-145 km in the north and 25-35 

km in the south (Table 2). Combining new shortening estimates from the hinterland with 

previously published estimates is difficult because typically shortening estimates for the 

fold-thrust belt mention shortening in the Eastern Cordillera as a whole and do not 

differentiate the amoimt of shortening accommodated by the west-vergent system or the 
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Composite shortening 

location hinterland eastern fold-thrust belt foreland total 

northern 
sector 

central 
sector 

southern 
sector 

*141 km 

*189 km 

8 
30 km 

*85 km 

'50-60 km' 

117 km 

9 

54 km 11 

135 km 

74 km' 

60 km' 

67 km" 
10 

-- 210km 

'90-110 km®'® 100 km 

20 km + 50 km 80-90 km 

145 km 

74 km 

86 km 

336-265 km 

191 km^'^ 

303-310 km 

240 km ̂  

275-295 km 

224-260 km 

231 km ^ 

References 
* This Study 
1-Babyetaf., 1993; 2-Babyetal., 1997; 3-Dunn etat., 1995 4-Herail etal., 1990; 5-Kley, 1996; 
6-Kley et al.. 1997; 7-Kley and Monaldi, 1998; 8-Lamb and Hoke, 1997 (only includes Altiplano); 
9-Roeder, 1988; 10-Sheffels, 1990 (entire fold-thrust belt excluding Altiplano); 11-Sheffels; 1988 

Table 2.2 Composite shortening table for the Andean fold-thrust belt. Hinterland heading 
includes both the Altiplano and backthrust belt except where noted in the references. 
Eastern fold-thrust belt heading includes all east verging structures from the backthrust belt 
to the Subandean zone, and foreland heading refers to the deformation within the Subandean 
zone. Ranges for total shortening are highest and lowest estimates based on the range in 
shortening values for the Subandean zone given by different authors. 
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east-vergent system. For the northem section. Baby et al. (1997) and Rochat et al. (1999) 

estimate 117 km of shortening accommodated from the Eastem Cordillera to the 

Altiplano at the latitudes of 15° — 18° S. We propose that ~50-60 km of this shortening is 

within the east-verging portion of the Eastem Cordillera. By combining our new estimate 

for the Altiplano and backthrust belt with the estimate of Baby et al. (1997) and Roeder 

(1988) for the east-vergent portion of the fold-thrust belt, orogen-scale shortening 

estimates in this area increase to a minimum of265-336 km (Table 2). For the central 

section we combined and compared our shortening estimates with those of Sheffels 

(1988, 1990) concluding that shortening in the central portion of the fold-thrust belt was 

at least 330-337 km (Table 2). In the south. Baby et al. (1997), and Kley et al. (1997) 

suggested that there is 145 to 160 km of shortening in the Eastem Cordillera and in the 

Altiplano at the latitudes of 21° — 22° S, with 20 km of this shortening within the 

Altiplano (Baby et al., 1997) and 50 km within the west-verging backthrust belt (Kley et 

al., 1997) that extends 60 km farther east than the Kilpani sector. At the latitude of 20° S, 

we propose that there is 85 km of shortening in the backthrust belt and Altiplano, 

increasing the orogen-scale shortening estimates to 249-295 km. In general the new 

estimates are 74-145 km greater than estimates previously proposed in the north, 63-138 

km greater in the central sector and up to 25-35 km greater than previous estimates to the 

south (Table 2). The uncertainty in the mintmnm shortening estimates reflects the range 

of documented shortening proposed for the Eastem Cordillera and Subandean zone in the 

literature (Kley and Monaldi, 1998). Based on the kinematic history proposed below, we 

suggest that the greater shortening estimates (300-340 km) more accurately reflect the 
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shortening in the Andean fold-thrust belt. Although determined by completely 

independent means, the shortening in the central Andean fold-thrust belt that we propose 

based on this study matches shortening estimates based on oroclinal rotation and 

isostatically balanced area calculations (Isacks, 1988; Lyon-Caen et al, 1985). 

The increase in shortening estimates in this study compared to previous studies may 

reflect a combination of several different factors. The &st is the recognition of 

structures in the western part of the Eastern Cordillera as predominantly Andean. Many 

of the 1:250,000 and 1:100,000 scale maps that were field checked for this study show 

unconformable relationships between the Paleozoic rocks and the overlying Jurassic 

through Cretaceous section (e.g., Geobol, 1994c; Geobol, 1995c). The field mapping 

accompanying this study indicated no significant angular unconformity between the 

Jurassic rocks and the underlying Paleozoic. In fact, at every location where the field 

transects encountered Jurassic and younger rocks in depositional contact, the bedding 

attitudes were completely conformable. Secondly, the detail in which the structures were 

mapped both in this study and on the existing Geobol maps led to the recognition of 

duplexes and roof sheets, which significantly increased the shortening estimates for the 

northern and central cross sections. The third factor is the importance of taking cross 

sections to a basal detachment for accurately estimating shortening and interpreting 

surface geometries. A fundamental requirement of balanced cross sections is the 

recognition and interpretation of both hangingwall and footwall cutoffs because footwall 

ramps affect the structural level and the geometry of the overlying rocks and structures 

(Boyer and Elliot, 1982; Woodward et al., 1985). Thus, taking the cross sections to a 
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regional detachment level (basement) provided a means to recognize significant 

structures undocumented in previous studies and to provide support for interpretations of 

important regional structures such as the large basement steps (e.g., Kley, 1996). 

KINEMATIC fflSTORY 

The development of the central Andean backthrust belt within the context of the 

regional kinematic history of the Andean orogenic wedge can be inferred from (a) the 

migration history of the Andean foreland basin system, (b) geometric constraints implied 

by the cross-sections, (c) growth structures in syntectonic Tertiary sediments, and (d) 

ages of overlapping syntectonic sediments. 

Paleocene Thrust Belt 

The age of the onset of mountain building is most readily identified by the age of the 

oldest sediments associated with the growing orogenic wedge. Evidence for eastward 

propagation of the Andean orogeny can be extracted from the sedimentary record of its 

associated foreland basin system, which documents an eastward migrating fold-thrust belt 

from the Paleocene to present (Sempere et al., 1997; Horton and DeCelles, 1997; 

DeCelles and Horton, 1999). The presence of Paleocene foreland basin sediments in the 

Altiplano and Eastem Cordillera implies that a coeval, narrow, eastward-propagating 

fold-thrust belt, existed in Chile and westernmost Bolivia (Sempere, 1995; Sempere et al., 

1997; Horton and DeCelles, 1997; Horton et al., 2001). Structural evidence for the 

Paleocene fold-thrust belt may be covered by the Neogene volcanics of the Westem 
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Cordillera or may be found in the Paleocene-Eocene shortening in the Precordillera 

region of Chile (Hammerschmidt et al., 1992; Horton et al., 2001). 

Transfer of Slip to Eastern Cordillera 

The basement megathrust depicted in the cross sections is the connecting link 

between the proposed Paleocene fold-thrust belt and the structures in the Eastern 

Cordillera. We suggest that the fold-thrust belt propagated eastward along the basement 

thrust at or near the brittle/ductile transition zone, into the Eastem Cordillera. As the 

basement megathrust propagated up and over the basement ramp, it raised the Paleozoic 

rocks —12 km above their regional structural elevation. The timing of this major tectonic 

event is weakly constrained. Sparse thermochronologic data from apatite and zircon 

fission track and ""Ar/^'Ar cooling ages suggest exhumation in the Eastem Cordillera at 

~40±5 Ma (Benjamin et al., 1987; McBride et al, 1987; Sempere et al., 1990; Masek et 

al., 1994). This late Eocene-early Oligocene cooling event may represent the uplift of 

the Eastem Cordillera as the megathrust sheet moved up and over the basement ramp 

(time step 1, Fig. 19). 

The detailed kinematic evolution of the backthrust belt with respect to the eastward 

propagating basement thrust sheet is schematically illustrated in figure 19. Time step 1: 

A basement thrust fault, detaching along the brittle-ductile transition zone, ramped into 

the Eastem Cordillera and fed 25-50 km of slip into an emerging east-verging fold-thrust 

belt. This created a structural flat on which the backthrust belt could propagate 

westward. Time step 2: Thrusts in the Eastem Cordillera locked and 50-100 
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Figure 2.19. Kinematic development of the Central Andean backthrust belt. In each panel 
the upper cross section represents the undeformed section (grey basement, white cover) and 
displays the locations of the active thrust systems within the context of the undeformed 
stratigraphy. Solid dark lines are active faults and dashed grey lines are inactive faults. 
Numbers 1-4 are the time steps discussed in the text and show the sequential development 
of the backthrust belt with the active thrusts in bold (dark) and the inactive thrusts dashed 
(grey). 
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km of additional slip on the basement thrust was accommodated in the cover rocks by 

development of west-verging thrusts in the backthrust belt. Time step 3: A final 

increment of 50+ km of slip on the basement thrust was accommodated by further 

shortening in the backthrust belt and perhaps by forward breaking thrusts in the 

Interandean zone. Thus, of the total 190+ km of shortening in the basement, 50+ km 

must have been taken up by eastward-breaking thrusts in the Eastern Cordillera, and the 

remainder produced the backthrust belt. Time step 4: A lower basement decollement 

(again along the brittle-ductile transition zone) fed slip (100+ km) into the Subandean 

zone and perhaps created the hinterland crustal duplex that folded the Corque syncline. 

The minimum shortening required by this kinematic scenerio is 290+ km. 

Development of the Altiplano Piggyback Basin 

The emplacement of the basement megathrust sheet and associated shortening of the 

cover section must have thickened the crust of the Eastern Cordillera by at least 15 km. 

Flexural isostatic adjustment to this load would have depressed the footwall, flattened the 

half-crustal scale ramp, and produced topographic relief of ~1.5-2 km along the eastem 

edge of the Altiplano. The resulting topographic dam began to trap signiJHcant amounts of 

syntectonic sediment beginning at approximately 40 Ma facilitating the development of 

the Altiplano piggyback basin. Initially, this sediment was derived mainly from the west, 

but by the time ~4 km of sediment had accvimulated, an eastem provenance signature 

began to be recorded in the basin fill (Hampton and Horton, 2000). As displacement on 

the basement megathrust continued, the thickness of sediment in the Altiplano basin 
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increased and the basin fill itself began to exert a significant load on the underlying 

lithosphere. Flexnral compensation of the progressively increasing load would have 

gradually re-steepened the angle of the basement megathrust ramp. Ultimately, the 

Altiplano basin accommodated 12-15 km of sediment, roughly equivalent to the height of 

the megathrust ramp. Growth structures in early to mid-Miocene sandstones and 

conglomerates (Coniri Formation) east of the Corque syncline record the approaching 

west-verging backthrust belt (time steps 2 and 3, Fig. 19). These growth structures 

include rotated unconformities (Sempere et al. 1990), an angular unconformity up to 30° 

between the Coniri Formation and the underlying rocks (Sempere et al., 1990; Lamb and 

Hoke, 1997), and growth folds and faults in Miocene strata overlying fault propagation 

folds in Paleozoic rocks near the western limit of the backthrust belt (Fig. 12) (Lamb and 

Hoke, 1997). It is plausible that older syntectonic sediments that were deposited in the 

Altiplano basin were eroded as they were transported eastward and incorporated into the 

backthrust belt. 

Termination of the Backthrust Belt 

Fold-thrust structures in the northern sector of the backthrust belt are overlapped by 

generally undeformed or slightly deformed sediments of the Salla beds (Sempere et al., 

1990) providing a constraint on the youngest possible activity in the backthrust belt. 

The fossiliferous Salla beds are well dated between 24 and 21 Ma (McFadden et al., 

1985; Sempere et al. 1990; Marshal and Sempere, 1991). From this time onward. 



84 

deformation was fed into the easternmost Eastern Cordillera and, by late Miocene time 

(Gubbels et al., 1993), into the Subandean zone (time step 4, Fig. 19). 

Hinterland Basement Duplexing 

Growth structures in Tertiary sediments east of the Corque syncline and conformable 

sediments in the western limb (Lamb and Hoke, 1997) suggest that the basement duplex 

formed out of sequence with respect to the rest of the fold-thrust belt. The development 

of the crustal duplex in the west (thrusts A, B, and C, Figs. 6, 11 and 18), which folds the 

western limb of the Corque syncline, occurred after displacement in the Huarina fold-

thrust belt ceased. Growth structures imaged on seismic lines west of the Corque 

syncline suggest that the basement was uplifted with respect to the syncline from 25-5 

Ma. The pronounced 9 Ma angular unconformity on the east limb of the Corque syncline 

and the more conformable sequence on the west limb (Lamb and Hoke, 1997) suggest the 

major growth of the duplex was post 9 Ma. Compression associated with the growth of 

this duplex folded the westem limb and faxilted both the westem and eastern limbs of the 

syncline. Based on the 9-5 Ma timing of deformation within the Corque syncline (Lamb 

and Hoke, 1997), apatite fission-track ages marking increased uplift and denudation in 

the Eastern Cordillera from 15-7 Ma (Benjamin et al., 1987; Masek et al., 1994), the ~ 10 

Ma age of the San Juan del Oro erosional surface which truncates compressional 

structures in the Eastern Cordillera (Gubbels et al., 1993; Kennan et al., 1997), and the 

post-10 Ma initiation of thrusting in the Subandean Zone (Gubbels et al., 1993), we 

propose the following sequence for late Miocene deformation. Pre-10 Ma, motion on the 



basement megathrust ceased as the Andean fold-thrust belt initiated a lower basement 

decollement, again on the brittle-ductile transition zone, 20-30 km below the surface, 

which began to feed slip from the hinterland of the orogen into the Subandean zone (Fig. 

11, Fig. 12, time step 4). Basement duplexing in the hinterland of the plateau initiated at 

the same time, perhaps as a taper-building mechanism (e.g., Mitra, 1997), and served as 

the driving force behind the folding of the Corque syncline. During this time frame, 

shortening within the Subandean zone was most likely balanced by distributed shortening 

of the lower crust in the eastern Cordillera and Altiplano as proposed by Isacks (1988), 

Gubbels et al. (1993), and Lamb and Hoke (1997) to account for the remaining 1.5-2.0 

km of uplift post 10 Ma (Gubbels et al., 1993, Gregory-Wodzicki et al., 1998). 

BASEMENT THRUSTS AND RAMPS 

The proposed basement megathrust sheet is remarkable for its length, thickness 

and lack of internal deformation. Such megathrusts are common in the medial to 

hinterland parts of major orogenic wedges. Examples of megathrusts in other orogens 

include the Blue Ridge-Piedmont sheet (southem and central Appalachians; Mitra, 1978; 

Hatcher and Hooper, 1992; Boyer and Elliott, 1982), Canyon Range and Willard thrust 

sheets (Cordilleran fold-thrust belt; Yonkee, 1992; DeCelles et al., 1995), and the Main 

Central thrust (Himalaya; Schelling, 1992). Basement megathrusts carry large cohesive 

sheets that are typically 3-10 km thick and facilitate horizontal displacements of up to 

350-450 km (Hatcher, 1989; Hatcher et al., 1989). The main decollement surface for the 

crystalline megathrusts is the thermally weakened brittle-ductile transition zone (Hatcher 
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and Hooper, 1992). Thus the rocks contained in the megathrust sheets are very strong 

(crystalline basement or thick uniform sheets of quartzite) with respect to their 

decollement than thrust sheets that occupy the frontal portions of the thrust belt. The 

initial detachment at the back of an orogenic wedge typically takes place at the brittle-

ductile transition zone (15-20 km), which may be well within basement rocks, depending 

on the thickness of the overlying sediments (Bruhn et al., 1986; DeCelles and Mitra, 

1995; Mitra, 1997). Owing to the ductile nature of this decollement, the basal 

detachment angle (near zero) remains constant over a large area creating a imiform slab 

geometry (Hatcher and Hooper, 1992). The geometry and distance of travel of the thick-

skinned sheets affect how the level that they perturb the geothermal gradient in their 

footwalls. If the perturbation is significant enough, it may extend thick-skirmed thrusting 

farther towards the foreland (Mitra, 1997). The generation and emplacement of such 

megathrust sheets are responsible for much of the crustal thickening within a fold-thrust 

belt (Hatcher and Hooper, 1992). Duplexes and ramps form in crustal rocks where the 

faults at the base of the megathrust sheets can no longer propagate along the brittle-

ductile transition zone. At this point it becomes mechanically easier to ramp into the 

upper crust or if possible into the platform sequence. These crustal ramps and/or 

duplexes may be a mechanism for uplift or formation of high plateaus (Hatcher and 

Hooper, 1992). Kley (1999) showed a strong correlation between the location of the 

basement megathrust sheets and significant steps within the topography of the Andean 
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Figure 2.20. Correlation between the structural elevations of the basement 
megathrusts and major steps in topography (modified from BCley, 1999). A. 
In the south there is a strong correlatiion between the Interandean zone with 
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CordiUera/Interadean zone transition^ 
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plateau and fold-thrust belt. This is most readily seen in the comparison of structural 

elevations to the overlap patterns of the large basement sheets (Fig. 20). 

CONCLUSIONS 

1. The central Andean backthrust belt consists of an -600 km long, ~100 km wide belt of 

predominantly west-verging folds and thrust faults that developed along the western flank 

of the Eastem Cordillera. These thrusts step up-section from Ordovician to Devonian 

rocks towards the west. 

2. Available timing constraints suggest that the backthrust belt was active from late 

Eocene to early Miocene time. 

3. The backthrust belt facilitated the eastward emplacement of an ~100 km long 

basement megathrust sheet in the medial part of the Andean orogenic wedge. The front 

of the orogenic belt jumped —200 km eastward, into the present Eastem Cordillera, 

during the emplacement of the megathrust sheet. 

4. The strong correlation between the eastem edge of the basement megathrust and the 

eastem edge of the Andean plateau suggests that megathrusts, or the stacking of coherent 

sheets of basement, may play an important role in the formation of the plateau. 

5. The Corque syncline developed in two stages: its eastem limb may have initially 

formed above the main ramp in the basement megathrust, and its western limb formed 

later, probably during the late Miocene-Pliocene time, in response to basement duplexing 

in the hinterland of the western Altiplano. Compression and out-of-sequence basement 
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faulting associated with the basement duplex is proposed to be the driving force that 

faulted both limbs. 

6. The Altiplano basin developed during Oligocene-recent time as an immense 

piggyback basin, hemmed in along its eastern flank by a basement ramp and growing 

fold-thrust belt in the Eastern Cordillera and on its western flank by hinterland thrust-

related topography and, since the late Oligocene time, by the magmatic arc. 

7. The addition of minimum shortening estimates from the backthrust belt to existing 

estimates from the eastem part of the fold-thrust belt raises the total minimum shortening 

in the central Andes to as much as 340 km. Documentation of additional shortening in 

the western Andes must await further study. In any case, the total amount of shortening 

is likely to fall well within the amounts needed to explain present crustal thickness. 
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CHAPTER 3: CROSSING THE SEVERAL SCALES OF STRAIN-

ACCOMPLISHING MECHANISMS: THE CENTRAL ANDEAN 

FOLD-THRUST BELT 

ABSTRACT 

Depictions of structures at outcrop, regional and tectonic scales enforce horizontal 

shortening and vertical thickening as the predominant style of deformation at all scales 

within the hinterland of the central Andean fold-thrust berlt. Meso-scale structures 

document a progression of strain that creates 1) flexural-slip folds, 2) fold flattening via 

axial planar cleavage, 3) vertical stretching via boudinage and late-stage faulting and, 

finally, 5) kink folding. These outcrop-scale examples of intraformational deformation 

are generally concentrated in the process zones of thrust faults, where fault-propagation 

folds and related structures are well developed. Fault-propagation folding as a 

deformation mechanism supports the intense accrual of strain achieved through folding, 

faulting and vertical extension as seen at the outcrop scale. Fault-propagation folding 

also "falls out" of the construction of regional structural sections which were drawn with 

careful attention to 1) known map relationships, 2) field inspection of key contacts, 3) 

bedding-orientation data, 4) local seismic control, and 5) principles of balance integrated 

with thin-skiimed fold-thrust belt kinematic interpretations. The pervasive shortening 

and vertical elongation seen at the outcrop and regional scales supports the development 

of the central Andean backthrust belt in the hinterland of "the Andes as a taper-building 

mechanism which allowed the fold-thrust belt to continue propagating eastward. 
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INTRODUCTION 

Depictions of structural or tectonic mechanisms typically are scale dependent. By 

focusing on structures unique to one particular scale or another, differences of emphasis 

arise with respect to the dominant mechanisms of deformation. It is often hard to 

reconcile seemingly pervasive outcrop-scale deformation vwth regional cross sections 

showing homoclinally dipping panels of rocks separated by discrete faults. A more 

complete picture can be achieved through an integration of several different scales 

ranging from outcrop to tectonic (e.g. Mitra and Elliott, 1980; Mitra et al., 1984; Mitra, 

1987; Boyer and Mitra, 1988; Gray and Mitra, 1993). This permits more comprehensive 

understanding of what the structures have in common kinematically. In the central Andes 

these commonalities are building thickness and reducing width. The purpose of this 

contribution is to describe intraformational deformational mechanisms and structures 

produced at magnitudes too small to be portrayed on regional structural sections, and then 

to integrate these observations with regional structures as portrayed in the balanced cross 

section. It is impossible at the scale of the regional cross section to show what is 

happening in each rock unit. However, by keying diagnostic outcrop-scale structures to 

their structural positions in a regional cross section, we can establish a progressive 

deformational history that is consistent with structures seen at all scales. Understanding 

intraformational structural styles and deformation mechanisms results in clearer 

elucidation of the "progressive" and "incremental" nature of the thin-skinned folding and 

thrusting. 



92 

GEOLOGIC SETTING 

The cross section discussed in this paper is from the central Andean fold-thrust belt 

located in Bolivia. The central Andean fold-thrust belt is part of the Andean mountain 

belt which extends -8000 km along the western margin of South America and is the 

result of compressional strain associated with the subduction of the Nazca Plate (Fig. 1). 

The central Andes in northern Chile and Bolivia form the widest portion of the mountain 

belt and contain a 400 km wide orogenic plateau. The Andean plateau, which is defined 

as the region with average elevations greater than 3 km (Isacks, 1988; Gubbels et al., 

1993; Masek et al., 1994; Lamb and Hoke, 1997), contains three physiographically 

distinct provinces, the Western Cordillera, Altiplano and Eastern Cordillera. The 

Western Cordillera is the active volcanic arc straddling the international border between 

Bolivia and Chile. The Altiplano is a wide (200 km) internally drained region of subdued 

topography east of the Western Cordillera. The third province, the Eastern Cordillera 

(Cordillera Oriental), rises abruptly from the Altiplano to elevations of -6.4 km. It is a 

bivergent (eastward and westward) fold-thrust belt composed of Paleozoic, Mesozoic, 

and Tertiary rocks, the eastern side of which continues to be an actively deforming fold-

thrust belt (Fig. 1). One of the key questions still unanswered for this region is whether 

shortening within the Andean fold-thrust belt can account for the 70 km thick (Beck et 

al., 1996) Andean plateau. Existing estimates of shortening (Sheffels, 1990; Lamb and 

Hoke, 1997; Kley and Monaldi, 1998) fall short of what is required to accoimt for the 

extreme crustal thickness. However, these estimates typically consider only the eastem 

half of the Andes, which are the Eastem Cordillera and Sub-Andean portions of the fold-
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Figure 3.1. Shaded relief topography of South America and Bolivia (inset). 
Major physiographic divisions highlighted by white lines and text. Dashed line within 
the Eastern Cordillera represents the approximate eastern edge of the Central Andean 
backthrust belt and dashed line with teeth is the approximate western limit. 
Solid white line marked A-A' indicates location of regional cross section. 
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thrust belt (BQey and Monaldi, 1998). Recent studies of the Andean hinterland 

(McQuarrie and DeCelles, 2000) show that as much as 100 km of shortening can be 

added to previous estimates. The outcrop-scale structures discussed in this paper 

increases the growing amount of shortening recognized in the central Andean fold and 

thrust belt by adding strain estimates imaccounted for by regional balanced cross 

sections. 

The area of focus for this study is within the central Andean backthust belt, a west-

verging thrust system located in the hinterland of the eastward-propagating Andean fold-

thrust belt (Roeder, 1988; Sempere, 1990; Baby et al., 1990; Roeder and Chamberlain, 

1995; Baby et al., 1997: McQuarrie and DeCelles, 2000) (Fig. 1). The backthrust belt 

extends for —600 km along the western flank of the Eastern Cordillera from north-east of 

Lago Titicaca, to the highlands of the Eastem Cordillera southeast of the Salar de Uyuni, 

and —150 km across strike from the middle of the Eastem Cordillera to well into the 

Altiplano proper (Fig. 1). Regional cross sections across the backthrust belt are described 

in detail in McQuarrie and DeCelles, (2000). For the purposes of this paper, the central 

cross section (Fig. 1) is used to connect the several scales of strain. 

MECHANICAL STRATIGRAPHY 

We begin with a characterization of the "mechanical stratigraphy" of the rock column 

in the central Andean fold-thrust belt focusing on the stratigraphy exposed in the 

Altiplano and Eastem Cordillera of Bolivia. Our inference about the relative strengths of 

the various stratigraphic units are based on observable strain at the outcrop level and 
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generally known strength attributes of different rock types (e.g. Jaeger and Cook, 1979). 

The rocks involved in this hinterland deformation range from Ordovician marine 

siliciclastic rocks to Tertiary syntectonic sedimentary rocks. The mechanical stratigraphy 

is summarized in Table 1. 

Ordovician sandstones, shale, slate, and quartzite are the oldest rocks exposed in the 

hinterland portion of the fold-thrust belt. Although, the complete stratigraphic thickness 

of Ordovician rocks is unknown, the thickness of exposed Ordovician ranges from 5-7 

km (Rivas, 1971; Rodrigo-Gainza and Castanos, 1978). The Ordovician rocks are 

divided into the Capinota, Anzaldo, and San Benito Formations. The Capinota 

Formation contains dark siltite, phyllite, and slate with horizons of sandstone/quartzite 

near the top of the formation. It is a mechanically weak layer and is interpreted to be a 

major detachment horizon within the fold-thrust belt. The upper sandstone of the 

Capinota Formation grades into the interbedded green/brown siltstone and sandstone of 

the Anzaldo Formation. Overall the Anzaldo Formation acts as a mechanically strong 

layer with interspersed weak layers. The thick-bedded quartzite of the San Benito 

Formation is the mechanically strongest layer within the Ordovician sequence. Due to 

the depth to which they were buried and metamorphosed, all three of the Ordovician 

formations may act mechanically strong, however, the thinly bedded Capinota Formation 

and the alternating sandstone, siltstone of the Anzaldo Formations permit significant 

intraformational deformation as well. 

The Ordovician rocks are conformably overlain by the Silurian Cancaniri Formation 

(Sempere, 1995; Sempere et al., 1991). The Cancaniri Formation contains glacial-marine 
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Table 3.1 

age 
Formation 
names lithologies characterization outcrop scale structures 

Ju
ra

ss
ic

 

Ravelo 
medium-thick bedded, 
cross stratified sandstone stiff 

deformation bands, faults 
and flexural slip surfaces. 

C 
.S 'c 

Belen 
thinly bedded shale 
and siltstone, rare thin 
sandstone beds soft 

tight intraformational folds, 
axial planar and bedding planar 
cleavage. 

o > o 
Q Vila Vila 

medium to thickly bedded 
sandstone, common shale 
to siltstone interbeds 

stiff 
late-stage, low-angle faults, 
buckling. 

Catavi 
flaggy sandstone with 
interbeds of siltstone and 
shale 

moderately stiff 

flexural slip, decollements, upright 
and overturned folds, axial planar 
and bedding planar cleavage, 
crystal fiber veins, boudins, 
late-stage, low-angle faults. 

c 
2 
3 

Uncia 
interbedded siltstone 
and shale 

soft 

pencil structures, upright and 
overturned folds, axial planar and 
bedding planar cleavage, kink 
bands, late-stage, low-angle faults 

Llallagua 
medium bedded sandstone, 
and quartzite with common 
shale to siltstone interbeds 
increasing up section 

stiff 

flexural slip, upright and 
overturned folds, axial planar 
and bedding planar cleavage, 
crystal fiber veins, boudins. 

Cancaniri 
massive siltstone with 
uncommon beds of 
sandstone and siltstone 

soft boxwork veins, cleavage 

San Benito thick bedded quartzite stiff 
joints, thrust faults, breccia, crystal 
fibers, folds, en echelon gashes 

O
rd

ov
ic

ia
n 

Anzaldo sandstone with interbeds 
of siltstone and rare 
shale 

stiff-soft 
crenulation cleavage, strained 
worm burrows, pencil cleavage, 
upright to overturned folds, 
steeply plunging folds 

Capinota inter bedded siltstone 
and shale soft-stiff 

pencils, axial planar cleavage 
and folds 
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diamictite and sandy mudstone that may obtain a thickness of 600 m. It is a mechanically 

weak vmit and facilitates detachment surfaces within the FTB. The Cancaniri is overlain 

by the Llallagua Formation, a resistant, and mechanically strong <1500 m thick unit of 

fine-grained sandstone and quartzite with subordinate mudstone. The Cancaniri and 

Llallagua Formations decrease in thickness both to the east and west. The westward 

taper is assumed to be depositional (Gagnier et al., 1996, Suarez-Soruco, 1995), whereas 

the eastward taper is most likely erosional. The Llallagua Formation is overlain by the 

middle and upper Silurian Uncia and Catavi Formations. The Uncia Formation is a thick 

(wlOOOm) but weak unit composed of black, to dark green/brown monotonous, non-

fossiliferous shale and siltstone (Gonzalez et al., 1996). It is overlain by the Silurian 

Catavi Formation. The Catavi Formation contains alternating shale and sandstone 

(Gonzalez et al., 1996). The sandstone beds are quartz-rich and are bedded at a scale of 

0.5-1 m. The alternating sandstone and shale accommodate locally significant internal 

deformation—^mesoscale folds, differential thickening and thinning, and secondary 

detachment levels. 

The Devonian rocks exposed through this portion of the fold-thrust belt are the 

resistant sandstone and subordinate shale and siltstone of the Vila Vila/Santa Rosa 

Formation (Gonzalez et al., 1996), which behave mechanically strong. Small amounts (< 

350 m) of the Belen/Icla Formation composed of fossiliferous shale, siltstone and thin 

(10-20 cm) sandstone beds (Gonzalez et al., 1996) cap the Vila Vila/Santa Rosa 

Formation. The Jxurassic and younger rocks are preserved in elongate synclines 

throughout this region of the hinterland. The Jurassic rocks consist of white, yellow, and 
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red eolianites and fluvial sandstones (the Ravelo Formation) overlain by conglomerates 

and siltstones of the Condo and Tarapaya Formations. These rocks behave mechanically 

stiff. The Cretaceous imits are the AroifiUa, Chaimaca, and El Molino Formations, which 

are thin and discontinuous in this part of the fold-thrust belt. 

CE[ARACTERIZATION OF OUTCROP DEFORMATION 

Across this transect of the Andean fold-thrust belt, strain domains are separated by 

wide panels of homoclinally dipping strata interpreted to be the limbs of large-scale folds 

or flats. The locations of strain domains are shown in figure 16 (discussed in detail in a 

later section). The domains themselves are consistently associated with surface breaking 

faults, the cores of folds, or blind thrusts. The presence of these strain domains affects 

the portrayals of structure relations within the cross section. In particular, we show 

thickening variations that transform ordinary concentric (class lb) fold representations 

into quasi-similar (class Ic) representations (Ramsey, 1967; Ramsey and Huber, 1987). 

The thickening is achieved by the physical structures about to be described. The 

mechanical character of the rocks locally has permitted substantial strain to accrue in 

firont of an advancing fault tip. The sequence of progressive structural development is 

remarkably consistent with physical variations as a function of rock type, i.e., mechanical 

stratigraphy. 



Flexural-slip Folding 

Flexural-slip creates upright or slightly inclined non- to gently plunging folds in the 

region of study. In the mechanically stiff Jurassic sandstones, this process is achieved 

through So-parallel deformation bands. The deformation bands inosculate in map view 

(Fig. 2), however deformation-band orientations stay mostly parallel with So and range 

between N-S and N 35W with almost perpendicular (80°-85°) slickenline rakes. The So 

parallel deformation bands facilitate out of the syncline slip as illustrated in Fig. 3. The 

strain accomplishing mechanism in the porous Jurassic sandstone is almost always 

deformation banding (e.g. Davis, 2000). Thus the deformation banding in Fig. 3 reflects 

both out of the syncline slip and west-verging thrust displacement due to a large west 

verging fault on the eastern side (high-angle, west-verging thrust faults in Fig. 3 and Fig 

16). Bedding-plane, flexural-slip is also recorded in other formations such as the 

altemating sandstone and shale of the Catavi Formation. This bedding-parallel slip 

creates flexural-slip slickenlines (Fig. 4) that, again, are nearly perpendicular to strike. 

Fold Flattening 

As deformation increases, the folds begin to flatten. Fold flattening is achieved by 

incipient development of axial-planar cleavage in argillites (revealed by pencil 

structures), and thinning by So-parallel shear and pressure dissolution. Released quartz 

(or calcite) is then precipitated in gash veins or along joint faces. Axial planar cleavage 

and pencil structures are present in very attenuated folds, such as those developed in the 

siltstone of the Anzaldo Formation (Fig. 5A), or Uncia Formation (Fig. 5B). They are 
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Figure 3.2. Photograph looking south showing the inosculate nature of the deformation 
bands in Jurassic sandstone. Field notebook for scale. 

Figure 3.3. Photograph and line sketch of out of the syncline slip as facilitated by 
deformation banding in porous Jurassic sandstone. The photograph and sketch illustrate 
the geometry of the deformation band, with the predominant deformation band being 
bedding parallel and steeply dipping to the east. Other bands dip less steeply and 
accommodate westward thrusting (a) or are almost horizontal and accommodate eastward 
thrust displacement (b). A field notebook for scale is balanced on an east-directed shear. 
The photograph is looking south at the overturned limb of a west-verging syncline. 



Figure 3.2. Photograph looking south showing the inosculate nature of 
the deformation bands in Jurassic sandstone. Field notebook for scale. 

Figure 3.3 Photograph and line sketch of out of the syncUne slip as facilitated by 
deformation banding in porous Jurassic sandstone. The photograph and sketch illustrate the 
geometry of the deformation band, with the predominant deformation band being bedding 
parallel and steeply dipping to the east. Other bands dip less steeply and accommodate 
westward thrusting (a) or are almost horizontal and acconmiodate eastward thrust 
displacement G^)- A field notebook for scale is balanced on an east-directed shear. 
The photograph is looking south at the overturned limb of a west-verging syncline. 
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Figure 3.4. Photograph of flexural slip folding in the Silurian Catavi Formation, 
field notebook, bottom center, for scale. 
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Figure 3.5. Photograph of pencil structures within the Anzaldo Formation (A), and Uncia 
Formation (B). The orientation of the pencils mimic the axis of the fold and are Andean 
(N-S to N20W) in their orientations. 

Figure 3.6. Photograph of a fold hinge showing both thickening of shale interbeds within 
the fold hinge and neoquartz filled tension gashes on the outer arc of the fold. Cleavage 
from So parallel shear and pressure dissolution is well developed in the weaker (darker) 
shale beds A nine cm Swiss army knife is the scale in the 6B, both pictures are at 
approximately the same scale. 

Figure 3.7. Photograph of concomitant thinning of weak shale interbeds by parallel shear 
and pressure dissolution and the precipitation of released quartz in the form of crystal 
fiber veins on bedding perpendicular joints. Field notebook for scale rests on a crystal 
fiber vein and the cleaved shale beds are to the immediate right of the crystal fiber vein. 
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Figure 3.6 

Figure 3.7 
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also found in the broad open folds of the Capinota Formation. The presence of pencil 

cleavage indicates 9-26% more strain than can be accounted for by simple line length 

balancing (Reks and Grey, 1982). Sandstone formations with shale interbeds such as the 

Catavi Formation or the Llallagua formation display So-parallel cleavage in upright, tight 

to isoclinal folds indicating thinning by parallel shear and pressure dissolution. The 

"excess" material is displaced to the fold hinges either through the thickening of hinges 

with pervasively deformed shale or by the precipitation of quartz in crystal-fiber veins on 

the outer extended portion of the hinge (Fig. 6, A and B), or to other (bedding 

perpendicular) joint surfaces. Fig. 7 is a beautiful example of concomitant pressure 

dissolution and formation of crystal fiber veins. The veins form in bedding-perpendicular 

joints in thick sandstone beds with sufficient tensile strength. Clayey siltstone become 

cleaved (So-parallel cleavage) and dissolved quartz precipitates in veins. The slickenlines 

on the surfaces of these sandstones again indicate dip parallel motion. 

Vertical Stretching 

Vertical stretching of the folds during flattening is achieved by boudinage and late-

stage, low-angle, thrust faults. Especially in alternating sandstone and shale formations, 

the sandstone layers show strong attenuation in the form of boudins. The spaces between 

the boudins filled in with the weaker shale beds or precipitated quartz. Boudin forms can 

appear very brittle (Fig. 8 A) or much more ductile (Fig. 8B). 

The last increment of deformation in the elongation process is low-angle (in some cases 

almost horizontal) thrust faulting that displaces the hinges of folds (Fig. 9 and 10). This 
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Figure 3.8. Sandstone boudins within the Catavi Formation. Boudins display both brittle 
(A) or ductile (B) forms. Field notebook for scale in both pictures. 

Figure 3.9. Late-stage, low-angle fault that displaces the hinge of an outcrop fold (also 
see Figure 3.7A). Note how planar the faults are in light of the intense deformation 
within the rock iodicating that they are last to form. 

Figure 3.10. Photograph and line drawing of a tip zone for a late-stage fault. The tip 
zones of the late-stage, low angle faults are often areas of overturned or refolded folds. 
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Figure 3.9 
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faulting may also cause refolding of folds or overturned folds at the tip zones of the faults 

(Fig. 10). The planar nature of the faults indicates they occur very late in the development 

of the deformation. Fig. 11A is a cartoon sketch depicting the vertical stretching of folds 

by the above-mentioned processes. By turning the fold on its side (Fig. IIB) it is easy to 

visualize the vertical extensio-n and stretching accommodated by the low-angle thmst 

faults. 

Late Stage Kinking 

Late stage kinking is focuse<d in steeply dipping layers after flexural slip along bedding 

has been reduced by the tightening of the folds. The kink bands are 30-45 cm thick bands 

with interlimb angles of 90°. The bands themselves tip out on the outcrop scale (20 m 

vertical) (Fig. 12) thus, the changes in the kink band along dip can be used as a proxy of 

how the band developed throiigh time. The tip zone is narrow, and the dips of the strata 

within this zone are less steep (interlimb angles > 90°) than where the band is well 

developed towards the base of the outcrop. This indicates that the kink band has widened 

and progressively rotated thromxgh time to accommodate layer parallel shortening. Based 

on studies that propose that kimk bands widen with increasing deformation (Weiss, 1980; 

Stewart and Alvarez, 1991), tbe narrowness and finite length of the kink bands indicate 

they formed as late stage, brittle thickening mechanisms. 

In the same way that unfolded kink bands reflect late stage development, the unfolded 

form of the low-angle, small-o»ffset faults suggests they are late. Both of these brittle. 
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(A) (B) 

Figure 3.11. A cartoon sketch of the vertical stretching accomplished by both boudinage and 
late-stage, low-angle faulting. (A) Upright, almost isoclinal fold as seen in the field. 
(B) The same fold, rotated 90° to show the vertical stretching and "extension" accomplished 
by the low angle "thrust" faults. 

Figure 3.12. Outcrop exposure of kink bands with geologist for scale. The kink bands 
are widest at their base and tip out towards the top of the exposure. Note the change in 
both width of the kink band and the interlimb angle of the kink bands along dip. 
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late-stage features continue to create a simultaneous horizontal thickening and vertical 

stretching of the deformed rocks. 

Large-offset Faults 

Due to the erodable nature of most fault zones, large faults are seen only in the most 

competent units, which are more inclined to achieve simple (narrow) zones of failure. A 

perfect example is a fault that places the mechanically strong Anzaldo Formation over the 

quartzite of the San Benito Formation (Fig. 13 A and B). The main fault is confined to a 

narrow, 10 cm thick gouge zone. However, the zone of deformation extends into both the 

overlying and underlying formations. The footwall San Benito Formation is deformed by 

small, intraformational duplexes. Where the duplexes join the main fault, the bedrock is 

saturated with closely spaced cleavage, forming a "cleavage duplex" (Nickelsen, 1986) 

(Fig. 13 B). This fault-bounded zone absorbed significant strain energy that resulted in 

shortening within at the tip of the wedge. In this same zone of duplexing, the overlying 

Anzaldo Formation deformed in a series of small-displacement backthrusts that are listric 

to the main fault (Fig. 13,14). 

Progressive Development of the Structure 

The progressive development of these outcrop-scale structures is graphically displayed 

in Fig. 15. Faults propagate outward on a regional flat or detachment level. Slip and 

strain associated with this detachment fault (McNaught and Mitra, 1993), especially as it 

begins to propagate upward (Suppe, 1983; Mitra, 1990), is accommodated through fault-
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(A) (B) 

Figure 3.13. (A) Large offset fault placing an Ordovician Anzaldo flat on an Ordovician 
San Benito flat. A Geologist is perched on the fault plane on the far right side for scale, 
the fault is almost horizontal and at shoulder level. The prominent plane dipping 30° to 
the right (NW) is a small intraformational duplex within the San Benito Formation. 
(B) Photograph of gouge zone and joint saturated tip zone with rock hammer for scale. 
The upper bound for the joints is the main fault. The lower boundary is the small 
intraformational duplex within the San Benito formation. 

backtfarusts in Anzaldo 
above main fault Ord. Anzaldo Fm 

spaced cleavage at duplex tips 

Ord. San Benito Fi 

Figure 3.14. Line drawing of large offset fault (compare with Fig. 13A) showing types 
of deformational processes. These include backthrusts within the overlying Anzaldo 
Formation, intraformational duplexes in the San Benito formation and joint saturation at 
the branch points of the duplexes. 
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Figure 3.15. Chart displaying the progressive development of the outcrop-scale 
structures with time increasing to the right. The continuous dashed line next to 
the decollement fault illustrates how it is both the propagation of the detachment 
faults and the ramping upward of these faults that drives the intraformational 
deformation within the process zone of a fault propagation fold (Suppe, 1983; 
Mitra, 1990; McNaught and Mitra, 1993). 
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propagatioa folding. In the process zone, within this regional fold and above the 

propagating fault tip, intraformational folds form through flexural slip folding. This layer 

parallel shear imparts a fissility to the less competent units and is expressed as bedding-

perpendicular slickenlines in the more competent units. As both the regional and 

intraformational folding increase, the folds begin to flatten though cleavage development 

and elongate through boudinage and late-stage, low-angle thrust faults. The intense 

deformation within the process zone strengthens the rocks and allows for the continual 

propagation of the fault. Within the strained zones there is a progression from 1) co-axial 

strain or pure shear that is expressed as flexural slip folding and buckling of beds to 2) 

flattening with negative dilation (thus no vertical stretching) through the formation of 

axial planar cleavage, to finally 3) vertical stretching in conjunction with shortening 

achieved by layer thinning processes (boudinage, late-stage thrust faults) (Fig. 15). 

Similar progressive strain has been documented in within other fold-thrusts belts (Mitra 

et al., 1984; Mitra, 1987; Boyer and Mitra, 1988; Gray, 1991; Gray and Mitra, 1993; Rait 

and Dixon, 1997), although constraints such as temperature, pressure and strain rate lend 

a variability to the exact deformation mechanisms and thus to the micro- to meso-scale 

structures present (Mitra, 1987). 

Gray and Mitra (1993) describe five structural stages that affected the Pennsylvanian 

Anthracite region of the Appalachian Valley and Ridge Province. The first two stages (A 

and B), which include layer parallel shortening and top to the foreland layer-parallel 

shear, were not recognized within the meso-scale structures of the backthrust belt, either 

due to a lack of development or to overprinting by later structures. The next stages (C D 
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and E), which, include flexural slip and flexural-flow folding, fold modification and late-

thrust faulting, and late veining and fracturing were recognized with the same progressive 

development. Rait and Dixon (1997) also recognized a progression of hinge normal 

shortening, flexural flow, and sub-vertical extension within fault-propagation folds in the 

Canadian Front Range. 

LINKING THE SCALES OF STRAIN 

The deformation style expressed by all of these mechanisms is one that creates 

profound horizontal shortening via flexural-slip folding, limb thinning via presstire 

dissolution and some axial planar pressure dissolution, profound vertical stretching 

created by boudinage and tightening of the fold hinge and finally late-stage decapitation 

of the fold hinge by late, low-angle faults. We propose this shortening and thickening 

occurs in the process zone in front of a propagating fault tip. Figure 16 shows the 

distribution of strain domains for a swath of structures in the backthrust belt. The basic 

fold-thrust belt mechanism evident in the cross section is fault-propagation folding. It 

"falls out" of the construction process which gave carefiil attention to 1) known map 

relationships, 2) field inspection of key contacts, 3) new bedding -orientation data, 4) 

local seismic control, and 5) principles of balance integrated with thin-skinned fold-thrust 

belt kinematic interpretations. 

The map pattems of the backthrust belt show a mixture of tight wavelength folds cut 

by east-and west-verging faults in Ordovician through Cretaceous rocks. Stratigraphic 

separation across these faults is greatest in the center of a given fault trace and decreases 
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figs. 4,6,8,9 

Devonian tiirough Jurassic rocks (Vila Vila, and Ravelo Foruiations) 

J Silurian rocks (Cancaniri, Llallagua, Uncia and Catavi Formations) 

Figure 3.16. Distribution of strain domains with respect to the regional structures in the 
central Andean backthrust belt (see Fig. 18 for location). The outcrop-scale structures 
discussed in the text and shown in the previous figures are referenced to their locations 
in the fold-thrust belt. Photographs and figures from off the line of section but in 
correlative positions are shown in italics. The outcrop scale structures are concentrated 
in the hinges or the immediate fault zone of fault-propagation folds and are separated by 
long panels of homogeneously dipping strata. 
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gradually until the fault tips out in a plunging anticline. Downplunge viewing of these 

map patterns (Fig. 17), especially towards the tips of the faults, show the regional-scale 

geometries of the fault propagation folds. The presence of a syncline within the footwall 

of a fault-propagation fold and large ampHtude anticline at the thrust tip suggest that the 

fold preceeded rather than accompanied thrust propagation (McNaught and Mitra, 1993; 

Rait and Dixon, 1997; Wallace and Homza, 1997). This sequential development is also 

supported by the progressive development of the outcrop-scale structures. 

The steep dips of many faults within the Eastern Cordillera have been used as 

arguments for the low shortening potential of this part of the fold-thrust belt (e.g. 

Martinez, 1980; Sheffels, 1990). Our field data confirm that faults in the Eastern 

Cordillera cut steeply up-dip as depicted on maps, cross sections, and in restored sections 

(McQuarrie and DeCelles, 2000). We suggest that the steep dips of most of these faults 

owe to the development of fault-propagation folds. As a fault-propagation fold grew in 

front of the fault tip (McNaught and Mitra, 1993), shortening in these rocks was 

accomplished first by intense deformation as described above, which tightened and 

strengthened the rock, and later by faulting that cut up steeply with respect to original 

bedding orientations. 

Seismic data are concentrated within the Altiplano basin and illimiinate the transition 

between the central Andean backthrust belt in the western portion of the Eastern 

Cordillera and the Altiplano proper (McQuarrie and DeCelles, 2000). Where the 

Paleozoic rocks are imaged on the seismic lines, they are shown as a series of steeply 

(45°+) east-dipping reflectors. This geometry is more compatible with fault-propagation 
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Figure 3.17. Map view of a fault-propagation fold simplified from Geobol (1994a and b). 
The geometry of the structure can be envisioned with a down plunge view to the 
north-northwest. The cross sectional representation of this structure is shown in Fig. 16. 
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folding, which produces both steeply dipping beds and faialts, than the ramp flat 

geometries in fault-bend folding or the steep faults and flat bed geometries predicted by 

pure reverse faulting. 

Fig. 16 is local cross section illustrating the zones of strain described above. The 

figure magnifies an area within the regional cross section (Fig. 18) allowing us to cross 

the boundary between the two scales of strain. The strain domains presented in the first 

part of this paper are referenced to specific portions of the fold-thrust belt. The outcrop 

scale structures cluster around the faults and the tight propagation folds in the hanging 

walls and footwalls. Other zones of deformation include the syncline axis between the 

fault-propagation folds (Fig. 16, Fig. 5 A), and late stage kinking and faulting in the 

otherwise undeformed, homoclinally dipping limbs of the folds. 

The fault-propagation fold mechanism is observed on two levels. The tight, detached 

fold train, involving rocks firom upper Ordovician to Jurassic, is supported by the short 

wavelength folds that are expressed on the maps throughout the area (i.e. Geobol, 1995c), 

field observations, and local seismic control. The mapped distribution of rock imits 

forces significant changes in bedding thicknesses, especially thickening in the hinges of 

folds and thinning on the limbs. Bedding thickness variations suggest that horizontal 

shortening and vertical stretching are important deformation mechanisms at the regional 

scale. This is shown in the cross section as the evolution of folds firom class lb concentric 

folds, into quasi-similar, class Ic folds. The deeper level of fault propagation folds in the 

lower Ordovician rocks are based on the need to balance the shortening in the upper 

levels with that in the lower levels, and to fill space. Map and field observations in the 
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Figure 2.18. Regional cross sections for the central Andean fold-thrust belt (from 
McQuarrie and DeCelles, 2000). Location of cross sections is indicated on Figure 3.1. 
(A) A cross section through the central Andean backthrust belt. The 12 km step between 
the level of the Paleozoic rocks within the backthrust belt and the level of the Paleozoic 
rocks underneath the Altiplano is accommodated by a 12 km thick basement thrust and 
ramp that lifts the area of the backthrust belt with respect to the Altiplano. (B) Regional 
cross section for the entire Andean fold and thrust belt showing location of the backthrust 
belt and the extent of the basement thrusts. 
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exposed Ordovician rocks to the east suggest fault propagation folds is a viable 

deformation mechanism for unexposed Ordovician (Geobol, 1995c, 1994b). This two 

tiered fold and thrust belt is termed a blind thrust system and is a common form of 

deformation on other fold-thrust belts (Dunne and Ferrill, 1988). 

TECTONIC SCALE STRUCTURES 

The tightly deformed, west-verging backthrust belt, the central Andean backthrust 

belt (McQuarrie and DeCelles, 2000), places Silurian rocks against a broadly deformed, 

large-amplitude syncline in Tertiary synorogenic sediments of the Altiplano basin (Fig. 

18). In places, the thickness of the syntectonic sediments is >10 km. Minimum depth to 

basement under the backthrust belt and the Altiplano requires a 12 km step in the 

elevation of basement between the two provinces. The 12 km offset in the basement is 

accommodated by a large east-vergent basement thrust and the westward propagation of 

the backthrust belt in the cover section (McQuarrie and DeCelles, 2000). As the 

basement megathrust propagated up and over the basement ramp, it raised the Paleozoic 

rocks —12 km above their regional structural elevation. In turn, the central Andean 

backthrust belt developed in the upper crust, accommodating mid-crustal, eastward 

displacement of the megathrust sheet. The kinematic development of the Andean fold-

thrust belt suggests that the backthrust belt developed as a taper-building mechanism after 

the basement megathrust overextended the system eastward (McQuarrie and DeCelles, 

2000). This taper-building mechanism is expressed even in the outcrop scale structures 

of the backthrust belt. These structures show pervasive shortening, vertical elongation 
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and thickening. This process, visible at all scales from outcrop to tectonic, allowed the 

Andean fold-thrust belt to build thickness (i.e. taper) in the hinterland as a means to 

continue propagation eastward. 

CONCLUSIONS 

The sequential development of meso-scale structures is one that supports hborizontal 

shortening and vertical thickening through the development of 1) flexural-slip rfolds, 2) 

axial planar cleavage, 3) boudinage and late stage faulting and 5) kink bands. These 

structures cluster around the "discrete" faults and the tight propagation folds int the 

hanging walls and footwalls and are separated by panels of homoclinally dippimg strata as 

seen on the regional sections. This interdependence of the different scales emphasizes 

the importance of structures at aU scales. The outcrop-scale structures reveal tfcie tntemal 

strain pattems consistent with fault-propagation folding, strengthening the portxayal of 

fault-propagation fold structures on the regional cross section. Fault-propagation fold 

constructions permit the accrual of strain, whereas fault-bend fold models gene=xally do 

not. Fault-bend folding plays a role, but it alone cannot explain the presence of structural 

domains of intense strain achieved through folding, flattening, and vertical extension, 

especially in the critical fault boundary zones between domains. The presence -of 

strongly strained domains affirms that estimates of shortening based on line ler^gth 

balancing are conservative. Another 10% of shortening could be added based on our 

estimates of outcrop-scale strain in specific domains coinciding with the preser*ce of 

exposed thrust faults or presumed blind thrusts. The horizontal shortening and vertical 
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stretching seen at all scales play an important role tectonically as a means of increasing 

taper in the hinterland, allowing the fold-thrust belt to continue to propagate east. 
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CHAPTER 4: BUILDING A HIGH PLATEAU: THE KINEMATIC HISTORY 

OF THE CENTRAL ANDEAN FOLD-THRUST BELT, BOLIVLA 

ABSTRACT 

This paper presents a sequential, kinematic model for the development of the central 

Andean plateau based on balanced cross-sections across the Bolivian Andes. The 

balanced cross-sections were built from new field mapping along each transect and field 

checked regional maps. The kinematic model links the formation of the Andean plateau 

to the development of the Andean fold-thrust belt through the creation and propagation of 

two large basement megathrusts. These basement megathrusts can explain both 

significant topographic steps in the Andean fold-thrust belt and steps in structural 

elevation as seen in the stratigraphic level of the present-day erosion surface. The upper 

level basement thrust raised folds and faults in predominantly lower Paleozoic rocks of 

the Eastern Cordillera with respect to both the broad, internally drained basin of the 

Altiplano (which houses a large, 12 km amplitude syncline in Tertiary age rocks) to the 

west and east-verging folds and faults in upper Paleozoic rocks of the Interandean zone to 

the east. The Interandean zone was in turn lifted (both structurally and topographically) 

with respect to the frontal folds and faults of the fold-thrust belt (the Subandean zone) by 

a second, lower basement thrust sheet. Thus, these two megathrusts divide the Andean 

fold-thrust belt into four areas of markedly different structural elevations. The Eastem 

Cordillera can be further subdivided into 2 zones of westward (in the west) or eastward 

(in the east) verging and propagating folds and thrusts creating six tectono-structural 
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zones that together define the Andean fold-thrust belt. These tectono-structural sections 

are as follows: (1) the modem volcanic arc of the Western Cordillera; (2) the Altiplano, a 

crustal scale piggy-back basin, situated between two structural and topographic highs; (3) 

west-verging (Eastern Cordillera backthrust zone) and (4) east-verging (Eastern 

Cordillera forethrust zone) folds and thrusts structurally elevated by, and detached fi:om, 

an upper basement megathrust; (5) the Interandean zone, an intermediate level of faults 

and folds detached above a lower basement thrust and (6) the Subandean zone which is 

the active fold-thrust belt detached in Silurian or Ordovician rocks above the Brazilian 

shield. The shortening accommodated by the fold-thrust belt can be divided among these 

tectono-structural zones and linked back to the shortening accommodated by the 

proposed basement thrusts. The kinematic model suggests that the eastward propagation 

of the first basement thrust fed —105 km of slip into the Eastern Cordillera through east-

verging and then predominantly west-verging faults. The same basement thrust also fed 

-90 km of slip eastward into the Interandean zone. The initiation and eastward 

propagation of a lower basement thrust structurally raised the Interandean zone with 

respect to the foreland while feeding -65 km of slip into the Subandean zone. Out-of-

sequence basement thrusting to the west is proposed to have raised the western edge of 

the plateau and accommodated -40 km shortening within the Altiplano. Total shortening 

within the cover rocks of the Andean fold-thrust belt (300-330 km) can be balanced by an 

equivalent amount of shortening taken up on basement megathrusts. To a first 

approximation, the eastern margin of the central Andean plateau (defined by the 3 km 

topographic contour) is contiguous with the leading edge of the upper basement 
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megathrust. This relationship between the basement highs and the physiographic 

boundaries of the Andean plateau suggests that extensive megathrust sheets (involving 

strong rocks such as crystalline basement or quartzite) play an important role in the 

formation of the central Andean plateau and a similar link between megathrust sheets and 

plateaus may be found in other orogens. 

INTRODUCTION 

The processes involved in building a high-elevation plateau are still hotly debated 

with many of the arguments centered aroimd the relative importance of crustal 

underthrusting, magmatic additions, thermal effects and distributed shortening, (Dewey et 

al., 1988; Isacks, 1988; Harrison et al., 1992; Molnar et al., 1993; Wdowinski and Bock, 

1994; Allmendinger et al., 1997, Matte, et al., 1997). Plateaus are expansive (500-1000 

km wide) in aerial extent and relatively subdued in topographic relief. Furthermore, they 

are underlain by thick (on the order of —50-70 km) crust and reach high (3-5 km) 

elevations. The Himalayan and the Andean moimtain chains border the two largest, 

orogenic plateaus in the world. The Tibetan plateau is thought to be the result of 

continental collision between the hidian and Asian continents (e.g. Molnar et al., 1993), 

while the Andean plateau is associated with convergence between oceanic and 

continental lithosphere (Isacks, 1988). Perhaps because of the extreme differences in the 

plate tectonic settings, geologic histories and original boundary conditions of these two 

modem plateaus, general models of plateau formation are often simplified and view the 

orogens as mechanically and structurally homogeneous, emphasizing many of the 
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remarkable sirnilarities between the two plateaus such as the concept of a gravitational lid 

(Molnar and Lyon-Caen, 1988; England and Houseman, 1989), weak lower crust 

(Royden, 1996) or wide zones of pre-existing weaknesses (Isacks, 1988; Wdowinski and 

Bock, 1994). Features that are not addressed by these models such as individual folds, 

faults and sedimentary basins may provide additional insight into the processes involved 

in plateau formation and emphasize the importance of heterogeneities in the growth and 

formation of plateaus (e.g., Lamb and Hoke, 1997; Yin et al., 1999). 

The central Andean plateau is thought to be primarily the result of tectonic shortening 

and thickening associated with the Andean fold-thrust belt (Isacks, 1988; Sheffels, 1990; 

Schmitz, 1994; Lamb and Hoke, 1997). Although models for the Andean plateau have 

conceptually linked crustal shortening to plateau development (Isacks, 1988; Gubbels et 

al., 1993; Wdowinski and Bock, 1994; Allmendinger 1997; Lamb and Hoke, 1997; Pope 

and Willett, 1998), the next step is to incorporate specific regional-scale structures into a 

model that shows the sequential development of the central Andean fold-thrust belt, and 

by inference, the Andean plateau. 

The goal of this paper is to link the growth of the central Andean plateau to the 

sequential kinematic development of the fold-thrust belt by presenting regional balanced 

cross-sections based on field traverses across the entire Andean fold-thrust belt. 

Balanced cross-sections from the arc to the foreland allow for sequential restoration, 

tracking the evolution of the fold-thrust belt with time. They also provide a means for 

determining realistic estimates of shortening that can account for the total thickness of the 

Andean plateau from the eastern edge of the volcanic arc to the foreland. The cross 
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sections and kinematic evolution models presented in this paper suggest that not only is 

the fold-thrust belt a manifestation of crustal thickening throughout the entire orogen, but 

that unique features of the fold-thrust belt, such as basement megathrusts, have exerted 

the largest controlling influences on the formation of the Andean plateau. These features 

suggest that the formation of the central Andean plateau is an integral part of the 

expression of the Andean fold-thrust belt. Thus, the growth history of the plateau cannot 

be understood outside the context of the kinematic history of the fold-thrust belt. 

GEOLOGIC BACKGROUND 

Physiography 

The central Andean plateau is defined as a broad area of internally drained basins and 

moderate relief that everywhere has average elevations of 3 km or greater (Isacks, 1988; 

Gubbels et al., 1993; Masek et al., 1994, Lamb and Hoke, 1997). The terrain included in 

this definition covers much of Peru, Bolivia and parts of Argentina and Chile. The widest 

part of the Andean plateau occupies Bolivia, and coincides with the pronounced bend in 

the Andean chain (Fig. 1). The plateau narrows to the north and south firom this position 

and loses its distinguishing characteristics north of 15° S and south of 27° S. 

In Bolivia the Andean plateau contains three physiographically different provinces: 

the Western Cordillera, the Altiplano, and the Eastern Cordillera (Fig. 1). The Westem 

Cordillera is the active volcanic arc that is centered along the international border of 

Bolivia and Chile. The ~6 km volcanic peaks rise ~2 km above the surrovmding plateau. 

The Altiplano is a —200 km wide internally drained basin east of the Westem Cordillera. 
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Figure 4.1. Topography of the central Andes with major physiographic divisions 
separated by dashed lines. lAZ is the Interandean zone defined by Kley (1996). 
Inset (modified from Isacks (1988)) shows the geographical extent of the Andean 
plateau and the location of the central Andean portion of the plateau. 
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The subdued topography within the Altiplano locally rises as high as ~1 km above the 3.8 

km basin floor. To the east of the Altiplano lies the Eastem Cordillera with peaks up to 

—6.4 km. These peaks and the 50 km-wide zone of high topography east of the Altiplano 

are composed of deformed Paleozoic, Mesozoic and Tertiary rocks that have been folded 

and faulted in a way that the structural style is both west and east verging. On the 

eastem side of the Eastem Cordillera, the elevation of the plateau decreases towards the 

sub-Andean zone. The Sub-Andean zone is the modem fold-thrust belt and is presently 

the most tectonically active part of the Andean orogen (Dunn et al., 1995; Moretti et al., 

1996). 

Stratigraphy 

The rocks involved in the Andean fold-thrust belt are a thick (—15 km), 

continuous succession of Paleozoic marine siliciclastic rocks, a thinner, discontinuous 

section (2-4 km) of nonmarine Permian through Cretaceous rocks (Roeder and 

Chamberlain, 1995; Sempere, 1994; 1995; Gonzalez et al., 1996), and locally thick 

sections of Tertiary synorogenic sedimentary rocks (Sempere et al., 1990; Kennan et al., 

1995; Lamb and Hoke, 1997) (Fig. 2). Dominant Paleozoic lithologies include sandstone, 

siltstone and shale (Sempere, 1995; Gonzalez et al., 1996). These marine rocks are in 

turn overlain by Permian to Cretaceous non-marine red beds (eolian sandstone to fluvial 

sandstone, siltstone and shale) and minor marine limestone and shale (Sempere, 1994; 

Sempere 1995). The westem and eastem edges of the fold-thrust belt contain the thickest 

accumulations (3-10 km) of Tertiary syn-orogenic sediments. These depozones, along 
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with sedimentary rocks preserved in scattered synclines throughout the fold-thrust belt, 

track the depositional history of the foreland basin and thus the progression of the fold-

thrust belt though time (Horton and DeCelles, 1997; Horton, 1998; Horton et al. 2001; 

DeCelles and Horton, submitted). 

The thickest part (~15 km) of the Paleozoic succession is centered in the Eastern 

Cordillera (Sempere, 1995; Roeder and Chamberlain, 1995; Welsink et al., 1995). The 

Paleozoic rocks taper eastward onto the Brazilian shield (Welsink et al., 1995). The 

westward taper of the Paleozoic basin is thought to be a result of erosional beveling of the 

section (Sempere, 1995; Roeder and Chamberlain, 1995). On the western edge of the 

Altiplano, the entire Paleozoic section has been removed and Cretaceous sedimentary 

rocks rest on Precambrian basement (Lehmann, 1978; Baby et al., 1990; Geobol, 1995d; 

Geobol, 1997). In the area directly north of the Santa Cruz elbow (Fig. 3), a pronoimced 

bend in the trend of the fold-thrust belt, the Paleozoic basin shallows not only to the east 

but also to the north along an east-west trending boundary at approximately 17 ° S (Baby 

et al., 1995; Sempere, 1995; Sheffels, 1995; Welsink et al., 1995). There, at the eastern 

termination of the Subandes, the Paleozoic basin is no longer present and Jurassic and 

younger rocks rest on Ordovician or Cambrian "basement" (Baby, et al., 1995; Welsink 

et al., 1995). The co-existence of the thick sedimentary to metasedimentary Paleozoic 

basin and the most well-developed portion of the Andean fold-thrust belt strongly suggest 

that original basin geometry and intemal bedding anisotropy strongly controlled the 

geometry and mechanical formation of the fold-thrust belt (Sempere, 1989; Sheffels, 

1995; AJlmendinger and Gubbels, 1996). 
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Figure 4.3. Geographical extent of Paleozoic basin with major central 
Andean physiographic subdivisions Figure modified from Sheffels (1995) 
and Sempere, (1995). SC= Santa Cruz . 
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Because "Andean" deformation is most readily defined by the involvement of 

Jurassic and younger rocks, it is important to understand the regional stratigraphic 

patterns through the central Andean fold-thrust belt. In the northern part of the fold-

thrust belt (17° -16°), Jurassic and younger rocks are only exposed in narrow fault-

boimded synclines. There, the Jurassic rocks rest on lower Devonian to Carboniferous 

rocks (from east to west) (McQuarrie and DeCelles, 2001). However, to the south (21° -

22°), Jurassic rocks are much more prevalent and rest directly on Ordovician rocks (Kley, 

1996; Kley et al., 1997). Jurassic and younger rocks also rest on progressively younger 

Paleozoic rocks both to the east and west of the crest of the Eastern Cordillera. 

Throughout the study area (20° to 17° S), Jurassic rocks generally rest on upper Silurian 

rocks (17° -18° S) to lowermost Silurian rocks (19° -20° S) within the Eastern Cordillera. 

Permian and younger rocks are generally conformable with the lower Paleozoic 

succession, suggesting local or confined areas of pre-Andean deformation through this 

area. Farther south, notably in the Eastern Cordillera (between 20° S and 22° S), the slaty 

cleavage and low metamorphic grade of the Ordovician rocks beneath the Cretaceous and 

younger stratigraphy suggests an event of regional contractile deformation after 

Ordovician but prior to Cretaceous time (Kley, 1996; Kley et al., 1997). 

The rocks involved in the Andean fold-thrust belt can be divided into lithotectonic 

units separated by weak detachment horizons (Fig. 2). These detachment horizons, from 

the lowest to the highest, are the dark argillite, phyllite, and slate of the lower Ordovician 

Capinota Formation, the dark shale of the Silurian Kirusillas/Uncia Formation, the early 

Devonian Icla/Belen Formation and the middle to late Devonian Los Manos Formation. 
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Within the Jurassic and younger rocks the detachment horizons are confined to shale-

and/or salt-rich layers within the Jurassic, Cretaceous, and Paleocene/Eocene rocks. 

These detachment horizons are important for shortening on the Altiplano (McQuarrie and 

DeCelles, 2001). 

Structure 

This work builds upon a decade of structural studies across the central Andean fold-

thrust belt (Roeder 1988; Sheffels, 1988; Sempere, 1990; Baby et al., 1992b; Gubbels et 

al., 1993; Schmitz, 1994; Dunn, 1995; Roeder and Chamberlain 1995; Kley et al, 1996; 

Baby et al., 1997; Kley et al., 1997; Schmitz and Kley, 1997; Kley 1999; Alhnendinger 

and Zapata, 2000). Early papers describing large-scale tectono-stratigraphic boundaries 

and structural divisions in the Andes have proposed major crustal-scale faults. These 

include the main Altiplanic thrust (CALP), the main Andean thrust (CANP), and the 

main frontal thrust (CFP) (Sempere, 1988,1989,1990; Roeder 1988; Baby et al., 1992b, 

Gubbels et al., 1993) (Fig. 4), based on the concept of "main thrust tectonics" proposed 

initially by Auden (1933) for the Himalayas. These thrusts were defined by Sempere 

(1988) because the faults generally separate distinct tectono-stratigraphic terranes. The 

CALP is the westernmost thrust in the central Andean backthrust belt. It separates tightly 

deformed Paleozoic rocks on the west from the more broadly deformed Tertiary and 

younger rocks on the Altiplano (Sempere, 1988; 1990; 1995, McQuarrie and DeCelles, 

2001). The CANP was proposed to facilitate jumps in both stratigraphic and structural 

levels between predominantiy Ordovician rocks within the high peaks of the Eastern 
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Figure 4.4. Generalized geologic map of Bolivia (simplified from Pareja et al., 1978) 
illustrating major lithologic boundaries, thrust systems, and locations of cross sections. 
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BH, Boomerang Hills region. 
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Cordillera and tightly deformed Silurian through Permian rocks to the east (Sempere, 

1988; 1990; 1995; Roeder, 1988, and Roeder and Chamberlain 1995). The CFP separates 

the open folds of the Subandean zone fiom the tightly deformed Paleozoic (Silurian 

through Permian) rocks to the west (Sempere, 1988; Roeder 1988; Baby et al., 1992b, 

Gubbels et al., 1993). 

Another mechanism for producing these distinct groups of tectono-stratigraphic 

terranes is through the involvement of thick, extensive basement thrust sheets. This 

concept was first explored by Kley et al. (1996) and Kley (1996) who proposed that the 

geological structure in the southern portion of the Andean fold-thrust belt could be 

interpreted in terms of two-tiered basement thrust sheets. The upper basement thrust sheet 

was proposed to facilitate the jump in both stratigraphic and structural levels between 

predominantly Ordovician rocks of the Eastern Cordillera and tightly deformed Silvirian 

through Permian rocks to the east within the Interandean zone. The lower basement 

thrust raises the deformed Paleozoic rocks of the Interandean zone with respect to the 

open folds of the Subandean zone. The natural westward continuation of the upper 

basement thrust sheet described by Kley et al. (1996) and Kley (1996) is the basement 

megathrust and footwall ramp proposed by McQuarrie and DeCelles (2001) as a 

mechanism for lifting Paleozoic rocks exposed in the Eastern Cordillera with respect to 

the Altiplano. There, at the boarder between the Eastern Cordillera and the Altiplano, a 

large-scale west-vergent thrust system, referred to as the central Andean backthrust belt, 

places Silurian rocks against >10 km of Tertiary synorogenic sedimentary rocks 

(Sempere, 1988; 1990; McQuarrie and DeCelles, 2001). Minimum depth to basement 
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under the backthnist belt and the Altiplano requires that there be a 12 km step in the 

elevation of basement between the two provinces (McQuarrie and DeCelles, 2001). 

Although this basement step has been previously explained by a large down-to-the-west 

normal fault (Rochat et al., 1996; 1999), McQuarrie and DeCelles (2001) argue that it can 

be facilitated by a 12 km high basement ramp, over which a thick basement megathrust 

propagated, structurally lifting the Eastern Cordillera. These extensive basement thrust 

sheets are another way to explain the same major topographic and structural boundaries 

documented within the Andean fold-thrust belt without calling on major, surface-

breaking, crustal-scale faults (Kley et al., 1999). 

The concept of stacked basement thrust sheets to explain major topographic and 

structural steps can be explored through balanced cross-sections across the entire the 

Andean fold-thrust belt. Balanced cross-sections across an entire fold-thrust belt provide 

a useful method for understanding the deep structure of a mountain belt and obtaining 

miniTniim amounts of tectonic shortening. When combined with timing constraints, 

balanced cross-sections can provide the basis for a kinematic scenario for how the 

mountain belt developed through time. Although balanced cross-sections must be both 

admissible (accurately reflect the structures that appear in the field) and viable (restorable 

to an undefonned state, conserving shortening at all stratigraphic levels), the same set of 

stmctural data may have several altemative solutions (Dahlstrom, 1970; Boyer and 

Elliott, 1982; Elliott, 1983). However, even though cross-sections are non-unique, there 

are techniques that can be used in balancing cross-sections that provide significant 

geometrical constraints (Boyer and Elliott, 1982). These techniques use the 
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interconnectedness and three-dimensional relationships of faults as suggested by map 

patterns and the relationships implied by significant changes in structural levels to 

provide constraints on the three-dimensional portrayal of the structures, increasing the 

likelihood of correctness (Boyer and ElUott, 1982). Although balanced cross-sections 

exist for the fiontal portions of the Andean fold-thrust belt (Roeder, 1988; Baby et al., 

1989; Herail et al., 1990; Dunn et al., 1995; Roeder and Chamberlain, 1995), cross-

sections that extend into the hinterland (Sheffels, 1988; Lamb and Hoke, 1997; Baby et 

al. 1997; Rochat et al., 1999) have not been incorporated into the fold-thrust belt at a 

crustal scale in a way that allows for sequential reconstruction. Notable exceptions are 

balanced cross-sections across southem Bolivia (Kley 1996; and Kley et al., 1997). 

BALANCED CROSS-SECTIONS 

Methods 

Balanced cross-sections were constructed along two transects across the Andean fold-

thrust belt from the undefonned foreland to the volcanic arc. The northern transect (17°-

18° S) extends along the new Cochabamba-Santa Cruz highway from Villa Tunari to 

Cochabamba and from Cochabamba to Oruro. From Gruro it extends west-southwest 

across the Altiplano to just south of the village of Sajama (Fig. 5), a cross-strike distance 

of ~440 km. The southem transect (19°-20° S) traverses the Andes from the village of 

Charagvia to Tarabuco, east of where the cross-section roughly follows the Sucre/ Potosi 

highway to Potosi. The line of section extends from Potosi along the old Potosi/Uyuni 

highway (the same route as the railroad) to the town of Rio Mulato. From Rio Mulato the 
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cross-section is projected across the Salar de Uyuni using seismic sections that run 

through Salinas de Garcia Mendoza (Fig. 6). The cross-strike distance of the southern 

cross-section is —550 km. Because roads through the central Andes do not follow the 

same latitude, the southern cross-section has 4 breaks in section, permitting the cross-

section to follow the mapped geology. The breaks in the section correspond to 

significant along-strike structures, allowing the cross-section to be accurately projected 

north or south (Fig. 6). The interpretations presented in the balanced cross-sections are 

based on new mapping at a scale of 1:50,000 along each transect. The new mapping was 

compiled on to 1:250,000 scale topographic maps in conjunction with existing (100,000 

and 1:250,000) geologic maps to construct the cross-sections. The northern cross-section 

is based entirely on surface data from the Subandes to the Altiplano. Reflection seismic 

sections (courtesy of Yacimientos Petroleros Fiscales Bolivianos (YPFB)) were used to 

constrain the structure beneath the Altiplano. The southern cross-section is based 

primarily on surface data with a few constraints from seismic lines in the Subandes and 

on the Altiplano and published well data (YPFB proprietary data; Dunn et al., 1995). 

The cross-sections were balanced using the concentric bed or sinuous bed method 

(Dahlstrom, 1969). This involves measuring the lengths of the top and bottom of each 

formation to the next fault, and matching the hangingwall and footwall cutoff lengths on 

the restored section with those on the deformed section. The sinuous bed method 

assumes bed-parallel simple shear and the constancy of bed thickness. However, 

constancy of bed thickness does not hold for the thickening of hinge zones and thinning 

of limbs as documented from structures in the field. In this instance care was taken to 
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maintain area balance within the thrust-bounded sheet. The reasoning and the 

justification behind detailed aspects of each cross-section are annotated on the balanced 

cross sections (plate 1 and 2). The balanced cross-sections and the accompanying 

undeformed sections were entered into 2D-move (Midland Valley) to produce 

sequentially restored sections that portray how the fold-thrust belt may have evolved 

through time. 

Designation of zones 

The two newly constructed balanced cross-sections across the Andean fold-thrust belt 

help define six tectono-structural zones based on the relationship between packages of 

structures with similar vergence, offsets and geometries and two proposed extensive 

basement megathrusts that underlie the tightly deformed cover. The divisions are based 

on structural differences between each entity and their relationship to the underl5dng 

basement thrusts. These zones are as follows: the Western Cordillera, the Altiplano zone, 

the Eastern Cordillera zone, the Interandean zone and the Subandean zone. In this paper, 

the Eastern Cordillera zone is further subdivided into a western section of generally west-

verging faults (the Eastem Cordillera backthrust zone) and an eastern section of east-

verging faults (the Eastem Cordillera forethrust zone). The segments will be discussed 

east to west in the direction of increasing structural complexity and decreasing subsurface 

data. 
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Northern Cross-section 

Foreland. The foreland basin geometry is constrained by numerous seismic lines and 

well data through the Boomerang Hills area directly south of the cross-section. The 

proximal depth of foredeep sediments is 5 km and the basement slopes 4° towards the 

fold-thrust belt (Baby et al. 1995; Roeder and Chamberlain, 1995; Welsink et al., 1995). 

A few wells have penetrated Silurian rocks in the area and have encountered well-

lithified quartz arenite and shale interpreted to be the upper Ordovician. This same 

horizon is recognized on seismic sections as the effective basement throughout the area 

(Welsink et al., 1995) 

Subandean zone. Based on map pattern geometries, the Subandean zone along the 

northern transect consists of faulted folds mthin Tertiary foreland basin sedimentary 

rocks, a narrow zone of thrusts in Cambrian through Devonian rocks and a large thrust 

sheet of Cambrian through Devonian rocks. The geometry of the large thrust sheet can 

be readily seen on geologic maps (Figs. 4 and 5). The panel of Cambrian to Silurian rock 

is essentially horizontal with respect to the line of cross-section but homogeneously 

dipping to the northwest at approximately 35° (Plate 1, #7). In this area of the cross 

section and directly south are some of the few places where Cambrian rocks involved in 

the fold-thrust belt are exposed at the surface (Fig. 5) (Pareja et al, 1978; Suarez et al., 

2001), suggesting the presence of basement in the shallow subsurface (Plate 1). This 

structural high extends approximately 50 km to the southeast (Figs. 4 and 5) such that the 

regional exposure of the older rocks most likely reflects lateral footwall ramps under this 
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Figure 4,5. Generalized geologic map for the northern cross-section. The map is 
simplified fi:om Pareja et al. (1978), Goitia (1994), Geobol (1994; 1995a; 1995b; 1996a), 
Suarez (2001) with detailed mapping along specified transects superimposed. Major 
tectono-structural zones identified by brackets. CNF, Cochabamba normal fault. 
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basement high. East of this wide strip of Cambrian rocks is a narrow fault-bounded 

syncline also in Cambrian rocks. Due to its limited east-west extent, and the stratigraphic 

separatiou on the faults, this fault-bounded syncline is interpreted to be the eastward 

extension of the Cambrian through Devonian thrust sheet (Fig. 5, Plate 1). The narrow 

zone of faulted Ordovician through Devonian rocks between the outcrop exposures of 

Cambrian is interpreted to be two subsidiary horses, which fed slip into the Cambrian 

thrust sheet (Fig. 5, Plate 1, #3). The cross sectional interpretation of the Subandean 

zone from east to west along the northern transect, consists of three fault propagation 

folds detaching in lower Ordovician shale and a thick panel of Cambrian through 

Devonian rocks fed by two horses in upper Ordovician through Devonian strata (Plate 1, 

#3). The lower Ordovician shale is a major decollement for much of the northern 

Subandean fold-thrust belt (Baby et al., 1995), and thus it is a logical to infer that this is 

the detachment horizon for the frontal fault propagation folds. Because including 

Ordovician rocks in the deformation increases the thickness of the rocks being deformed, 

this conservative approach minimizes the amount of shortening necessary to produce the 

structures mapped at the surface. The Ordovician constitutes the effective seismic 

"basement" of the region (Welsink et al., 1995), and the total thickness of the Ordovician 

is imknown. For these reasons, the cross-section shows only a small taper in the 

thickness of the Ordovician from its exposed thickness farther to the west. 

The elevated level of basement (Plate 1, #5) can be accounted for by the presence of a 

major basement thrust suggesting the shortening within the Subandean zone is 

accommodated by motion along this thrust. 
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Between 16° and 17° S the Subandean zone is narrower than it is in any other part of 

the central Andean fold-thrust belt (see Baby et al., 1995; Roeder and Chamberlain, 1995; 

Dunn et al., 1995). This "bite" in the Subandean fold-thrust belt coincides remarkably 

with a sitniiar "bite" in the Paleozoic basin geometry (Fig. 3) suggesting a strong 

connection between the geometry of the initial Paleozoic basin and the geometry of the 

resulting fold-thrust belt (Sempere, 1989; Baby etal., 1995; Sheffels, 1995). 

Interandean zone. Throughout the Interandean zone in the northern study area, the 

structural style at the surface is repeating sections of Ordovician rocks and lower Silurian 

shale ( Fig. 5, Plate 1). Within this area, the Ordovician is divided into three distinct 

imits: the Capinota, Anzaldo, and San Benito Formations. The Capinota Formation 

contains dark siltite, phyllite, and slate. It is a mechanically weak layer and is interpreted 

to be a major detachment horizon within the fold-thrust belt (Baby et al., 1995). The 

Capinota is overlain by the mechanically strong siltite and quartzite of the Anzaldo 

Formation. The thick-bedded quartzite of the San Benito Formation is the mechanically 

strongest layer within the Ordovician sequence. The thrusts in the Interandean portion of 

the northern cross-section generally place the Anzaldo Formation on San Benito 

Formation, or Anzaldo Formation on lower Silurian shale. Bedding generally dips at a 

low angle, 20° to 40° to the west, and the relationship of hangingwall to footwall bedding 

suggests that most of these faults where seen at the surface are hangingwall flat on 

footwall flat. The cross-sectional interpretation of this map pattern is long bed lengths of 
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the Anzaldo and younger Formations balanced by a series of horses in the mechanically 

weak Capinota Formation (Plate 1). 

The Interandean zone was defined by Kley (1996) as an area of "thin skirmed" 

deformation that is structurally elevated with respect to the Subandean zone to the west. 

In the northem cross-section, the basement thrust proposed to accommodate shortening in 

the Subandean zone produces this structural elevation. 

Eastern Cordillera forethnist zone (ECFZ). The ECFZ is a belt of thin-skinned, east-

verging thrust faults, which are structurally elevated, with respect to the Interandean zone 

as expressed by the stratigraphic level of the present-day erosion surface (Figs.4 and 5). 

This structural step is difficult to see at the latitude of the northem cross-section because 

in this 50-75 km wide, north-northwest to south-southeast corridor, Ordovician rocks are 

present at the surface fi:om the Subandean zone through much of the Eastern Cordillera. 

However, both to the north and the south, this step fi:om the Interandean zone to the 

Eastern Cordillera zone is highlighted by the change in predominant stratigraphy from 

Devonian and younger rocks to the east and Ordovician rocks to the west (Figs. 4 and 5). 

For the northem cross-section the ECFZ is not well-developed and overlaps in space with 

the deformation in the Interandean zone. There, the ECFZ contains only the slightly 

deformed undulating Ordovician surface east of the Cochabamba normal fault (Fig. 5, 

Plate 1). This structurally elevated area of minimal deformation argues for basement 

close to the surface. 
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The western boundary of the Interandean zone in the northern cross-section is the 

Cochabamba normal fault (Fig. 5, Plate 1). The Cochabamba fault has been interpreted 

to be a shallow normal fault associated with left-lateral slip within the Eastern Cordillera 

(Sheffels, 1995; Kennan et al., 1995). The cross-section interpretation presented in this 

paper suggests that the fault is minor (with ofifsets of —2.5 km) and that it is a "thin 

skinned" feature of the fold-thrust belt, detaching in lower Ordovician shale (Capinota 

Formation). 

The structural elevation of the Eastern Cordillera zone is proposed to be the result of 

a second, higher-level basement thrust that lifted the Eastern Cordillera with respect to 

the Interandean zone (Kley, 1996; Kley et al., 1997; McQuarrie and DeCelles, 2001). 

Support for an upper level basement thrust includes the broad Sama-Yunchara 

anticlinorium in southern Bolivia (Kley, 1996) and the transition between the central 

Andean backthrust belt and Tertiary synorogenic sediments on the Altiplano (McQuarrie 

and DeCelles, 2001). 

Eastern Cordillera backthrust zone (ECBZ). The backthrust zone is a belt of 

westward verging and westward propagating thrust faults that extend from the high peaks 

of the Eastern Cordillera westward into the Altiplano. (Roeder, 1988; Sempere, 1990; 

Baby et al., 1990; Roeder and Chamberlain, 1995; Baby et al., 1997; McQuarrie and 

DeCelles, 2001). The ECBZ is dominated by tight folds (wavelengths of 5-10 km) and 

steep (45-65°), generally eastward-dipping thrust faults with 5-40 km of displacement 

(Plate 1). The faults throughout the ECBZ often breach the shared limbs of folds placing 



149 

hangingwall anticlines over footwall synclines. The axis of many of the synclines are 

cored with Jurassic age rock and the common regional elevation of many of the Jurassic-

cored synclines suggest a relatively shallow and uniform detachment horizon 

Based on map pattern interpretations, predominant structures in the backthrust zone 

include fault-propagation folds, imbricate fans, and duplexes (McQuarrie and DeCelles 

2001). In order to keep a relatively shallow and uniform detachment horizon, and 

because the oldest rocks exposed in the ECBZ are in the Ordovician Anzaldo Formation, 

the main detachment level for the backthrust zone is proposed to be within the lower 

Ordovician shale. The strong Ordovician rocks overlying the shale are interpreted to form 

fault-bend folds with an upper level decollement either below or above the resistant 

Ordovician San Benito Formation. The upper level detachment facilitated the formation 

of fault-propagation folds in the stratigraphically higher units; thus, tight folds and steep 

faults dominate the shallow structure. 

Altiplano zone. The transition between the backthrust zone and the Altiplano is one in 

which the west-verging backthrust belt places Silurian rocks against Tertiary synorogenic 

sedimentary rocks (Plate 1). The dominant structure within the Altiplano is the Corque 

syncline. The Corque syncline is a 10-15 km amplitude fold composed entirely of 

Tertiary synorogenic sedimentary rocks. The amplitude of the fold is supported by both 

map data (Geobol, 1995d; Kennan et al., 1995; Lamb and Hoke, 1997; McQuarrie and 

DeCelles, 2001) and seismic reflection data (Lamb and Hoke, 1997). Minimum depth to 
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basement under the backthrust belt and the Corque syncUne requires a 12 km step in the 

elevation of basement between the two provinces (McQuarrie and DeCeUes, 2001). 

The structure of the transition zone between the Eastern Cordillera and the Altiplano 

can be seen on industry seismic lines from approximately the same area as shown in the 

northern cross-section (see McQuarrie and DeCelles (2001) for details on the seismic). 

Seismic lines and associated well data indicate that under the Lago Poopo basin ~5 km of 

young (<25 Ma) synorogenic sedimentary rocks rest directly on Silurian strata (Fig. 5, 

Plate 1). This suggests that Devonian through Paleocene (and possibly through 

Oligocene) rocks were removed before —25 Ma. Seismic data also suggest that the level 

of the Paleozoic section under the Lago Poopo basin is intermediate between its level in 

the backthrust zone and its level beneath the Corque syncUne directly to the west. The 

uplift of the Paleozoic and yoimger rocks under the Lago Poopo basin and their 

subsequent erosion could have been caused by an early basement thrust, with a relatively 

small amount (-20-30 km) of displacement. The synorogenic sedimentary rocks of the 

Poopo basin record the approaching west-verging backthrust belt. These growth 

structures are predominantly growth folds and faults in Miocene strata overlying fault 

propagation folds in Paleozoic rocks near the western limit of the backthrust zone (Lamb 

and Hoke, 1997; McQuarrie and DeCelles, 2001). 

In the cross section (Plate 1), the 12 km offset in the basement is accommodated by 

the upper level basement thrust described above. As the basement megathrust propagated 

up and over the basement ramp, it raised the Paleozoic rocks ~12 km above their regional 

structural elevation. The relationship of the backthrust belt to the Altiplano suggests that 
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the Altiplano basin is a piggyback basin created as a basement megathrust propagated up 

and over a half-crustal scale ramp located just west of the physiographic botmdary of the 

Eastern Cordillera (McQuarrie and DeCelles, 2001). The basement ramp interpretation is 

supported by a linear, 100+ km long, northwest trending gravity anomaly seen on U.S. 

Geological Survey and Geobol (Servicio Geologico de Bolivia) gravity map (Cady, 1992; 

Cady and Wise, 1992). On the eastern edge of the Altiplano, the gravity map shows a 50-

70 mGals gravity increase over a 50-60 km distance (Fig. 7). This gravity anomaly can 

be explained by the basement geometry proposed by McQuarrie and DeCelles (2001) and 

shown in the northern cross-section (Plate 1) (Fig. 7). 

Basement rocks exposed at the svirface in the western Altiplano create a need to uplift 

the basement ~12 km with respect to the base of the Corque syncline (Fig. 5). The 

growth of this basement high is manifested by Tertiary growth structures imaged on 

seismic lines west of the Corque syncline along the same line of section as the northern 

cross-section. These growth structures diverge eastward suggesting that the basement 

was uplifted with respect to the syncline between 25-5 Ma (McQuarrie and DeCelles, 

2001). Conformable Miocene strata on the west limb of the Corque syncline and an 

angular unconformity between steeply dipping mid-Miocene and more shallowly dipping 

upper Miocene rocks in the east limb of the syncline (Lamb and Hoke, 1997; industry 

data) suggest most of the rotation of the western limb, and growth of the basement high, 

was post-10 Ma. The crustal duplex in the hinterland of the northern section is proposed 

to fill this space and lift basement with respect to the Corque syncline suggesting the 

syncline is bounded on the east by a basement ramp and on the west by a proposed 
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basement duplex (Plate 1) (McQuanie and DeCelles, 2001). Compression associated 

with the growth of this duplex may have folded the western limb and faulted both the 

western and eastern limbs of the syncline. The slip accommodated by faulting on both the 

western and eastern limbs of the Corque syncline is —40 km, much more than can be 

accounted for by simple out of the syncline slip. The sUp is the minimal amount 

necessary to move hangingwall cut-offs and erosional truncations through the erosion 

surface. Slip associated with the growth of the duplex would have been fed eastward on 

the lower basement thrust, and is accommodated in the frontal part of the fold-thrust belt 

as deformation in the Subandean zone. 

Southern cross-section 

Foreland. The foreland basia geometry for the southern cross-section is also well 

supported by numerous seismic lines and well data. In contrast to its expression to the 

north, the foreland basin to the south is more shallow, 3 km deep, and the dip of the 

basement is less pronounced, 2° toward the movmtain belt, than to the north (Plate 2) 

(Baby et al., 1992b, Durm et al., 1995). 

Subandean zone. The geometry of the southern Subandean zone is well known 

(especially close to the foreland) and the predominant structures have been imaged on 

numerous seismic lines (Baby et al., 1992b, Duim et al., 1995). Because of the 

abundance of data and cross-sections that exist for the southern Subandean zone, the 

cross-section was constructed to resemble as closely as possible pre-existing cross-
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Figure 4.6. Generalized geologic map for the southern, cross-section. The map is 
simplified from Pareja et al. (1978), Geobol (1962a; 1962b; 1962c; 1962d; 1996b), and 
Suarez (2001), with detailed mapping along specified transects superimposed. Major 
tectono-structural zones identified by brackets. 
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Figure 5.7. Gravity profile and model across the transition from the backthrust zone 
to the Altiplano zone for (A) the northern cross section (plate 1) and (B) an area 100 
km to the north (see McQuarrie and DeCelles (2001) for the accompanying cross section). 
Gravity data is from Cady (1992) and Cady and Wise (1992). Densities, marked by D, 
are given in gm/cm3. The proposed basement ramp is the 50-60 mGals gravity high on 
the eastern edge of the A and B. If the space was filled by Paleozoic rocks (no basement 
step), the modeled gravity over the backthrust zone is 40-50 mGals too low. Western 
gravity low on line B is a local circular feature perhaps related to the abundant volcanics 
in the Western Cordillera. Unfortunately gravity station coverage in the Western Cordillera 
is sparse so structures related to Quaternary volcanics are not discemable 
(Cady and Wise, 1992). 
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sections (Dunn et al. 1995, Fig 16). However, because the line of section in Plate 2 is 

—30 km distant from Duim et al. (1995), there are minor differences in structures of the 

fold-thrust belt-

The Subandean zone is interpreted to be an in-sequence, thin-skinned thrust system 

detached along lower Silurian shale (Plate 2) (Dunn et al. 1995). The zone has a very 

distinctive map pattern and topographic expression. The map pattern is one of narrow 

anticlines, often broken by thrust faults, separated by broad synclines (Fig. 6). Resistant 

Carboniferous sandstone holds up the anticlinal ridges that create the distinctive valley 

and ridge topography (Fig. 1). 

Based on seismic and cross-section interpretation two predominant geometries of 

folds and faults are present in the Subandean zone. Near the basal detachment in the 

Silurian shale, the faults form fault-bend folds and ramp through the Silurian and lower 

Devonian and become flat again along upper Devonian shale. Near the surface, the tight 

folding reflects fault-propagation folds. Tight anticlines are a result of westward 

wedging and internally deforming upper Devonian shale. This wedging is visible in three 

seismic lines that cross the Charagua anticline (Dunn et al., 1995) and are supported by 

well data along other anticlinal structures (such as the Sararenda anticline) (Baby et al., 

1992b, Dunn et al., 1995). Typically the anticlines are breached by breakthrough thrusts, 

which nucleate in the overtightened back limb of a fault propagation anticline. (Fig. 6, 

Plate 2) (Dunn et al., 1995). 
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Interandean zone. The western edge of the Subandean zone is marked by an increase in 

structural elevation, tighter structures involving SUurian through Carboniferous rocks, 

and Ordovician and basement rocks incorporated into the thrust belt (Fig. 6, Plate 2). 

Although the structures are more tightly deformed and acconunodated at a different 

structural level, the general geometry of the Interandean zone is similar to the Subandean 

zone. The lower horses are interpreted to detach at the base of the Ordovician and 

involve Ordovician through lower Devonian to the east and, as the Ordovician thickens, 

only Ordovician to the west. In the western part of the Interandean zone, imbricated, 

long bed-length thrusts within the Ordovician are proposed to bring the older rocks near 

the surface. To balance the length of the Ordovician thrusts with the bed-length of the 

Silurian and Devonian near the surface, a second detachment is required at the base of the 

SHurian and the bed-lengths of the Silurian and younger rocks are projected through the 

erosion surface (Plate 2). 

Evidence for basement involvement in this portion of the fold-thrust belt comes from 

arguments based on abrupt changes in structural elevation (Kley, 1996), gravimetric and 

magnetotelluric data (Kley et al, 1996; Schmitz and Kley, 1997), and a large change in 

gravity correlated with a seismic refraction discontinuity (Wigger et al., 1994; Dunn et 

al., 1995). It is this marked change in stratigraphic and structural levels, along with a 

change in the style of deformation, that have been used to argue for a major boundary 

thrust (the CFP) with significant displacement (Sempere, 1988, 1990; Roeder 1988; Baby 

et al., 1992b). The southern cross-section matches the interpretation of Kley (1996) for a 

single basement thrust sheet to accommodate the change in stratigraphic, structural and 
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topographic levels. The leading edge of this basement thrust sheet is coincident with the 

change from the Subandean to the Interandean zone for the southern cross-section (Plate 

2). Displacement on this thrust sheet is taken up by shortening within the Subandean 

zone. 

Eastern Cordillera forethrust zone (ECFZ). The western edge of the Interandean 

zone is marked by another increase in both structural and topographic elevation (Fig. 6, 

Plate 2) that has been interpreted as the CANP (Sempere, 1988; 1990). Within the area 

of the southern cross-section (19°-20° S), this change in elevation is accommodated by 

the leading edge of a basement thrust. To the south, (~21°-22° S) the step in structural 

and topographic elevation is attributed to the Sama-Yunchara anticliaorium, which is also 

interpreted to be the hangingwall ramp or anticline associated with a basement thrust 

sheet (Kley et al., 1996; Kley, 1996). The eastern limb of the Sama-Yunchara 

anticlinorium is defined by an almost uniformly dipping succession of Cambrian through 

upper Devonian rocks (Geobol, 1992). The western limit of the western limb is the axis 

of the Camargo syncline (Fig. 4). The Sama-Yunchara anticlinorium plunges to the north 

and dies out just north of 21° S (Fig. 4)(Geobol, 1992). The basement high portrayed in 

the south cross section is offset to the west of the Sama-Yunchara anticlinorium (Figs. 4 

and 7). Again the eastern limb of the basement structure is defined by a uniformly 

dipping succession of rock (Ordovician through Jurassic). Within the study area it is 

highlighted by the doubly plunging Ihcapampa syncline and the Tarabuco syncline (Figs. 

4 and 6). The western limb of the structure is marked by the Betanzos and Maragua 
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synclines, which are offset slightly to the west of the Camargo syncline. As in the cross-

sections across southern Bolivia (~21°-22° S) (Kley, 1996), the broad axis of the 

basement antiform is interpreted here to trace the upper edge of a major footwall ramp 

(the footwall ramp for the lower basement thrust) and the axis of the westem synclines 

(Figs. 4 and 6) (Camargo syncline and its northern equivalents) follow the lower edge of 

the ramp (Kley et al., 1996; Kley, 1996; Alhnendinger and Zapata, 2000). Both 

basement highs appear to plunge towards each other and are perhaps separated by a 

lateral ramp within the upper basement thrust sheet. The surficial expression of this 

lateral ramp may be the Otavi syncline, which trends obliquely northwest-southeast, 

between the Sama-Yunchara anticlinorium and its northern, south-plunging equivalent 

(Fig. 7). 

Second-order faults and folds within the cover rocks complicate the general 

antiformal structure of the basement thrust sheet. The predominant style and geometry of 

the ECFZ are similar to those of the Interandean zone. However, in the ECFZ the fault-

bend horses are in the lower Ordovician rocks and the regional detachment horizon for 

the fault propagation folds is either in the upper Ordovician San Benito Formation or in 

the mid-Ordovician Anzaldo Formation. 

Eastern Cordillera baekthrust zone (ECBZ). The transition from the ECFZ to the 

backthrust zone is -25 km east of 66° W (Fig. 6). There, the vergence of the faults 

switches from predominantly eastward to predominantly westward. The map pattern 

expression of the ECBZ is moderately steep-limbed folds (45°-75°) broken by west-
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verging faults placing hangingwall anticlines over footwall synclines. The tight folds cut 

by faults with high fault-bed angles (Plate 2) suggest the shortening in these rocks was 

accomplished first by foldiag above a propagating fault tip and later by faulting (Mitra, 

1990; McNaught and Mitra, 1993). The detachment horizon within the Ordovician rocks 

is less constrained than in other parts of the cross-section because the Ordovician rocks 

only stirface on a few thrusts on the eastem side of the backthrust zone. However, the 

short wavelength of the folds (many of which are also in the upper Mesozoic rocks) and 

the common regional elevation of many of the Cretaceous-cored synclines suggest a 

relatively shallow and uniform detachment horizon (Plate 2). Because the amount of post 

Ordovician stratigraphy increases to the west, the detachment in the Ordovician climbs 

westward as well. 

The change in geometry of the structures and the uniform climb in the detachment 

level argue for a homogeneous mechanical competence in the Ordovician rocks. This is 

consistent with the general stratigraphic trend of the Ordovician throughout Bolivia from 

sandstone and siltstone rich formations in northern Bolivia to shale and phyllite rich 

formations in the south (Rivas, 1971; Rodrigo-Gainza and Castanos, 1978; Kley et al., 

1997). ha northeastern Bolivia, the Ordovician can be divided into the three distinct 

lithologies described previously. However towards the southwest, specifically south of 

20° S and west of 66° W, the thick quartzite beds that characterize the San Benito 

Formation and the siltite to quartzite beds that define the Anzaldo Formation get much 

thinner and less prevalent. The dominant lithology of the Ordovician in southern Bolivia 

is shale/phyllite with minor sandstone horizons (Kley, 1996; Kley et al., 1997). This 
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more uniform, mechanically incompetent rheology may express itself structurally as tight 

fault-propagation folds above a uniform detachment rather than fault-bend folds, which 

favor alternating weak and strong horizons. 

Altiplano zone. The Altiplano zone at the latitude of the southern cross-section is 

deformed in an. east-verging fold belt termed the Rio Mulato fold belt (McQuarrie and 

DeCelles, 2001). The fold belt is a series of large amplitude (up to 8 km) salt-cored folds 

in Cretaceous and younger rocks, which detaches in Jurassic/Cretaceous salt. Many of 

the folds are broken by minor thrust faults that verge eastward (McQuarrie and DeCelles, 

2001)(Fig. 6, Plate 2). The Rio Mulato fold belt is thrust over Miocene sedimentary rocks 

of the Quehua Formation on an east-verging fault that is interpreted to be the basal 

detachment for the fold belt (Plate 2). The large amplitude of the folds and the thickness 

of the Jurassic through Tertiary section produce a 10 km-high basement step between the 

predominantly Paleozoic rocks exposed to the east and the equivalent Paleozoic rocks 

which are buried 15 km beneath the fold belt to the west. Although not as tightly 

constrained as in the northern cross-section, this offset can be explained by the same 

large east-vergent basement thrust and ramp as was proposed for the basement step in the 

north (McQuarrie and DeCelles, 2001) (Plate 2). 

The cross-section west of the Salar de Uyuni is constrained by seismic sections and 

well data in the area of Salinas de Garcia Mendoza (Fig. 6). The seismic lines show a 

large-amplitude syncline of the same order of magnitude as tlie Corque syncline to the 

north. The seismic lines also reveal the gentle eastward dip and possible growth in the 
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sjniorogenic sedimentary rocks west of the salt-cored, fault-propagation fold under the 

Salinas de Garcia Mendoza well. These gentle eastward dips may reflect the same 

growth of the basement duplex as proposed for the western growth structures seen on the 

seismic sections to the north (McQuarrie and DeCelles, 2001). 

Shortening Estimates 

Restoration of balanced cross-sections provides a minimnm estimate of horizontal 

shortening along transects though the Andean fold-thrust belt. The shortening estimates 

are divided into the zones presented in this paper, illustrated on Figs. 5 and 6 and Plates 1 

and 2 and shown in Table 1. The combined shortening of the Interandean zone and the 

Eastem Cordillera zones (both forethrust zone and backthrust zone) was accommodated 

by shortening on the higher basement thrust. For the northern cross section, this 

displacement is 181 km or 46 % shortening, in the southern cross section this shortening 

is 218 km or 45 %. The slip from the upper basement thrust sheet is by far the most 

extensive. The lower basement thrust sheet only accommodates slip within the 

Subandean zone (67-72 km). Although the cimiulative slip on the basement faults 

themselves is significant (67-218 km) the emergent faults along the eastem boundary of 

the Interandean zone and the Subandean zone have slip magnitudes on the order of 5-10 

km. The total shortening for both cross sections is 300-330 km. 
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Table 1 

Northern length original length final shortening G^) percent shortening 

Subandean 131 59 72 55% 

Interandean 
87 48 39 44% 

Eastern Cordillera 

Backthrust 308 166 142 46% 

Aitiplano 222 174 47 22% 

upper basement sheet 181 46% 

lower basement sheet 72 55% 

total 748 448 300 40% 

Southem 

Subandean 206 139 67 33% 

Interandean 152 56 96 63% 

Eastern Cordillera 178 112 66 37% 

Backthrust 152 96 56 37% 

Aitiplano 194 153 41 21% 

upper basement sheet 218 45% 

lower basement sheet 67 33% 

total 882 556 326 37% 

Table 4.1. Table of shortening estimates for the northern and southern cross sections. 
Length original, length final and shortening are all in kilometers. 
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BASEMENT STRUCTURE 

The large-scale structural, morphological and topographical features of the Andean 

fold- thrust belt and thus the Andean plateau, can be best explained by the duplexing and 

stacking of long (—200 km), thick (-10-15 km) basement megathrust sheets. This first-

order geometry is most readily seen in Fig. 8a where the Andean plateau and associated 

fold-thrust belt is stripped of the tightly deformed Paleozoic and younger cover rocks. 

There is a three-fold stacking of basement rocks (the Eastern Cordillera basement thrust 

on the Interandean basement thrust on the Brazilian craton) within the eastern portion of 

the fold-thrust belt and a proposed basement duplex in the hinterland. The edge of the 

Andean plateau as defined by the 3 km topographic contour is roughly coincident with 

the eastern edge of the upper basement thrust sheet in the east and the western edge of the 

basement duplex in the west. The Altiplano is a structural depression between two 

basement highs that has been infilled with sediments since the structural damming of its 

eastern margin (Semepre, 1989; 1990; Kennan et al., 1995; Lamb and Hoke, 1997; 

Rochat et al.l999; McQuarrie and DeCelles, 2001). 

The basement structure imparts its own signature to the geometric expression of the 

overlying deformation as well (Kley, 1999). This is seen in Fig. 8b where the first order 

features of the fold- thrust belt such as the six tectono-structural divisions proposed in 

this paper are superimposed on a simplified geologic map of the Bolivian Andes. 

Especially in the south where the fold-thrust belt has been the least affected by erosion, 

the eastem limb of the Sama-Yunchara anticlinoriiun, or the hanging wall ramp in the 

upper basement slab is marked by an almost uniformly dipping and "eastward-yoimging" 
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Figure 4.8. A. Structural elevations due to the overlap of basement megathrusts (Paleozoic 
cover not shown) (modified from BCley, 1999). There are 3 significant structural steps. 

The first is a footvvall ramp on the eastern edge of the Altiplano, the second is the overlap of 
both a hangingwall ramp of the upper basement thrust sheet and a footwaU ramp for the lower 
basement thrust sheet at the Eastern Cordillera/Interadean zone transition. The third major step 
is the hanging wall ramp of the lower basement thrust sheet at the transition between the Interadean 
zone and Subandean zone. B. Simplified geologic map showing the correlation between basement 
structure and surficial geology. Major synclines marked as in Fig. 4. C. Correlation between the 
structural elevations of the basement megathrusts, the tectono-structural zones proposed in this 
paper and major topographic steps in topography (modified from Kley, 1999). In the south there is 
a strong correlation between the Interandean zone and topographic elevations of 2000-3000 m. In 
the north the break in elevation occurs in the Eastern Cordillera (Kley, 1999). 
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panel of Cambrian through upper Devonian rocks (Figs. 6 and 8). The chain of slightly 

offset, doubly plunging synclines marks the edge of the westem limb of the antiform. 

The broad axis of the adjoining synform traces both the upper edge of a major footwall 

ramp and the lower edge of a major hanging wall ramp. The strong signal of the upper 

basement thrust is lost in the N-S to NW-SE bend of the orogen at —17.5° S. Just north of 

the bend, within the Interandean zone, two pronounced lateral ramps bring Cambrian-

Ordovician rocks to the surface (Fig. 8b). The map-pattern expression of this double 

ramp system is a swath of Cambrian-Ordovician rocks that extends into the Interandean 

zone (Figs. 5 and 7). The thickness of the basement within the hanging wall is similar to 

the north and south suggesting the structural high is due to lateral ramps within the 

footwall of the thrust. Within this zone, the basement thrust sheet has climbed from the 

top of Cambrian strata to the top of Ordovician strata creating a structural high (plate 1). 

To the north of this stmctural high, the transition between the eastern limb of the hanging 

wall ramp in the upper basement slab and the Interandean zone is again an almost 

uniformly dipping and eastward-yoimging panel of Ordovician through Carboniferous 

rocks. 

The basement megathrust sheets are impressive in their thickness, length, and amount 

of transport. Such megathrusts, however, are common in the medial to hinterland parts of 

major orogenic wedges. Examples of megathrusts in other orogens include the Blue 

Ridge-Piedmont sheet (southem and central Appalachians; Mitra, 1978; Hatcher and 

Hooper, 1992; Boyer and Elliott, 1982), Canyon Range and Willard thrust sheets 

(Cordilleran fold-thrust belt; Yonkee, 1992; DeCelles et al., 1995), and the Main Central 
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thrust (Himalayan fold-thrust belt; Schelling, 1992). The thickness and extent of such 

huge thrust sheets can be attributed to the strength of the rocks they carry. The rocks 

contained in megathrust sheets are typically very strong (crystalline basement or thick, 

uniform sheets of quartzite) with respect to their decollement. The main decollement 

surface for crystalline megathrusts is the thermally weakened brittle-ductile transition 

zone (Hatcher and Hooper, 1992). Thus even though the basement faults are depicted as 

discrete faults (i.e. narrow lines) in the cross-sections, in actuality the deformation most 

likely occurred along a wide, ductile, diffuse crustal shear zone. 

KINEMATIC HISTORY 

The sequential kinematic evolution of the Andean fold-thrust belt along the northern 

and southern lines of cross-section is depicted in Figs. 9 and 10. The proposed evolution 

is based almost entirely on the geometric constraints of the structural cross-sections 

presented above, but is consistent with available basin migration history (Horton et al., 

2001, DeCelles and Horton, in review), ages of overlapping syntectonic sedimentary 

rocks (Sempere et al., 1990; Jordan et al., 1997) and local thermochronology (Benjamin 

et al., 1987; McBride et al, 1987; Sempere et al., 1990; Masek et al., 1994). The 

kinematic cross-sections were constructed under the assumption that the faults are in-

sequence in the direction of transport whenever possible. The most obvious departure 

from this assumption is the zone of eastward-verging "backthrusts" within the southem 

cross-section. This anomalous zone is discussed further below. 
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Figure 4.9. Kinematic evolution diagram showing the structural development of the 
northern cross-section. The restored section (plate I) is sequentially deformed in 8 steps. 
Dates indicate local timing constraints and arrow shows the location of the Cochabamba 
area with time. Scale is in kilometers with no vertical exaggeration. 

Figure 4.10. Kinematic evolution diagram showing the structural development of the 
southern cross-section. The restored section (plate 2) is sequentially deformed in 7 steps. 
Dates indicate local timing constraints and arrow shows the location of the Tarabuco and 
Incapampa synclines (or eastern edge of the Andean plateau) with time. Scale is in 
kilometers with no vertical exaggeration. 
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Due to the foreland-ward migration of fold-thrust belts with time and the prevalence: 

of volcanic cover throughout the western Andes, constraints for the onset of mountain 

building wdthin the Bolivian Andes are most readily identified by the age of the oldest 

sediments derived from the growing otogenic wedge. Thus, the recognition of late 

Cretaceous to late Eocene backbulge and forebulge deposits along with a late Eocene to 

Oligocene foredeep within the Altiplano and Eastern Cordillera strongly suggest that a 

fully developed fold-thrust belt and foreland basin system existed in Chile and/or 

westernmost Bolivia in late Cretaceous-Paleocene time and that this fold-thrust belt 

propagated eastward with time to create the modem Andean fold-thrust belt (DeCelles 

and Horton, 1999; 2001). I propose that this early fold-thrust belt propagated eastward 

along the brittle-ductile transition zone creating the basement faults that controlled the 

large-scale evolution of the fold-thrust belt. 

The kinematic sequence starts with the propagation of the fold-thrust belt along the 

brittle ductile transition and the extension of the basal detachment —200-400 km to the 

east. In the north, this basal thrust cut up through the basement earlier (—200 km) but 

then propagated eastward again along the lower Ordovician shale another —250 km 

before it breached the surface (Fig. 9 stages l-2a). Perhaps because of the dramatic 

overextension of the fold-thrust belt, the first series of structures to form were roof thrustts 

in the mechanically strong Ordovician Anzaldo and San Benito Formations and duplexes 

in the weak lower Ordovician Capinota Formation creating a local topographic and 

structural high (Fig. 9, step 2a). Evidence for a western basement thrust v^th minimal 

slip (—20 km) is taken from both the intermediate step in the level of the Paleozoic under: 
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the Lago Poopo basin (Plate 1) (McQuarrie and DeCelles, 2001), and the erosion of as 

much as 3-5 km of Cretaceous through Oligocene strata from this narrow, 40 km wide 

area (industry well data, 2000). 20 km of slip was fed up this westem ramp before a new 

favdt developed along the brittle-ductile transition zone and created a new basement ramp 

~170 km to the east (Fig. 9, step 2b). In the south, the detachment climbed directly from 

the basement to the surface. Slip from the detachment was accommodated by a series of 

eastward-propagating thrusts (Fig. 10 step 2). Evidence for inception of basement 

thrusting is loosely constrained by thermochronologic data. Sparse thermochronologic 

data from zircon fission track and ''°Ar/^®Ar cooling ages suggest exhumation in the 

Eastem Cordillera at ~40±5 Ma (Benjamin et al., 1987; McBride et al, 1987; Sempere et 

al., 1990; Masek et al., 1994). This late Eocene-early Oligocene cooling event could 

represent the uplift of the Eastem Cordillera as the basement thrust propagated up and 

over the basement ramp that defines the edge of the Altiplano piggy-back basin. 

Time step 3 in both the north and the south shows the development of the backthrust 

zone. In the north, the formation and propagation of west-verging thrusts and folds most 

likely developed in order to build topography and thus increase taper between the 

basement high to the west and the Ordovician duplex high to the east (Fig. 9, step 3). In 

the south, this section of the backthrust zone is composed of four to five east-verging, 

out-of-sequence (in the direction of fransport) faults and associated folds that 

accommodated 30 km of shortening along the basement thrust (Fig. 10, step 3 and 4). 

These faults are essentially double wedge faxilt systems where the east-directed slip from 

the basement thrust was taken up by west-directed slip on the basement cover interface 
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above the basement thrust. In turn, west-directed slip was transferred to east-directed 

thrust faults that propagated through cover rocks to a structurally higher level (Fig. 11). 

Perhaps the out-of-sequence, east-directed thrusts were the most mechanically feasible 

way to develop thrusts up and over the toe of the basement thrust in the south. 

Time steps 4 and 5 show the development of the in-sequence, westward-verging and 

propagating backthrust zone in the north and south. The backthrust zone functioned as a 

complex, passive roof sheet to the eastward wedging basement thrust beneath it. In the 

north, the slip on the upper basement slab (—140 km) was taken up in the cover by the 

backthrust belt. Similar amounts of slip in the south (-150 km) are taken up by both 

west-verging structures in the backthrust belt and east-verging structures in the 

Interandean zone. Fold-thrust structures in the northern portion of the backthrust zone 

are overlapped by slightly deformed sediments of the Salla beds (Sempere et al., 1990), 

which are dated between 24 and 21 Ma (McFadden et al., 1985; Sempere et al. 1990). 

Both the backthrust belt and the Interandean zone are linked by slip on the upper 

basement slab. Synorogenic sedimentary rocks, which give an upper age limit for the 

yoimgest deformation witbdn the backthrust zone, also provide an age limit for the 

duration of slip on the upper basement slab and thus the age of deformation within the 

Interandean zone. This suggests that deformation within the Interandean zone is much 

older than 10-5 Ma, as previously proposed (Kley, 1996). 

Coeval deformation within the Altiplano and in the Subandean zone is shown in time 

step 6. "Out-of-sequence" basement thrusting and the development of the proposed 

basement duplex deformed the piggy-back basin of the Altiplano. Fig. 9 step 6, shows the 
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Figure 4.11. Evolution of double wedge fault systems. 
Bold line indicates active fault, pins mark areas of no slip. 
Slip from the wedge top is transferred into out of sequence 
faults in cover rocks. 
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formation of the Corque syncline on the Altiplano. Part of the eastern limb of the 

syncUne may have been rotated into its steep position by movement of the basement 

thrust up and over the ramp. However, the early motion on the western basement ramp 

would have produced a significant angular unconformity between the older sedimentary 

rocks derived from the west and younger sedimentary rocks shed from the Eastem 

Cordillera. Seismic sections (Lamb and Hoke, 1997; YPFB proprietary data; McQuarrie 

and DeCeUes, 2001) show conformable Miocene strata on the west limb of the Corque 

syncline and conformable strata through mid- to late Miocene rocks on the east limb. 

Perhaps the first stage of deformation within the syncline was accomplished by out-of-

sequence basement slip fed westward into the east-verging faulted limb of the syncline 

steepening the dip and moving the old unconformities through the erosion surface. The 

second stage of syncline development included rotation and out-of-the-syncline faulting 

of the westem limb through continued growth of the duplex. Evidence to support a two-

stage folding of the Corque syncline is the presence of conformable beds from 55 Ma 

through 9 Ma on the westem limb and an angular unconformity (~9 Ma) on the east limb 

(Lamb and Hoke, 1997). Slip created from the growth of the duplex was fed eastward 

along the lower basement slab into the Subandean zone. This thrust lifted the 

Interandean zone with respect to the foreland while deforming the foreland into the open 

synclines and the tight anticlines that characterize the Subandean zone. Growth and 

development of the Altiplano fold belt shown in Fig. 10 time step 6, was accomplished 

through similar mechanisms. The modem fold-thrust belt complete with crustal thickness 

from Beck et al. (1996) is shown in time slice 7. 



176 

CRUSTAL THICKENING BUDGET 

The origin of the thick crust that underlies the central Andean plateau has been the 

focal point of several studies over the last 20 years and most authors attributed the 

thickness of the plateau to pervasive tectonic shortening of the crust (Tsacks, 1988; 

Sheffels, 1990; Schmitz, 1994; Lamb and Hoke, 1997). Existing estimates of crustal 

shortening can account for as much as 70-80% of the present crustal volume of the 

plateau (Sheffels, 1990; Lamb and Hoke, 1997; Kley and Monaldi, 1998). The 

correlation is best for the central portion of the plateau (~18°-21° S) but diverges 

dramatically to the north and south (Kley and Monaldi, 1998). The 60-70 km thick crust 

of the Andean plateau is predominantly felsic (Zandt et al., 1994; Beck et al., 1996, 

Swenson et al., 2000), suggesting that a component more mafic lower crust is missing. 

This implies that shortening estimates should account for the thickness of the felsic crust 

and some portion of more mafic lower crust that has been lost or altered through time 

(Beck and Zandt, 2001). To this end it is important to determine the contribution of each 

of the zones described above to the total crustal thickness budget of the Andean plateau. 

It is then possible to evaluate whether shortening within the Andean fold-thrust belt 

cannot only account for observed crustal thicknesses but also absorb the loss of crustal 

material either through crustal flow (thickening the northern and southern limits of the 

plateau) or delamination or alteration of a more mafic lower crust. 

By calculating the shortening for each of the zones independently it is possible to 

determine the contribution of each zone to the total crustal thickness of the Andean 
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plateau. The shortening and cmstal thickening budget for each of the five zones was 

calculated by using the original and final length of each zone and the original and final 

thickness to ascertain both the present day area (A) and potential area (P) (Fig. 12 and 

Table 2). The present day thickness numbers used in the area calculations (Table 2) were 

determined by estimating the average thickness of the individual zones using crustal 

thickness values from Beck et al. (1996) and Beck and Zandt (2001) and by estimating 

the additional thickness of crust lost to erosion by accounting for the bedlengths that are 

projected above the erosion surface on the cross-sections. Thus the final thickness (Tf) 

used in the calculations is 5-15 km thicker than present-day crustal thicknesses (Tp) 

(Table 2). The lengths used in the calculations are the length final or present-day length 

(Lf) of the zones on the cross section, hi calculating the potential or original area for 

each zone, the largest imknown is the original thickness of the crust. The original 

thickness of the Subandean, Interandean, Eastern Cordillera and backthrust zones is 

estimated to be 35-40 km. The upper estimate, 40 km is based on using the modem 

foreland basin as an undeformed template. Seismic reflection, refraction and receiver 

function analysis combined with industry well data suggest that this 40 km thick crust can 

be divided into a —30 km thick basement, a —6-8 km thick section of Paleozoic-Mesozoic 

sedimentary rocks and —3 km thick section of foreland basin sediments (Wigger et al., 

1994; Dunn et al. 1995; Welsink et al., 1995; Beck et al., 1996; Beck and Zandt, 2001). 

Although there is pre-Andean loss of upper Paleozoic sedimentary rocks to the west, the 

thickness of the Paleozoic rocks also thickens to the west (Plates 1 and 2) suggesting that 

a 35-40 km thick original crust is a conservative estimate. The original thickness of the 
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Figure 4.12. A. Crustal thickness variation diagram from Beck et al. (1996) Beck and 
Zandt (2001) with topography (~50x vertical exaggeration). Observed crustal thickness 
(shaded boxes and solid line) and predicted crustal thickness based on topography in Airy 
isostasy (dashed line) (~5x vertical exaggeration). Arrows mark boundaries of tectono-
structural zones. B. and C. Box diagram showing crustal thickness budget for the 
northern cross-section (B) and the southem cross-section (C). Vertical scale shows 
thickness variations (no horizontal scale). White boxes indicate present day crustal 
thickness (accounting for thickness of rocks removed via erosion), shaded boxes (light 
gray for max., dark gray for min.) indicate area gained through shortening not accounted 
for in present-day crustal thickness. Hachured lines (diagonal for max., horizontal for 
min ) indicate area deficit or area needed to explain present-day crustal thickness but not 
accounted for by shortening estimates. Data for area calculations shown in Table 2 and 
discussed in text. 

Table 4.2. Table of data and results for crustal area calculations. Lo, length original; Lf, 
length final; To, original thickness; Tf, final thickness (including rocks moved through 
the erosion surface); Tp, present day crustal thickness from Beck (1996) and Beck and 
Zandt (2001), variations reflect changes over lateral distance of zone; A, present-day area 
(including rocks moved through the erosion surface); P, area original or the potential area 
based on shortening calculations; E, excess area, negative numbers refer to area deficits. 
Lo, Lf, To, Tf, Tp are given in kilometers; A, P, E are given in kilometers squared. 
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Table 2 

Northern Lo Lf To Tf Tp A P E 

Subandean 131 59 35-40 60 45-50 3540 4585-5240 1045-1700 

Interandean 
87 48 It 65 55-60 3120 3045-3480 -75-360 

Eastern Cordillera 

Backthrust 308 166 It 70 65-70 11620 10780-12320 -840- -700 

Altiplano 222 174 50 60 60-63 10440 11100 660 

total 748 448 28720 29510-32140 790-3420 

Southern Lo Lf To Tf Tp A P E 

Subandean 206 139 35-40 50 45-55 6950 7210-8240 260-1290 

Interandean 152 56 II 65 55-60 3640 5320-6080 1680-2440 

Eastern Cordillera 178 112 70 60-70 7840 6230-7120 -1610--720 

Backthrust 152 96 11 70 65-70 6720 5320-6080 -1400--640 

Altiplano 194 153 50 60 60-63 9180 9700 520 

total 882 556 34330 33780-37220 -550-2890 

Table 4.2. Table of data and results for crustal area calculations. Lo, length original; Lf, length 
final; To, original thickness; Tf, final thickness (including rocks moved through the erosion 
surface); Tp, present day crustal thickness from Beck (1996) and Beck and Zandt (2001), 
variations reflect changes over lateral distance of zone; A, present-day area (including rocks 
moved through the erosion surface); P, area original or the potential area based on shortening 
calculations; E, excess area, negative numbers refer to area deficits. Lo, Lf, To, Tf, Tp are given 
in kilometers; A, P, E are given in kilometers squared. 
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Altiplano is estimated to be 50 km. The 10 km extra thickness is to account for the 10+ 

km of infilled Tertiary syntectonic sediments. The undeformed length of each zone was 

taken off of the undeformed template produced by balancing the cross sections (Plate 1 

and 2). TTie difference between the present-day area (plus eroded sediments) and the 

original or potential area is an area loss or gain for each zone (E) (Table 2, Fig. 11). Fig. 

12 shows that for the northern cross section, shortening within the Altiplano, Eastern 

Cordillera (backthrust and forethrust), and Interandean zones can account for the 

complete crustal thickness of these areas using a 40 km thick original crust. A 35 km 

thick cmst gives a 1.5 to 5 km thick deficit for the Eastem Cordillera 

forethrust/hiterandean zones and the backthrust zone respectively. The Subandean zone 

has an excess thickness of 18-29 km (Fig. 12), which can compensate for a potential 

deficit in the areas to the west and still allow for a crustal excess of the cross section as a 

whole. Excess area for the northern cross section ranges from 790 km^ to 3420 km^, 

which equates to thicknesses of 2.6 km to 11.4 km over a 300 km length (the approximate 

width of the Andean plateau). Li the southern cross section, shortening within the 

Eastem Cordillera backthrust zone and forethrust zone fall short of accounting for the 

present crustal thickness by 6.5 to 14.5 km. Most of this difference can be made up 

through excess area within the Interandean zone, 1680 km^ - 2440 km^. Excess area 

within the southern Subandean zone contributed minimally (260 km^-1290 km^) to the 

thickness of the plateau in this region. Excess area for the southem cross section ranges 

from -550 km^ to 2890 km^. This equates to a thickness deficit of-1.8 km or a thickness 

excess of 9.8 km over a 300 km length. Using an original crustal thickness of 35 km, the 
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shortening within the Andean fold-thrust belt can almost account for the crustal thickness 

in the southern cross section (1.8 km short over 300 km length) but can more than 

account for crustal thickness in the northern cross section (4 km extra over 300 km 

length). Using an original crustal thickness of 40 km indicates an excess in crustal area 

of 2890 km^ to 3420 km^. This suggests that ~10 km of crust has been lost either through 

crustal flow, delamination or alteration. 

Combining the thickening budgets of each zone with proposed timing constraints 

(Figs. 9 and 10), gives insights into how the thickness of the Andean plateau evolved 

through time. Since deformation within the backthrust zone is bracketed by overlap 

sediments that are dated at —20 Ma, most of the motion on the upper basement slab (and 

thus deformation within the backthrust. Eastern Cordillera, and Interandean zones) was 

over by -20 Ma. This suggests much of the cmstal thickness (50-60 km) of the Andean 

plateau and its physiographic boundaries were obtained by this time. 

CONCLUSIONS 

1. The foraiation of the central Andean plateau is directly linked to the kinematic 

development of the Ajidean fold-thrust belt, which fimdamentally grew via the creation 

and propagation of two basement megathrusts. 

2. The Andean fold- thrust belt can be divided into six tectono- structural zones based 

on structural differences between each entity and their relationship to the underlying 

basement thrusts. These zones are: the Western Cordillera, the Altiplano, the Eastem 
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Cordillera backthrust zone, the Eastern Cordillera forethrust zone, the Interandean zone, 

and the Subandean zone. 

3. Minimum shortening estimates for the central Andean fold-thrust belt are 300 km 

(40%) along the northern transect and 330 km (37%) along the southern transect. 180-

220 km of this shortening was accommodated by shortening along the upper level 

megathrust, which fed slip into the Eastern Cordillera zone, the backthrust zone, and the 

Interandean zone. The lower basement slab fed 60-70 km of slip eastward into the 

Subandean zone. 

4. The kinematic development of the central Andean fold-thrust belt suggests that the 

wide (100+ km) zone of backthrusts developed as a half crustal scale passive-roof duplex, 

perhaps in order to rebuild taper after the first basement megathrust overextended the 

system eastward. 

5. The large-scale structural, morphological and topographical features of the Andean 

fold-thrust belt, and thus the Andean plateau, are controlled by the duplexing and 

stacking of basement megathrusts. The edge of the Andean plateau as defined by the 3 

km topographic contour is roughly coincident with the eastern edge of the upper 

basement thrust sheet in the east and the western edge of the basement duplex in the west. 

This suggests that the Altiplano is a structural depression between two basement highs 

that has been filled with sediments since the structural damming of its eastern margin. 

The proposed relationship between the basement thrusts and the physiographic 

boundaries of the Andean plateau suggests that extensive megathrust sheets (involving 
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strong rocks such as crystalline basement or quartzite) are one of the primary controls on 

the formation of the Andean plateau. 

6. Crustal thickening associated with shortening of the Andean fold-thrust belt can 

account for the total crustal thickness of the Andean plateau and suggests that —10 km of 

crustal material may have been lost due to crustal flow or delamination or alteration of a 

mafic lower crust. 
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CHAPTER 5: THE LITHOSPHERIC EVOLUTION OF THE ANDEAN FOLD-

THRUST BELT AND THE ORIGIN OF THE CENTRAL ANDEAN PLATEAU 

ABSTRACT 

We combine geological and geophysical data to develop a model for the lithospheric 

evolution of the central Andean plateau between 18° -20° S from the Late Cretaceous to 

the present. By integrating geophysical results of upper mantle structure and crustal 

thickness and composition with new structure, stratigraphy and thermochronology data 

we emphasize the importance of both the crust and upper mantle in the evolution of the 

central Andean plateau. Key steps in the evolution of the Andean plateau are as follows: 

1) Initiation of mountain bioilding at 70 Ma suggested by the associated foreland basin 

depositional history. 2) The eastward propagation of the narrow, early (latest Cretaceous 

through early Eocene) fold-thrust belt at 40 Ma through the eastward extension of a 200-

400 km long basement thrust sheet. 3) Continued shortening within the Eastern Cordillera 

from 40-15 Ma thickened the crust (~ 60 km) and the mantle and established the eastern 

boundary of the modem central Andean plateau. Removal of excess mantle through 

lithospheric delamination at the Eastern Cordillera-Altiplano boimdary during the Early 

Miocene is necessary to accommodate the underthrusting of the Brazilian shield. 

Replacement of delaminated mantle lithosphere by hot asthenosphere may have provided 

the heat source for the pulse of mafic volcanism in the eastern Cordillera and Altiplano at 

24-23 Ma, and the heat source necessary for the 12-7 Ma crustal ignimbrites. 4) After 

—20 Ma, deformation waned in the Eastem Cordillera zmd Interandean zone and began to 
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be transferred into the Subandean zone. Simultaneous growth of a crustal-scale duplex in 

the hinterland is proposed to have fed slip into the Subandean zone and initiated 

deformation within the Altiplano between 20 and 10 Ma. We suggest that deformation 

within the mantle (both shortening and removal) has been focused at the Eastem 

CordiUera-Altiplano boundary through time where mantle most likely continues to be 

removed through piecemeal delamination. 

INTRODUCTION 

The central Andes have been generally regarded as a young orogenic belt (Isacks, 

1988) because of their high elevation and topography, rugged peaks little affected by 

erosion, and broad internally drained areas of low relief, with the primary pulse of 

tectonism that constructed the topographic edifice being Neogene in age (Isacks, 1988; 

Sempere et al., 1990; Gubbels et al., 1993, AUmendinger et al., 1997; Jordan et al., 1997). 

In fact, the range of ages, 25-30 Ma, for initiation of deformation vathin the central 

Andes is so deeply entrenched in the literature that most thermo-mechanical and 

kinematic models require the entire building of Andean plateau within this time period 

(e.g. Isacks, 1988; Gubbels et al., 1993; Wdowinski and Bock, 1994; Pope and Willet, 

1998), or use the 25-30 My timescale to determine rates of deformation of the orogen 

(Norabuena et al., 1998; 1999, Gregory-Wodzicki, 2000; Lin et al., 2000). On the other 

hand, several authors have recognized an older "pulse" of deformation in the Eastem 

Cordillera based on thermochronologic cooling ages (Benjamin et al., 1987; McBride et 
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al, 1987; Farraret al., 1988; Sempere et al., 1990; Masek et al., 1994), angular 

unconformities (Kennan, et al., 1995; Lamb and Hoke, 1997; Sempere, 1997; 

Allmendinger et al., 1997) and the ages of foreland basin deposits (Sempere, 1997; 

Horton, 1998, Horton et al., 2001, DeCelles and Horton, submitted). Using foreland 

basin deposits as a signal of the initiation of mountain building, several authors have 

proposed that a topographically high fold-thrust belt existed in the western portion of the 

central Andes as early as Cretaceous to early Paleocene time (Coney and Evenchick, 

1994, Sempere et al., 1997, Horton et al., 2001). Initiation of moimtain building during 

the Late Cretaceous to early Paleocene is supported by the fact that convergence between 

the Nazca and South American Plates has been both rapid (30-150 mm/yr) and nearly 

orthogonal to the coastline since this time (Pardo-Casas and Molnar, 1987; Coney and 

Evenchick, 1994; Somoza, 1998; Norabuena et al., 1998; 1999) suggesting that a signal 

of this regional contraction should be the consolidation and eastward propagation of the 

Andean orogenic belt. 

The timing for initiation of mountain building is most readily obtained through the 

age of the synorogenic sedimentary deposits within or adjacent to a growing and 

propagating fold-thrust belt (Jordan et al, 1988; Jordan, 1995). Historically, the influx of 

coarse sediment into a basin has been used to constrain the initiation of deformation 

within the adjacent fold-thrust belt. However coarse-grained proximal foreland basin 

sediments are also the first to be deformed and then erosionally removed by the 

propagatiag fold-thrust belt (Burbank and Raynolds, 1988; DeCelles and Giles, 1996). 

Thus the early record of orogenesis may only be preserved in distal foreland basin 
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sediments (DeCelles and Giles, 1996). In this paper we use the sedimentological 

signature of these foreland basin depozones to track the eastward evolution of the Andean 

fold-thrust belt with time (Fig X). The foreland basin stratigraphic record suggests that 

an Andean foreland basin system was fiilly developed by Paleocene (Horton et al., 2001, 

DeCelles and Horton, in review) and perhaps Late Cretaceous time (Sempere et al., 

1997). We combine the stratigraphic record of the foreland basin system with 

sequentially restored, cnistal cross sections to show both the palinspastically restored 

foreland migration and the growth of the Andean fold-thrust belt with time. 

Numerous studies have asserted that the thick crust (60-70 km) and high elevation of 

the Andean plateau are linked to the intense amoimt of tectonic shortening through the 

region (Lyon-Caen et al., 1985; Isacks; 1988; Roeder 1988; Sheffels, 1990; Sempere, 

1990; Gubbels et al., 1993; Schmitz, 1994; AUmendinger et al., 1997; Kley et al, 1996; 

Baby et al., 1997; Schmitz and Kley, 1997). This tie between shortening and thickening 

directly links the development of the central Andean plateau to the evolution and 

eastward propagation of the fold-thrust belt (McQuarrie, submitted). Although 

shortening has been identified as the dominant process in the development of the Andean 

plateau, the kinematic evolution of lithospheric-scale shortening remains elusive. Recent 

seismic studies in the central Andes of Bolivia provide a detailed image of the upper 

mantle (Dorbath et al., 1993, Dorbath and Granet, 1996; Meyers et al., 1998), allowing 

mantle structure and topography to be correlated with surface topography and structural 

trends. The present-day mantle picture provides important constraints on how the 

lithosphere as a whole evolved with time to produce the central Andean plateau. Using 
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new structural, geophysical, thermochronological and geophysical data, we propose a 

lithospheric model of how the deformation of the Andean fold-thrust belt progressed with 

time to form the central Andean plateau and how the plateau itself reflects deformational 

processes that have been in action since the Late Cretaceous. To this end, we first 

combine stmctural, stratigraphic and thermochronologic data to describe how upper 

crustal deformation progressed with time. We then review the present lithospheric 

structure of the central Andes and propose a developmental sequence for the entire 

lithosphere based on both the upper crustal evolution and the modem lithospheric 

structure. 

TECTONIC FRAMEWORK 

The central Andes have the highest average elevations, greatest width, thickest crust 

and maximum shortening of the entire Andean orogenic belt (Isacks; 1988; Roeder 1988; 

Shefifels, 1990; Sempere, 1990; Schmitz, 1994; Zandt, 1994; Beck etal., 1996; 

AUmendinger et al., 1997; Kley et al, 1996; Baby et al., 1997; Schmitz and BCley, 1997, 

Kley and Monaldi, 1998). A broad area of high elevation (greater that 3 km), internally 

drained basins and moderate relief located in the center of the 8000 km long Andean 

mountain chain has been defined as the central Andean plateau (Isacks, 1988; Gubbels et 

al., 1993; Masek et al., 1994; Lamb and Hoke, 1997) which covers much of Peru, Bolivia 

and parts of Argentina and Chile (Fig. 1). The geology of the central Andes between 18° 

-20° S can be divided into 9 longitudinal tectonomorphic zones (Fig. 1). From west to 
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divisions separated by dashed lines. lAZ is the Interandean zone defined 
by Kley (1996). Inset modified from Isacks (1988). 
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east these include the Peru-Chile trench, the Coastal Cordillera (remnant of a Mesozoic 

volcanic arc), the Longitudinal Valley (a modem forearc basin), the Chilean Precordillera 

(remnant of a Paleogene arc), the Western Cordillera (the modem volcanic arc), the 

Altiplano (a high elevation, internally-drained, low-relief basin), the Eastern CordiUera (a 

bivergent portion of the Andean fold—thrust belt), the Subandean zone (the frontal, most 

active portion of the Andean fold-thrust belt), and the Chaco Plain (a low-elevation 

foreland basin underlain by the Brazilian shield) (Allmendinger et al., 1997; Horton et al., 

2001). A simplified geologic map of the fold-thrust belt from the Eastem Cordillera to 

the Subandean zone is shown in Fig. 2. 

CRUSTAL EVOLUTION 

Jurassic-Cretaceous 

The pre-Cretaceous geology of the central Andes suggests that the westem margin of 

South America has been the site of oceanic convergence and subduction since the 

Jurassic. However, in spite of a convergent margin, no major orogenic edifice was 

produced during the early Mesozoic (Coney and Evenchick, 1994; Sempere, 1995). This 

is suggested by subaerial continental margin magmatic arcs to the west with shallow 

marine platforms or extensional basins within the back-arc region. The predominant 

sediment source for these marginal basins is proposed to have been from the shield to the 

east (Scheuber and Ruetter, 1992; Coney and Evenchick, 1994; Sempere, 1994; 1995). 

Initiation of orogenesis in the Andes took place when this "neutral" (Dewey, 1980) or 

"extensional" back arc transformed into a compressional back arc setting. A possible 
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signal of this change would be the reversal of sedimentary polarity from the stable eastem 

shield to the growing orogenic edifice in the west (Coney and Evenchick, 1994). Across 

much of the Andean region, the change in sedimentary polarity followed closely after the 

opening of the South Atlantic (135-100 Ma), which marked the onset of westward 

absolute motion of the South American Plate (Coney and Evenchick, 1994). 

Geodynamical modeling suggests that the South American plate is driven westward away 

from the Mid-Atlantic ridge by an ocean lithospheric cooling force acting on the South 

American plate, and mantle comer flow in the mantle wedge above the subducting Nazca 

Plate. The lithospheric cooling force can account for 75% of the calculated velocity of 

the South American plate (Freed, 1998). Freed's model also suggests that the 

lithospheric cooling force causes the entire plate to be in compression with the largest 

stresses culminating on the western margin supporting the idea that the uplift of the 

Andes should have commenced with the opening of the south Atlantic (Coney and 

Evenchick, 1994; Freed, 1998). 

Cretaceous-Paleocene 

Sedimentology. The Upper Cretaceous-mid Paleocene sedimentary succession in 

Bolivia consists of ~l-2 km of mostly nonmarine mudrock, sandstone, and carbonate 

deposited in distal fluvio-lacustrine systems and marginal-marine settings over much of 

the eastem AJltiplano and Eastem Cordillera. This succession includes the upper Puca 

Group, which is composed of the Aroifilla, Chaunaca, El Molino, and Santa Lucia 

Formations (Sempere et al., 1997). The lunited thickness, regional distribution, observed 
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thinning of strata to both the east and west, and preponderance of low-gradient 

depositional systems indicate a regional zone of minor to moderate subsidence during 

Late Cretaceous-mid Paleocene time. Some studies have attributed deposition to thermal 

subsidence following a short pulse of rifting aroimd —120-100 Ma, similar to strata in 

northwestern Argentina, which have been linked to Late Cretaceous normal faulting in 

the Salta rift system (Salfity and Marquillas, 1994; Welsink et al., 1995; Conunguez and 

Ramos, 1995). However, new Jurassic and Triassic ages reported for mapped Cretaceous 

strata (see Sempere et al., 2001) indicate that the original Cretaceous age assignments for 

central Andean rifting, mainly based on K-Ar dates from studies several decades old (see 

summary by Viramontes et al., 1999), may be grossly in error. 

Several recent studies consider Cretaceous sedimentation to represent, in part, distal 

deposition in an early foreland basin system related to initial shortening in the 

westernmost parts of the central Andes (Sempere et al., 1997; Horton and DeCelles, 

1997). By analogy with the modem Andean foreland, basin fill is attributed to deposition 

in the "back-bulge depozone" of the foreland basin system (DeCelles and Giles, 1996)— 

a region situated between an elevated forebulge to the west and the craton to the east 

(Horton and DeCelles, 1997; Lundberg et al., 1998). Although the age of initial 

compression is uncertain, we consider the Maastrichtian to mid Paleocene El Molino-

Santa Lucia interval to be part of the back-bulge depozone providing a minimum age 

estimate for the onset of regional shortening (see also Sempere et al., 1997). 

Mid Paleocene to middle Eocene rocks represent a period of minimal subsidence and 

limited sediment accimiulation in the eastem Altiplano and Eastem Cordillera. 
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Development of20-100-m-thick zones of pervasive paleosol deposits in the eastern 

Altiplano (lowermost Potoco Formation; Horton et al., 2001) and in part of the Eastern 

Cordillera (lower Impora Formation in the Camargo sjaicline; DeCelles and Horton, in 

review) attest to long intervals (several to tens of m.y.) of very limited sediment 

accumulation. Such conditions may be representative of limited long-term accumulation 

over the structurally elevated forebulge depozone of a foreland basin system (e.g., 

DeCelles and Currie, 1996), as observed over the modem central Andean forebulge of 

eastern Chaco Plain (Litherland and Pitfield, 1983; Litherland et al., 1986; Horton and 

DeCelles, 1997). 

From the information listed, initial back-bulge deposition (Cretaceous-mid 

Paleocene) followed by forebulge deposition (mid Paleocene-middle Eocene) suggests 

eastward migration of part of the foreland basin system through the Altiplano and Eastern 

Cordillera (Horton and DeCelles, 1997). By inference, the westem fold-thrust belt 

propagated eastward during Cretaceous-Paleocene time (Fig. 3 A and B). 

Structure. The eastward migration of the foreland basin as indicated by the migration 

of the forebulge and back-bulge depozones from the Altiplano region into the Eastem 

Cordillera (Camargo area) argues for 400 km of convergence between the front of the 

fold-thrust belt and a static marker on the Brazilian shield to the east. The stractures that 

would support this narrow, early fold-thrust belt have either been eroded or covered by 

the present Westem Cordilleran volcanic arc. The relationship between foreland basin 
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Figure 5.3. Basin migration diagram integrating the foreland basin history with the evolution of 
the fold-thrust belt. WAP, Western edge of Altiplano; EAP eastern edge of Altiplano, C, 
Camargo; M, Monteagudo; Ch, Charagua, f, foreland basin migration rate; p, propagation rate of 
fold-thrust belt; s, shortening rate of fold-thrust belt. 
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migration and shortening and propagation of a fold-thrust belt (DeCelles and DeCelles, 

2001), allow reasonable estimates to be made of both shortening and propagation for this 

time period even though the structures to document that shortening are not exposed or 

preserved. The distance of forebulge migration is equal to the sum of the total 

propagation of the fold-thrust belt plus the total shortening (DeCelles and DeCelles, 

2001). This relationship provides a means of estimating the shortening in the 

hypothetical Cretaceous to Early Eocene Andean fold-thrust belt from 70 Ma to 50 Ma. 

The foreland basin migrated 400 km (Fig. 3, A and B). The long-term average 

propagation rate of the central Andean fold-thrust belt is its present width (550 km) 

divided by 70 m.y., or 7.8 mm/yr. Because the taper of an otogenic wedge commonly 

reduces over the lifetime of the wedge (Mitra, 1997), the rate of propagation must also 

generally decline through time (DeCelles and DeCelles, 2001). This suggests that 7.8 

mm/'yr is an underestimate of the propagation rate of the early Andean fold-thrust belt. 

Therefore, a plausible minimum estimate of the distance of propagation of the central 

Andean fold-thrust belt over the period of 70-50 Ma is ~150-200 km. Subtraction of this 

value from the total distance of foreland basin migration yields a maximum of —200-250 

km of shortening for the early Andean fold-thrust belt. If the propagation rate was 

greater than 7.8 mm/yr., then the shortening would have been correspondingly lower. 

Late Eocene 

Sedimentology. By late Eocene time, forebulge depositional conditions in the eastern 

Altiplano and Eastern Cordillera had been replaced by major sediment accumulation in 
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large-scale fluvial systems. Several-km-thick successions of westerly-derived fluvial 

sandstone and mudstone occupy both the Altiplano (main body of the Potoco Formation) 

and the Camargo syncline in the Eastern Cordillera (Cayara and Camargo Formations). 

However, the deposits in these two regions, although probably age equivalent, cannot 

represent a single depositional system. This inference is based on the highly proximal 

sedimentological features of the Eastern Cordillera deposits (Camargo Formation), in 

which sediment could not have been transported more than a few tens of kilometers from 

a sediment source area in the central to western part of the Eastern Cordillera (Horton and 

DeCeUes, 2001). In contrast, the Altiplano deposits contain both proximal and distal 

fluvial strata, which were derived from a separate sediment source area in the present-day 

Westem Cordillera (Horton et al., 2001). For the Altiplano, age control (discussed 

below) indicates rapid rates of sediment accumulation, and by inference, rapid 

subsidence. The coexistence of two separate zones of rapid sediment accumulation are 

probable records of two foredeep depozones associated with two separate fold-thrust 

systems, one in the Westem Cordillera and one in the central to westem Eastern 

Cordillera. 

The superposition of foredeep depozones upon the underlying back-bulge-to-

forebulge depozone indicates continued eastward migration of the central Andean fold-

thmst belt. The isolation and evolution of two separate foredeeps suggests that a major 

forward advance of the frontal tip of the fold-thrust belt occurred during late Eocene 

time. This "jump" in the thrust front effectively isolated the Altiplano basin so that it 
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may be considered a large-scale intermontane or "mega-piggyback" basin (Fig. 3 C and 

D). 

Structure. The relationship between the level of structural exposure within the Eastern 

Cordillera and the level of structural exposure within the internally drained basin of the 

Altiplano requires a 10-12 km basement step at this boundary (McQuarrie and DeCelles, 

2001). Although previous interpretations of this basement step have included mid-

Miocene normal faulting (Rochat et al., 1996; Baby et al., 1997; Rochat et al., 1999), 

McQuarrie and DeCelles (2001) and McQuarrie (submitted) argue that this basement step 

is the result of a 10-12 km thick basement megathrust propagating up and over a crustal-

scale ramp. This assertion is supported by the along-strike continuity of the offset in 

Paleozoic rocks. Paleozoic hangingwall and Tertiary footwall cut-off relationships 

between west-vergent structures in the Eastern Cordillera, and large amplitude synclines 

in Tertiary rocks, as well as seismic interpretations in the Poopo basin (McQuarrie and 

DeCelles, 2001). A linear NNW-SSE gravity anomaly along the Altiplano/ Eastern 

Cordillera boundary (Cady, 1992) can be modeled as a basement high in the Eastern 

Cordillera and a basement low underneath the Altiplano supporting the location of the 

basement ramp (McQuarrie submitted). Also, the uniform thickness and geometry of the 

beds within the Corque syncline argue against a down-to-the-west normal fault 

interpretation (McQuarrie and DeCelles, 2001). 

The interpretation of this step as a ramp implies that the overlying Paleozoic through 

Tertiary rocks were passively folded into a monocline as the basement thrust cut up-
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section eastward and was emplaced beneath what is now the Eastern Cordillera. The 

eastward emplacement of the basement thrust was accommodated by wet-vergent, thin-

skinned deformation in the Paleozoic cover. Insertion of the basement thrust sheet 

beneath the Eastern Cordillera was the means by which the narrow, western fold-thrust 

belt propagated eastward iato the Eastern Cordillera, separating the foreland basin into 

two distinct basins (Fig. 3 C and D). Timing for this eastward propagation of the fold-

thrust belt is preserved in a growing thermochronologic data set (Benjamin et al., 1987; 

McBride et al, 1987; Farrar et al., 1988; Sempere et al., 1990; Masek et al., 1994; Kennan 

et al., 1995, Ege et al., 2001) that tracks the progression of Eastern Cordillera rocks up 

and over the basement ramp. These data, from apatite and zircon fission track and 

'*°Ar/^^Ar cooling ages, suggest initial exhumation in the Eastem Cordillera at ~40±5 Ma 

(Benjamin et al., 1987; McBride et al, 1987; Sempere et al., 1990; Masek et al., 1994; 

Ege, et al., 2001). 

Oligocene 

Sedimentology. Oligocene rocks represent the continuation of foredeep conditions 

within the Altiplano and eastem Eastem Cordillera. This is recorded by the 2-7-km-thick 

main body of the Potoco Formation in the Altiplano, and the Camargo Formation in the 

Camargo syncline (Horton et al., 2001; Horton and DeCelles, 2001). For the Altiplano, 

long-term average sediment accumulation rates for the late Eocene-Oligocene Potoco 

Formation are as high as 500 m/m.y., a value similar to the highest accumulation rates 

anywhere in the Subandean foreland (Jordan, 1995). We attribute this rapid 
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accumulation to flexural subsidence in a basin influenced by dual topographic loading in 

both the Western Cordillera and Eastern Cordillera. Although age control is very linuted 

for the Camargo syncline, similar rapid subsidence is inferred for the eastern Eastern 

Cordillera. The backbulge depozone of this Oligocene foreland basin system would have 

been located in the present-day Subandean Zone (Fig. 3 D and E). The ~100-300-m-

thick deposits of the Petaca and Yecua Formations are fine-grained, distal fluvial deposits 

which reportedly thin to both the east and the west (Marshall and Sempere, 1991; Erikson 

and Kelley, 1995; Jordan et al., 1997). The sedimentology, thickness, and lateral 

thickness variations of the Petaca-Yecua strata are similar to backbulge deposits reported 

in other regions, including the modem backbulge region in the Pantanal Wetiands of 

western Brazil (Horton and DeCelles, 1997; Lundberg et al., 1998). Jordan et al. (1997) 

report a 24.4 Ma (apatite fission track) tuff overlying the Petaca-Yecua strata in the 

western Subandean zone near Monteagudo (Figs. 2 and 3 D and E)(see Marshall and 

Sempere, 1991, for easternmost Subandean zone age constraints). We therefore regard 

these strata as mostly Oligocene age. 

Within deformed regions of the central Eastern Cordillera, several zones of sediment 

accumulation became active during the Oligocene. Narrow sedimentary basins of the 

Tupiza region are associated with fold-thmst deformation as early as Oligocene age 

(Horton, 1998). These basins are considered the most proximal zone of sediment 

accumulation, or wedge-top depozone (DeCelles and Giles, 1996), of the Oligocene 

foreland basin system. Growth stiata are present in the Tupiza-area basins (Horton, 

1998) but lacking in the Camargo syncline (Horton and DeCelles, 2001; DeCelles and 
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Horton, in review), suggesting that the eastern front of the Andean fold-thrust belt was 

situated within the central Eastern Cordillera by this time (Fig. 3 E). 

Oligocene arrival of the wedge-top depozone at the longitude of the central Eastern 

CordiUera signifies net eastward migration of the foreland basin system over a distance of 

several hundred kilometers since its Cretaceous inception. The complete succession of 

back-bulge, forebulge, foredeep, and wedge-top depozones is fully recorded in the 

Eastern Cordillera (Horton and DeCelles, 1997). 

Structure. The accruing slip on the proposed basement megathrust was initially fed east

ward into the east-verging stractiares of the Eastern Cordillera, but a significant portion of 

that slip was fed westward along the westward verging backthrust belt (Fig. 3 D and 

E)(McQuarrie and DeCelles, 2001; McQuarrie, submitted). Cross-section balancing and 

the sequential restoration of the fold-thrust belt suggest that both east- and west-verging 

structures in the southern portion of the central Andean fold-thrust belt were active 

simultaneously. Sequential restoration also suggests that there may have been significant 

amoimts of crustal thickening in conjunction with upper crustal shortening of cover rocks 

within the Eastern Cordillera. The eastward propagation of the proposed basement thrust 

sheet created an eastward widening zone of shortened and thickened (up to 60 km) crust 

(McQuarrie, submitted). Timing constraints for this period of deformation include: the 

formation of basins in conjunction with west-verging faults (Horton, 1998), overlap 

sediments that a minimum age bracket on deformation (Keiman et al., 1995; Herail et al., 

1996; Tawackoli et al., Horton, 1998), and cooling ages of minerals within the Eastern 
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Cordillera (Ege et al., 2001). The wedgetop Tupiza basins described above suggest that 

activity in the backthrust belt initiated at ~34 Ma. These west-verging faults are capped 

by 20-29 Ma volcanic and sedimentary rocks (Herail et al., 1996; Tawackoli et al., 

Horton, 1998). Flat-lying or slightly deformed synorogenic sedimentary rocks in the 

Mondragon and Parotani basins also overlap deformed Paleozoic and Cretaceous rocks 

north of the Tupiza region. These overlapping sedimentary rocks are dated at 20 and 22 

Ma indicating that the deformation in this area was pre-early Miocene (Kennan et al., 

1995). Preliminary apatite fission track ages from 21° S suggest cooling ages of 38 ± 7 

Ma to 30 ± 5 Ma near the transition from east-verging to west-verging thrusts with ages 

decreasing to 17± 5 Ma at the westem edge of the backthrust belt and the eastem edge of 

the Eastem Cordillera zone (Ege et al., 2001). Thus, the structural, stratigraphic and 

thermochronologic data all indicate that late Eocene through OUgocene time was a period 

of major structural growth and crustal thickening within the Eastem Cordillera. Other 

than the locally preserved basins in Tupiza, the sedimentary basins to the east and west of 

the widening fold-thrust belt that would have recorded this period (38-24 Ma) of 

deformation were most likely carmibalized by the east- and west-verging fold-thrust belt 

leaving only the distal sediments and late-stage, proximal basins sediments (24 -20 Ma) 

to record the timing of the predominantly Paleogene deformation. 

Early Miocene 

Sedimentology. Coarse-grained strata in the eastem Altiplano and westem Subandean 

zone record the forward propagation of two fold-thrust systems, the west-vergent 
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backthrust belt of the western Eastern Cordillera and the east-vergent Interandean zone. 

In the eastern Altiplano, latest Oligocene-earliest Miocene tuffs are overlain by several-

km-thick conglomeratic sections (e.g., the Penas, Coniri, Tambo Tambillo, and possibly 

San Vicente Formations; Baby et al., 1990; Sempere et al., 1990; Kennan et al., 1995). 

Available paleocurrent data indicate transport from east to west (Sempere et al., 1990; 

LaReau and Horton, 2000). These successions tend to coarsen upward and in one case 

exhibit growth strata in their upper levels (LaReau and Horton, 2000). We attribute these 

strata to deposition in the wedge-top depozone of a foreland-type basin that was 

subjected to progressively greater deformation as it was incorporated into the westward-

propagating, west-vergent backthrust belt. 

In the westem Subandean zone, sandstone and conglomerate of the 1-2 km-thick, 

lower Miocene (24.4 Ma) Tariquia Formation (Erikson and Kelley, 1995; Jordan et al., 

1997) suggest erosion of the westward adjacent Interandean zone. By early Miocene 

time, the leading edge of the east-vergent orogenic wedge had propagated approximately 

to the boundary between the Interandean zone and Subandean zone. Continued wedge-

top deposition occurred synchronous with fold-thrust deformation in the Tupiza region of 

the central Eastern Cordillera (Horton, 1998). Backbulge conditions possibly existed in 

the present-day Chaco Plain, as indicated by deposition of the lower Miocene Petaca 

Formation (Sempere, et al., 1990; Marshall and Sempere, 1991) (Fig. 3 F). 

Structure. The structures within the backthrust zone on the west side of the Eastem 

Cordillera display older imits and deeper exposures in the eastem part of the zone. The 
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folds and faults tend to verge westward and regional structures cut up-section to the west 

incorporating progressively younger rocks (Fig. 2). The style of deformation within the 

backthrust zone is similar for hundreds of kilometers along strike. Duplexes in the 

northern portion of the backthrust zone require that at least in those sections, the thrusts 

broke in sequence from east to west. The combination of these features is strong support 

for a westward-verging, westward-younging backthrust system that extends along a 

significant part of the central Andean fold-thrust belt (McQuarrie and DeCelles, 2001). 

Because the proposed basement megathrust carried cover rocks up and over the basement 

ramp and into the westward propagating backthrust belt, the cessation of deformation 

within the backthrust zone marks the cessation of slip on the basement megathrust. 

Fold-thrust structures in the backthrust belt are overlapped by the gently folded 

sedimentary rocks of the Salla beds (Sempere et al., 1990) providing an upper limit on 

structural activity within the backthrust belt. The fossiliferous Salla beds are dated 

between 24 and 21 Ma (McFadden et al., 1985; Sempere et al. 1990; Marshall and 

Sempere, 1991), indicating that most of the deformation within the backthrust belt, and 

hence the basement megathrust, was over by —20 Ma. Intermontane basins in the Tupiza 

area contain weU-dated growth structures (Horton, 1998). These growth structures are 

associated with east-vergent, out-of-sequence thrust faults that were active between ~18 

and ~13 Ma suggesting that minor amounts of motion on the basement megathrust and 

deformation within the backthrust zone lasted until mid-Miocene (—13 Ma) (Fig. 3 F). 

The 20-13 Ma minimum age for deformation within the backthrust belt has significant 

implications for the bracketing of deformation within the Interandean zone. Because 
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both zones are associated with slip on the basement megathrust sheet (McQuarrie, 

submitted), the —20 Ma age represents the end of major defomiation in the Interandean 

zone with minor amounts of deformation ending at —13 Ma. Preliminary apatite fission 

track dates within the Interandean zone range in age from 19±3 Ma to 13±3 Ma (Ege et 

al., 2001). These ages most likely reflect not only thrusting within the Interandean zone, 

but also the uplift of the Interandean zone along a lower basement thrust that fed slip into 

the Subandean zone. 

We suggest the sedimentary formations (Salla beds, Luribay, Tambo Tambillo, Coniri 

conglomerates (preserved on the Altiplano), distal Petaca (eastem Subandean zone) and 

proximal Tariquia (western Subandean zone)) that have been used as evidence marking 

the initiation of mountain building within the central Andes (—25 Ma) (Sempere et al., 

1990) are instead associated with the end of a period of significant shortening and 

thickening related to motion on an extensive basement megathrust. Final motion on this 

megathrust is constrained by sediments that overlie deforaied west-verging strata in the 

Eastem Cordillera (20-13 Ma). This age represents the minimum age limit for 

deformation within the Eastem Cordillera and Interandean zones (McQuarrie, submitted), 

suggesting that by mid-Miocene time, these areas were thick (~60 km) and possibly high 

(3-4 km). At the southern end of the Altiplano, the chemistry of late Oligocene to early 

Miocene lavas suggests a thick crust (>50 km) beneath what is now the w^estem edge of 

the plateau (Kay et al., 1994; Allmendinger et al., 1997). 
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Late Miocene 

Sedimentology. By late Miocene time, depozones of the foreland basin system had 

propagated far to the east, close to their present-day configuration (Fig. 3 G). In the 

Subandean zone, thick intervals of coarse-grained strata overlie the dated Oligocene-

lower Miocene deposits (Gubbels et al., 1993; Moretti et al., 1996; Jordan et al., 1997). 

Although these deposits are mostly representative of foredeep depositional conditions, 

growth strata imaged in seismic profiles in the northern Subandean zone (Roeder and 

Chamberlain, 1995; Baby et al., 1995) suggest wedge-top conditions for at least part of 

the Subandean zone by late Miocene time. The location of the forebulge may be 

recorded by a disconformity, the so-called Intra-Chaco discordance, observed to the east 

of the Subandean zone in seismic profiles across the Chaco Plain (Gubbels et al., 1993). 

This unconformity may represent minor erosion and sediment condensation associated 

with forebulge conditions during late Miocene time (Fig. 3 G). 

In the Eastern Cordillera, the development of a regional low-relief geomorphic 

surface, the San Juan del Oro surface, is dated as -10 Ma based on tuffs overlying the 

surface (Servant et al., 1989; Gubbels et al., 1993). This surface is defined as an erosion 

surface that cuts Paleozoic bedrock in some areas, but a constructional (depositional) 

surface capping Miocene basins in other areas (Gubbels et al., 1993; Kennan et al., 1997). 

Because this surface is not significantly tilted, most deformation in the Eastern Cordillera 

must have been complete by late Miocene time (Gubbels et al., 1993). In the Altiplano, 

filling of the Altiplano basin continued. Late Miocene sedimentation involved 

predominandy deposition of volcanogenic units and low-gradient fluvial systems 
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carrying volcaniclastic debris (Evemden et al., 1977; Lavenu et al., 1989; Marshall et al., 

1992). 

Structure. The Subandean zone between 18° S -20° S is interpreted to be an in-

sequence, thin-skinned thrust system detached along lower Silurian shale (Plate 2) (Baby 

et al., 1992b; Dunn et al. 1995; McQuarrie, submitted). The structures at the surface are 

typically tight fault-propagation anticlines in upper Devonian and younger rocks 

separated by broad Tertiary filled synclines. These fault propagation folds are inferred to 

detach above horses in Silurian through lower Devonian rocks (Dunn et al. 1995; 

McQuarrie, submitted). The detachment for the Subandean zone dips 2° toward the west 

(Baby et al., 1992b, Dunn et al., 1995), which places the Subandean decollement deep, 

well below^ the decollement of the tightly deformed structures in the Interandean zone 

(Kley, 1996; Kley et al., 1996; McQuarrie submitted). To resolve the discrepancy 

between the two detachment horizons, BCley (1996) proposed that a single basement 

thrust sheet, which fed slip into the Subandean zone, could fill this space. Evidence for 

basement involvement in this portion of the fold-thrust belt includes abrupt changes in 

structural elevation (Kley, 1996), gravimetric and magnetotelluric data (Kley et al, 1996; 

Schmitz and Kley, 1997), and a large change in gravity correlated with a seismic 

refi'action discontinuity (Wigger et al., 1994; Dunn et al., 1995). 

Timing of motion on the lower basement thrust sheet and thus initiation of 

deformation within the Subandean zone has generally been thought to be late Miocene 

(10 Ma and younger) based on the regional San Juan del Oro surface in the Eastern 
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Cordillera (Gubbels et al., 1993; Kennan et al., 1997), the ~10 Ma age of conformable 

sedimentary rocks in the Subandean zone (Gubbels et al., 1993), and apatite fission track 

ages suggesting increased exhumation in the Eastern Cordillera firom 15-7 Ma (Benjamin 

et al., 1987; Masek et al., 1994). The San Juan del Oro surface marks the absolute 

minimum age that deformation ceased within the Eastern Cordillera and as explained 

above, most deformation is capped by —20 Ma sediments. The 10 Ma age of undeformed 

Tertiary sediments is firom the easternmost edge of the Subandean zone (Marshall and 

Sempere, 1991), suggesting that the Tertiary sedimentary rocks deformed within the 

western portions of the Subandean zone may be older. Fission-track ages (Benjamin et 

al., 1987; Masek et al., 1994) allow for Subandean deformation (implying additional 

uplift of the Eastern Cordillera) as early as —15 Ma. The overlap of structures within the 

backthrust belt by —20 Ma synorogenic sediments limits significant motion on the upper 

basement thrust sheet after this time and suggests that deformation within the Subandean 

zone may have begim as early as 20 Ma. Pre-10 Ma deformation is supported by 

preliminary apatite fission track ages (19±3 Ma to 13±3 Ma) within the Interandean zone 

(Ege et al., 2001). These ages most likely reflect a combination of deformation within 

the Interandean zone and passive uplift of the zone along a lower basement thrust that fed 

slip into the Subandean zone. Although some overlap in deformation along the upper 

basement thrust and lower basement thrust may be expected, we propose that the most of 

the slip was transferred firom the upper basement slab to the lower basement slab and 

Subandean zone by 15-13 Ma. 
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Shortening within the Subandean zone occurred coevally with deformation in the 

hinterland of the fold-thrust belt from -15 Ma to the present (Kennan et al., 1995; Lamb 

and Hoke, 1997). A possible connection between deformation in the Altiplano and 

Subandean zone may be the growth of a crustal-scale duplex along the westem edge of 

the Altiplano (McQuarrie and DeCelles, 2001). Growth structures in synorogenic 

sediments imaged on seismic lines west of the Corque syncline suggest that the basement 

was uplifted with respect to the syncline from 25-5 Ma (McQuarrie and DeCelles, 2001). 

The pronounced ~9 Ma angular unconformity on the east limb of the Corque syncline and 

the conformable sequence on the west limb imaged on seismic lines (Lamb and Hoke, 

1997), suggest that major growth of the duplex was post-9 Ma. Compression associated 

with the growth of this duplex folded the westem limb and faulted both the westem and 

eastern limbs of the syncline. This scenario suggests that the basement decollement for 

the Subandean zone roots beneath the hinterland of the fold-thrust belt and that basement 

duplexing in the hinterland perhaps acted as a taper-building mechanism (e.g., Mitra, 

1997), and served as the driving force behind the deformation within the Altiplano. 

The evolution presented above suggests there was 200-250 km of shortening in a 

narrow Late Cretaceous to Paleocene fold-thrust belt and an additional 300-330 km of 

shortening accommodated by basement megathmsts and cover rocks as the fold-thrust 

belt propagated eastward into the Eastem Cordillera and Subandean zone. The combined 

shortening is more than sufficient to build the 70 km thick crust of the central Andean 

plateau and suggests a similar magnitude of shortening within the mantle lithosphere. 
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MODERN LITHOSPHERIC STRUCTURE 

Recent seismic studies through, the central Andes provide an unprecedented image of 

the lithospheric structure, crustal compositions and crustal thickness variations across the 

orogen (Whitman et al., 1992; Dorbath, 1993; Zandt et al., 1994; Wigger et al., 1994; 

Beck et al., 1996; Zandt et al., 1996; Meyers et al., 1998; Swenson et al., 2000; Beaumont 

et al., 2001; submitted; Beck and Zandt, submitted). A lithospheric-scale cross section 

summarizing both crustal and mantle structure for the area of 18°-20° S is presented in 

Fig 4. Because understanding the modem lithospheric stmcture is essential to 

understanding the lithospheric evolution of the Andes we discuss 5 major regions from 

the Western volcanic arc to the foreland basin in terms of their crustal thickness, 

composition, and mantle lithospheric characteristics. 

Western Cordillera 

Crustal thickness variations for the Westem Cordilleran arc have been investigated 

using a variety of geophysical analyses (Meyers at al., 1998, Graber and Asch, 1999; 

Beaumont et al., 2001; submitted; Beck and Zandt, submitted). Receiver function 

analysis at the Westem Cordillera /Altiplano boundary suggests a crustal thickness of 70 

km. This thickness corresponds to a Ps conversion at 9.8 s (Beck and Zandt, submitted) 

and assumes a uniform felsic crust as indicated by the bulk cmstal velocity of 6.0 km/s 

and VpA^s ratio of 1.73 constrained buy Swenson et al. (2000). However, a more local 

tomography study of the coastal region to the Westem Cordillera, farther south at 22°-23° 

S, foxmd a two layer crust with an upper crustal P wave velocity of 6.0 km/s and a lower 
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crustal P wave velocity of 7.0 km/s (Graber and Asch, 1999). Seismic refraction studies 

(Wigger et al., 1994) also show a higher bulk Vp through the Western Cordillera perhaps 

reflecting processes related to arc-magmatism. Surface-wave dispersion paths and Pn 

studies crossing the Western Cordillera suggest a thinner crust (45-50 km) under the arc 

(Beaumont et al., submitted a/b). The 70 km root observed through receiver function 

analysis may be a local feature confined to the western edge of the Altiplano and not 

indicative of the entire arc. 

Shallow mantle structure as determined by mantle tomography studies also highlights 

the importance of arc-magmatic processes under the Western Cordillera (Meyers et al., 

1998; Graber and Haberland, 1996). Arc processes are indicated by localized zones of 

low Vp and Vs. Despite good correlation between low seismic velocities and arc 

volcanism, Meyers et al. (1998) found that the single mantle parameter that corresponds 

best with arc volcanism is high Vp/ Vs which they interpreted to result from the presence 

of subduction related fluids (Geise, 1996; Meyers et al., 1998). 

Altiplano 

Crustal composition, crustal thickness and mantle hthospheric characteristics are all 

well known for the Altiplano in the region of 18°-20° S. Several geophysical studies have 

documented the presence of a thick (60-75 km) crust with much lower than average 

crustal P wave velocities (~6.0 km/s) beneath the Altiplano (Schuessler, 1994; Beck et 

ai.., 1996; Zandt et al., 1996; Meyers at al., 1998; Swenson et al., 2001). Regional 

waveform modeling of intermediate and shallow earthquakes by Swenson et al. (2000), 
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receiver function analysis (Beck and Zandt, submitted), and surface wave dispersion 

measurements (Baiunont et al., submitted) indicate crustal thickness values of 59-64 km 

under the central Altiplano with average crustal Vp of 5.80-6.25 and a Poisson's ratio of 

0.25. None of the different techniques foimd any evidence for a higher velocity lower 

crust that is typical in many continental regions and might have been present before the 

Andean orogeny (Swenson et al., 2000; Baumont et al., submitted; Beck and Zandt, 

submitted). 

Receiver function analysis shows a small negative-polarity arrival in many of the 

receiver functions at 2.5-3.0 s. This corresponds to a mid-crustal velocity zone that can 

be traced across the entire width of the Altiplano and corresponds to a depth of 14-30 km. 

The top of this weak mid-crustal velocity zone is 5-10 km shallower than the 25 km deep 

detachment separating brittle upper crustal shortening from perhaps more ductile lower 

crustal shortening in the regional cross section shown in Fig. 4. 

Meyers et al. (1998) reported a high Vp as a dominant feature of the shallow mantle 

under the central Altiplano. High Vp, Vs and moderately high Q in the shallow Altiplano 

mantle are used to argue for the presence of mantle lithosphere that extends at least to 

125-150 km depth. 

Eastern Cordillera 

Significant changes in crustal thickness and mantle lithosphere structure occur 

between the Altiplano and the Eastern Cordillera. To a first order, receiver function 

analysis shows decreasing crustal thickness with decreasing elevations across the Eastern 
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Cordillera (Beck and Zandt, submitted). Relationships between crustal composition (as 

indicated by velocity) and crustal thickness determined from receiver function analysis, 

waveform modeling and seismic refraction all indicate that the crust of the Eastern 

Cordillera is thick (60-74 km) and slow (5.75-6.0 km/s) (Wigger et al, 1994; Beck et al., 

1996; Swenson et al., 2000; Beck and Zandt, submitted). Seismic stations used for 

waveform modeling and receiver fimction analysis for the western Eastern Cordillera are 

located above the massive Los Frailes ignimbrite field (Beck et al., 1996; Meyers et al., 

1998; Swenson et al., 2000, Beck and Zandt, submitted). Although the receiver functions 

are complicated, they can be modeled with a low velocity layer at 15-20 km depth and a 

crustal thickness of 74 km. The aerial extent of the low velocity zone correlates strongly 

with the aerial extent of the volcanic field. Although there is strong evidence for thick 

crust in this area, receiver functions vary as a function of event backazimuths, indicating 

that they are sampling different Moho depths at different locations. This suggests local 

topography on the Moho at the Eastern Cordillera/Altiplano boimdary (Beck et al., 1996; 

Swenson et al., 2000; Beck and Zandt, submitted). 

East of Los Frailes volcanic field, receiver function analysis indicates gradually 

decreasing crustal thicknesses (60-50) from -65° -64° W. These stations show low 

velocity zones at ~30 km, which is substantially lower than the low velocity zones 

associated with Los Frailes volcanic field (Beck and Zandt submitted); however, the 

depth of these low velocity zones is consistent with a regional detachment horizon 

separating upper crustal brittle shortening from lower crustal ductile shortening in this 

region (McQuarrie, submitted). 
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Mantle tomography images in the Eastern Cordillera indicate that there is a very low 

velocity anomaly that extends through the lithosphere and is centered on the Los Frailes 

ignimbrite field. This suggests that the volcanism associated with this massive ignimbrite 

field is rooted in the mantle and that the lithosphere in this location has been strongly 

altered or removed (Meyers et al., 1998). East of the Los Frailes anomaly shallow mantle 

Vp and Vs values increase to slightly greater than normal values with Q increasing 

dramatically (Meyers et al., 1998). This transition to high velocities and high Q is in 

agreement with other geophysical features that also suggest the presence of strong, cold 

lithosphere indicative of the Brazilian shield. These include strong lateral changes in 

upper mantle velocities in the region of 16° S (Dorbath et al., 1996), a change in the fast 

direction of shear-wave anisotropies from N-S under the Altiplano to E-W at 65.5° W 

(Polet et al., 2000) and Bouguer gravity anomalies that show lithospheric flexure is 

supporting the Subandean zone and part of the Eastern Cordillera (Lyon-Caen et al., 

1985; Watts et al., 1995; Whitman et al., 1996). 

Subandean Zone 

Less is known about the average crustal velocities and Poisson's ratio of the 

Subandean crust, making determination of crustal thickness more difficult. However by 

using the low average velocities (5.9 km/s) recorded in the seismic refraction study by 

Wigger et al. (1994), Beck and Zandt (submitted) proposed values of 42 km and 40 km 

for crustal thicknesses in the eastern Subandean zone. The low average velocity is in part 
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a result of the low velocity Paleozoic, Mesozoic and Tertiary sedimentary rocks involved 

in the fold-thrust belt (Wigger et al., 1994; Beck and Zandt, submitted) 

Chaco Plain 

The brief operating time of the seismic stations on the Chaco Plain provided much 

less data to determine crustal composition and thickness. The data are best fit with 

average crustal velocities of 6 km/s, giving crustal thicknesses of 30 km (Beck and Zandt 

submitted). Snoke and James (1997) also found thin crust (32 km) in the Chaco farther to 

the east in Brazil based on surface wave group velocities. However, because both the 

Paleozoic basin and the foreland basin thin dramatically to the east where the stations 

were located (Dimn et al., 1995; Sempere et al., 1995), the 30 km crust most likely 

reflects the thickness of the pre-Paleozoic basement. 

LITHOSPHERIC EVOLUTION 

Fig. 4 illustrates the spatial co-existence of the crustal-scale ramp at the Eastern 

Cordillera/Altiplano boundary and a zone of mantle weakness due perhaps to partial melt 

or chemical changes. We propose the following scenario as a means of linking zones of 

significant crustal and mantle deformation. The proposed lithospheric evolution in 

conjunction with the evolution of the Andean fold-thrust belt is shown in Fig. 5 (time 

steps 1-5). The time period shown in each diagram corresponds to the basin evolution 

diagrams in Fig. 3. The lithospheric evolution focuses on the deformation within the 

Eastem Cordillera as the fold-thrust belt jumped east at —40 Ma. The two large 
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unknowns in the following sequential diagrams are the original thickness of crust and the 

original thickness of lithosphere. For the following diagrams we propose an initial 

crustal thickness of 40 km using the undeformed foreland basin as a template. Seismic 

reflection, refraction and receiver function analysis combined with industry well data 

suggest that this 40 km thick crust can be divided into a ~30 km thick basement, a ~6-8 

km thick section of Paleozoic-Mesozoic sedimentary rocks and ~3 km thick section of 

foreland basin sediments (Wigger et al., 1994; Duim et al. 1995; Welsink et al., 1995; 

Beck et al., 1996; Beck and Zandt, submitted). Although there is pre-Jurassic erosion of 

upper Paleozoic sediments to the west, the thickness of the Paleozoic rocks also thickens 

to the west suggesting that a 35-40 km thick original crust is a conservative estimate 

(McQuarrie, submitted). The mantle lithospheric thickness is a larger quandary. We 

propose two possible thicknesses for upper mantle lithosphere in an attempt to show 

reasonable upper and lower limits. We suggest the upper limit for mantle lithosphere 

thickness may be 120 km, producing a 160 km thick lithospheric column, and the lower 

limit for mantle lithosphere maybe 50 km, producing a 90 km thick lithospheric column. 

The structures in the crust are constrained by regional balanced cross sections 

across the Andean fold-thrust belt. The restored cross section (showing the pre-

deformation thickness and geometry of the crust and the location and orientation of the 

future faults) was imported into 2-D move (Midland Valley) and forward modeled to 

show the sequential evolution of the fold-thrust belt with time. The proposed evolution is 

based almost entirely on the geometric constraints of the structural cross-sections, but is 

consistent with available basin migration history presented above, ages of overlapping 
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syntectonic sedimentary rocks, and local thermochronology. The kinematic cross-

sections were constructed under the assumption that the faults are in-sequence in the 

direction of transport (McQuarrie, submitted). To show the sequential sections at a 

lithospheric scale, the diagrams were isostatically balanced assuming local Airy isostasy 

in the Eastern Cordillera. Flexural support is assumed at the edges of the thickened load 

to produce the foreland basin to the east and the Altiplano basin to the west. 

Time step 1 (40 Ma) 

The first time step shows the initial configuration of the lithosphere for the following 

diagrams. A topographic high is located on the westem edge of the diagrams 

representing the late Cretaceous to Paleocene fold-thrust belt. During this time we 

propose a shallow dipping oceanic slab to weaken an -400 km wide zone and concentrate 

deformation within the lithospheric mantle where the subducting slab starts to steepen 

(Isacks, 1988; Kay et al., 1995, Alhnendinger et al., 1997). Fluids escaping from the 

subducting slab weaken the overriding plate, and create a zone where deformation is 

focused first in the mantle and then in the crust. The wide zone of weak crust allows the 

fold thrust belt to jump 400 km eastward and begin to thicken the crust by propagating a 

basement thrust sheet up and over a crustal scale ramp. This scenario is similar to that 

proposed by Isacks (1988) with principal differences being the timing of shallow 

subduction (40 Ma versus 25 Ma) and the mechanisms of deformation within the upper 

crust (pervasive shortening within the weakened swath versus focused deformation along 

a crustal scale ramp). 
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Time step 2 (~35 Ma) 

In time step 2, the upper crust has shortened 55 km with eastward slip on the 

basement thrust being taken up by east-verging thrust faults in the cover rocks. The 

middle and lower crust are proposed to have shortened (homogeneously) the same 

amount, producing a 63 km-thick crust. The thickness of the homogeneously deformed 

mid- and lower crust is determined by using the original length and final length of the 

deformed upper crust as the original and final length of the lower crust and requiring area 

to remain constant. The basement thrust sheet and accompanying upper crustal 

deformation are isostatically and flexurally balanced, producing two "foreland" basins 

one in firont of the eastward propagation basement thrust and one in the hinterland, west 

of the basement ramp. Deformation in the mantle can be shown in two different ways. 

One means of showing mantle deformation is to have the mantle deform by homogenous 

shortening with the deformation in the mantle located directly under the deformation in 

the crust. The thickness of the homogeneously deformed mantle is determined in the 

same manner described above for thickening the crust. Another means of showing 

mantle deformation is have the mantle displaced a distance equal to shortening within the 

upper crust on a master fault that cuts through the mantle at the locus of deformation. 

Both mechanisms create a thick mantle lithosphere under the deforming crust. 

Time step 3 (~30-25 Ma) 

Time step 3 shows both the eastward and westward grov^ of the Eastern Cordillera. 

Although the location of the basement ramp has not changed (in absolute space), motion 



225 

on the basement thrust sheet has transported upper crustal material from the west up and 

over the basement ramp allowing the backthrust belt to propagate westward. By this time, 

the upper crust has shortened 110 km with the middle and lower crust shortening equal 

amounts. This shortening would have produced an ~150 km wide zone of 63 km thick 

crust. We propose mantle shortening also equals 110 km. As with the crust, mantle 

lithosphere is transferred from the west undemeath the thickening crust. Again, this 

shortening may be focused homogeneously under the deformed crustal area or displaced 

east along a mantle lithospheric fault. At ~30 Ma, a thick mantle hthosphere would 

require steepening of the subducting Nazca plate and perhaps focus mantle 

abrasion/erosion at the westem edge of the mantle root. Even though mantle deformation 

may be distributed throughout the growing width of the Eastern Cordillera, thinning or 

removal of the mantle lithosphere would be focused in the area of the basement ramp due 

to interference v^th the subducting Nazca plate. 

Time step 4 (20 Ma) 

Time step 4 marks the end of significant displacement along and deformation above 

the upper basement slab. The 190 km of shortening for this time step represents most of 

the shortening within the backthrust. Eastern Cordillera, and Interandean zones. This 

time step also depicts the early stages of westward subduction of the Brazilian shield. 

The present-day westem limit of the Brazilian shield in the Eastern Cordillera is based on 

seismic tomography, receiver functions and flexural modeling (Lyon-Caen et al, 1985; 

Meyers et al., 1998; Beck and Zandt, submitted) (Fig. 4). The westem limit of the 
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Brazilian shield shown in this time slice is palinspastically restored 100 km to the east. 

By ~20 Ma the Brazilian shield has subducted ~30-40 km under the Interandean portion 

of the fold-thrust belt. 

By this time step, the mantle has also shortened 190 km and the Nazca plate has 

moved —100 km eastward, establishing the Western cordilleran volcanic arc in its present 

position along the international border between Chile and Bolivia (Fig. 6). The eastward 

migration of the arc is most likely due to tectonic erosion of the western margin (Lashen, 

1982; Scheuber and Reutter, 1992). Because of additional shortening of the mantle 

lithosphere and eastward migration of the Nazca plate, a serious room problem is created 

for the thickened mantle lithosphere. The thick lithosphere (160 km) model would have 

required some form of delamination (mechanical or thermal thinning or entrainment) of 

the Uthospheric mantle as early as 30 Ma with significant amounts of mantle lithosphere 

removal by 20 Ma. The thin lithosphere model (90 km) would not require delamination 

until ~20 Ma. Perhaps a signal of significant mantle melting at depth or significant 

lithospheric removal is the pulse of basaltic to dacitic volcanism with island arc affinities 

that occurs throughout the central Altiplano at —23-24 Ma (Davidson and de Silva, 1992; 

Hoke et al., 1993; 1994, Kennan et al., 1995; Lamb and Hoke, 1997) (Fig. 6). If this 

pulse of mafic magmatism and the cmstal melt ignimbrites that followed (12-7 Ma) are a 

result of delamination of the lithosphere, this may suggest that the original mantle 

lithosphere imder the fold-thrust belt was thin (70-80 km) and became either 

mechanically or thermally unstable, initiating delamination at -25 Ma. 
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Figure 5.6. Location of major volcanic centers with time. Shaded areas show 
the eastward migration of the volcanic arc and circles are minor volcanic centers 
on the central Andean Plateau. Large open circles represent major silicic calderas 
The color of the ring matched the age designations for the solid circles. Small 
dashes represent the edge of the Andean plateau (3 km elevation line) and broad 
dashes are international boundaries. 
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Time step 5 (10 Ma) 

The ~10 Ma time slice emphasizes the growth of the fold-thrust belt through 

deformation in the Subandean zone, continued subduction of the Brazilian shield under 

the fold-thrust belt, and due to space problems, continued delamination or ablative 

subduction of the mantle lithosphere. By this time slice there has been —280 km of 

shortening within the upper crust. —30 km of this shortening is out-of-sequence 

shortening within the Altiplano and -50 km of shortening within the Interandean zone 

and Subandean zone. Instead of homogeneous shortening of the middle and lower crust, 

the Brazilian shield acts as a strong crustal beam transferring middle and lower crustal 

shortening into the Eastern Cordillera as proposed by Isacks (1988), Gubbels (1993), 

Ahnendinger and Gubbels (1996), and Almendinger et al. (1997). The addition of middle 

and lower crust to the Eastern Cordillera thickens the crust in this region to as much as 73 

km (McQuarrie, submitted). 

The continued subduction of the Brazilian shield under the fold-thrust belt argues for 

continued delamination of mantle lithosphere as a means of removing excess material 

focused at the Eastern Cordillera/Altiplano boundary. A piecemeal lithospheric 

delamination process beginning at —25 Ma and continuing to the present is in good 

agreement with both the riming of volcanism and in the Eastern Cordillera and the 

Altiplano and the current mantle structure at this boundary (Meyers et al., 1998) (Fig. 6). 
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Time step 6 (0 Ma) 

The modem lithospheric structure is shown in the last time slice. The upper crust has 

shortened 330 km. This amoimt, combined with the late Cretaceous to Paleocene 

shortening suggested by the eastward migration of the foreland basin (200-250 km), 

suggests 530-580 km of total shortening for the Andean fold and thrust belt. 530-580 km 

of shortening can accoimt for the total crustal area of the high elevation plateau. The 

total length of removed mantle necessary to produce the current lithospheric cross section 

of the Andes is ~400 km (330 km shortening plus an —75 km-wide mantle lithosphere 

window) times the original mantle thickness. The cross-sectional area of removed 

lithosphere would be 2x10^^ km^ for the 50 km thick mantle lithosphere or 4.8x10'' km^ 

for a 120 km thick mantle lithosphere. 

ELEVATION WITH TIME 

Change of paleoelevation with time may be inferred from features that vary with 

elevation and are preserved within the geologic record (Chase et al., 1998). These 

features include amounts of upper crustal deformation, geochemistry of magmatic rocks, 

and fossil floras (Gregory-Wodzicki, 2000). The modem-day elevation of the central 

Andean plateau has been directly linked to its crustal thickness (Isacks, 1988; Beck et al., 

1996) and the crustal thickness has in turn been linked to shortening within the Andean 

fold-thrust belt (Isacks, 1988; Sheffels, 1990; Allmendinger, 1997, BCley and Monaldi, 

1999, McQuarrie, submitted). Because elevations (both modem and paleo) reflect 

isostatic adjustments to lithospheric thickness and density structure, the history of crustal 
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shortening (and thus thickening) in the central Andes can be used as a proxy for uplift 

history for the plateau (Jordan et al., 1997; Gregory-Wodzicki, 2000). This implies that 

the history of crustal shortening as inferred from the eastward propagation of the Andean 

fold-thrust belt may suggest times of principle elevation change (Jordan et al., 1997). 

The kinematic evolution presented above has direct implications for the timing of 

elevation gain in the Eastern Cordillera/Altiplano region. Between 40 and 20 Ma the 

insertion of a thick basement thrust sheet into the Eastem Cordillera created an eastward 

widening zone of 60+ km thick crust (McQuarrie, submitted) (Fig. 5) suggesting that by 

20 Ma there was a 200 km wide "plateau," possibly as high as 3-4 km, in the Eastem 

Cordillera. Although not significantly deformed, the Altiplano basin had been filled with 

up to ~10 km of sediment, increasing the potential elevation of that region to ~2.5 km. 

Assuming a crustal density structure similar to modem cmstal densities determined from 

seismic velocities (Zandt et al., 1994; Swenson et al., 2000; Beck and Zandt, submitted), 

it is possible to convert the lithospheric evolution diagrams proposed in Fig. 5 into graphs 

that show^ the spatial change of elevation through time (Fig. 7). 

The initial establishment of the Andean plateau by 20 Ma is significantiy older that 

the previously proposed age of 10 Ma (Isacks, 1988; Gubbels et al., 1993; Allmendinger 

et al., 1997; Lamb and Hoke, 1997; Gregory-Wodzicki, et al., 1998; Gregory-Wodzicki, 

2000). The greatest challenge to an Early Miocene onset of high elevations is 

paleobotanical evidence that suggests that the Altiplano and Eastem Cordillera in Bolivia 

had attained no more than a third of their present elevation of 3-4 km by 20 Ma, and no 

more than half of their present elevation by 10.7 Ma (Gregory-Wodzicki, et al., 1998; 



231 

6 

5 

4 

3 

2 

1 

6 
100 200 400 SOO 600 800 300 700 

6 

S 

4 

10 3 

2 

1 

100 200 400 500 600 800 300 700 

Figure 5.7. Elevation of the fold-thrust belt with time determined from Airy 
isostasy calculations. A is a thin initial mantle (50 km) that thickens to 120 km under 
the orogen. B is a thick initial mantle (120) that thickens to 280 km under the orogen. 

Thicknesses of the columns are from figure 5 and thicknesses and densities 
are listed in Table 1. 



Table 5.1 

reference co|umn= sea level 

upper crust 2760 10 

mid crust 2870 10 

lower crust 2950 10 

mantle lithosphere 3300 70 

asthenosphere 3260 200 

40 elevation 

50 km 120 km T s uc mc Ic 

400 1.8 0.95 40 7 13 15 5 

425 1.8 0.95 40 7 13 15 5 

450 2.5 1.67 45 7 18 15 5 

475 3 2.27 47 12 15 15 5 
500 2.8 2 45 12 13 15 5 
525 2.4 1.5 43 10 13 15 5 

550 2.2 1.3 42 9 13 15 5 

650 1.8 0.9 40 7 13 15 5 

35 elevation 

50 km 120 km 

200 1.8 0.95 40 7 13 15 5 

350 2.4 1.5 43 10 13 15 5 

400 3.6 2.66 50 12 15 18 5 

425 3.8 2.79 60 10 25 17 8 

450 3.8 2.79 60 10 25 17 8 
475 2.49 2.5 50 12 13 17 8 
500 2.8 2 45 12 13 15 5 

675 1.8 0.9 40 7 13 15 5 

:30 elevation 

50 km 120 km 

200 1.8 0.95 40 7 13 15 5 

350 2,8 1,9 45 12 13 15 5 
375 4.2 2.63 55 12 23 15 5 

400 4.4 2,4 65 10 26 21 8 

475 4 3.19 55 10 22 18 5 

500 3.18 2.36 48 12 13 18 5 

525 2.8 2 45 12 13 15 5 

700 1.8 0.9 40 7 13 15 5 

plateau densities 

sediments 2600 

upper crust 2800 

mid crust 2870 

lower crust 2950 

mantle lithosphere 3300 50 

asthenosphere 3260 

20 elevation 

50 km 120 km T s 

125 2.8 1,9 45 12 

200 2.8 1,9 47 14 

250 3.8 2.25 55 12 

275 4.4 2,43 65 10 
450 4.3 2,43 65 10 
475 3,3 2,43 55 15 

500 3 1,37 47 14 

525 2,8 1,96 45 12 
550 2,6 1,75 44 11 

575 2,4 1,55 43 10 

700 0.97 0,45 37 7 

:10 elevation 

50 km 120 km 

100 3.6 2.8 60 2 

125 3.9 3.92 60 14 
250 5.2 3.92 60 14 
275 5,2 3,56 65 12 

400 4.75 2.79 65 10 

450 4.75 2,79 65 10 

475 3,25 3.25 55 10 

500 4 3.2 50 20 

525 3 2,2 45 15 

550 2,6 1.8 43 13 
575 2,4 1.15 40 10 
650 1 0.59 37 7 

mc Ic 

15 5 

15 5 

18.5 6,5 

21 8 

24 8 

19 8 

15 5 

15 5 

15 5 

15 5 

15 5 

35 10 

28 5 

28 5 

27 0 

24 8 

24 5 

15 5 

12 5 

12 5 

12 5 

12 5 

12 5 
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Gregory-Wodzicki, 2000). At face value, the constraints on the timing and amoimt of 

shortening and paleoelevation estimates at face value requires that significant portions of 

plateau uplift must have occurred independently of tectonic shortening and, more 

importantly, a lithospheric density structure that would permit a 60+ km crust to remain 

at elevations close to 1 km. These density anomalies may exist in the mantle (e.g. 

Molnar, 1993) or crust (Le Pichon et al., 1997). 

Geodjoiamically, thick and/or dense mantle can hold thick crust at low elevations. As 

shown in the lithospheric time steps, significant shortening within the upper crust needs 

to be accommodated by distributed shortening in the lower crust and mantle, potentially 

creating a zone of thick mantle lithosphere undemeath the orogen. This lithospheric root 

should provide negative buoyancy that would diminish the isostatic uplift of a thickened 

light crust. Varying mantle lithospheric structure within reasonable limits suggests 

negative buoyancy can account for elevation differences of 1-3 km (England and 

Houseman, 1989; Molnar et al., 1993). However, if mantle lithospheric structure is 

important for potential elevation changes in the central Andes, a pulse of widespread, 

significant mantle delamination at ~ 10 Ma is necessary to raise the plateau to its present 

height. Graphs of elevation with time for an initially thick mantle (120 km) permit 

elevations of 2.5-3 km (Fig. 7, Table 1), still significantly higher than 1-1.5 km predicted 

by paleobotany. Logical time periods for delamination (25 Ma, 10 Ma and 5 Ma; Hoke et 

al., 1993; 1994; Lamb and Hoke, 1997), preclude one significant delamination event at 

—10 Ma. The piecemeal nature of the delamination implied by the nature of the modem 

mantle lithosphere and reasonable uplift rates (.2-.3 mm/yr), suggest the plausibility of an 
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8-10 m.y. period of elevation gain. This allows for a delay between times of early 

Miocene lithospheric alteration (due to changes in thickness or density) and attainment of 

significant elevation post 10 Ma. 

An alternative view is the density distribution within the crust could play a significant 

role in explaining both thick crust and low elevations. Le Pichon et al. (1997) proposed 

that increases in crustal buoyancy due to eclogite to granulite phase changes within the 

crust as a thickened crust equilibrates thermally should be important in the elevation 

history of an orogenic system. Early stages of mountain building typically produce low 

temperature, high pressure crustal roots, favoring the process of eclogitization. However, 

if the crust stays in its thickened state for several tens of millions of years, the 

temperature increases and rocks may re-equilibrate to granulite facies (Le Pichon et al., 

1997). The change in elevation with changes in densities of crustal rocks is most 

significant when the rocks involved are predominantly felsic to intermediate in 

composition (Le Pichon et al., 1997), similar to the crustal composition of the central 

Andean plateau (Zandt et al., 1994; Swenson et al., 2000; Beck and Zandt, submitted). 

The evolution of the central Andean plateau as outlined above permits the necessary time 

(18-40 m.y.) and temperature (700-800 ° C) needed for the eclogite to granulite transition. 

However, the amount of crust at the depth required for eclogite stability is 15-20 km, 

suggesting a maximum of 1.5 —2.0 km of uplift due to phase transitions. 
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DISCUSSION 

Combining the history of foreland basin migration with palinspastically restored 

regional cross sections across the Bolivian Andes between 18° -20° S argues for an 

eastward migrating fold-thrust belt/ foreland basin system since the late Cretaceous. An 

addition of40-45 m.y. to the long held 25-30 m.y. age for initiation of "Andean 

deformation" has important implications for shortening amounts, rates of shortening and 

the elevation history of the Andean plateau. The 70-50 Ma history of the Andean fold-

thrust belt, as constrained by the migration of the foreland basin, argues for 200-250 km 

of shortening in the Late Cretaceous to Paleocene fold-thrust belt. Balanced regional 

cross sections across the central Andean plateau from the eastem edge of the volcanic arc 

to the foreland suggest and additional 330 km of shortening of the brittle upper crust and 

equal amounts of shortening in the more ductile mid- and lower crust (McQuarrie, 

submitted). The eastward propagation of a 15 km thick basement thrust sheet allowed for 

deformation to jump from the Western Cordillera into the Eastem Cordillera at ~40 Ma 

linking these two periods of shortening into an eastward evolving Andean system. With 

an initial crustal thickness of 40 km, the combination of these two estimates, 530-580 km, 

can more than account for the cross sectional area of the central Andean plateau in 

Bolivia suggesting that the felsification of the Andean crust (Beck and Zandt, submitted) 

may have been due to the delamination of 5-8 km of mafic lower crust in conjunction 

with mantle loss (McQuarrie, submitted). With an initial crustal thickness of 35 km, the 

shortening estimates (530-580) are still sufficient to accoimt for crustal thickness, 

however they require a predominantly felsic initial crust. 
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The combmation of basin migration, balanced cross sections, and thermochronology 

provides reasonable estimates on the rates of shortening within the central Andes. The 

rates of shortening, propagation and migration of the foreland basin are listed for 

constrained increments of time in Fig. 3. These values suggest that the rates of 

shortening within the central Andes have slowed over the past 40 m.y. in conjunction 

with slowing rates of convergence between the Nazca and South American plates (Pardo-

Casas and Molnar, 1987; Somoza, 1998; Norabuenaet al., 1998; 1999). The combination 

of basin migration, balanced cross sections, and thermochronology also suggests that the 

area defined as the central Andean plateau was shortened, thickened, and perhaps 

elevated as early as 20 Ma with minor amounts of additional thickening (7-10 km) due to 

subduction of the Brazilian shield and shortening within the Subandean zone. 

CONCLUSIONS 

1- Timing of deformation in the central Andes as a whole (70 Ma) and in the Eastern 

Cordillera (40 Ma) is significantiy older than previously proposed. 

2- Total amounts of shortening within the central Andes may be as high as 580 km, 

accounting for the total cmstal thickness of the Andean plateau and as well as 

cmstal material that may have been lost due to crustal flow or delamination or 

alteration of a mafic lower crust. 

3- A 400 km + length of mantle lithosphere has been removed firom the Andean 

orogen. Mantie lithosphere removal most likely occurred as a piecemeal 

delamination process initiating at ~25 Ma. 
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4- The central Andean plateau could have reached its modem elevation as early as 

20 Ma or after 10 Ma. Further work is needed to constrain the timing elevation 

gain. 
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1. Thickness of foredeep and slope (4°) on basement deteimined fi-om Industry well data and seismic reflection lines in the Boomerang 

2. Thickness of Ordovician towards foreland is unknown, as well as detachment level of the frontal thmsL However, in the northern Sul 
and the lower Ordovician shales are a major decollement for the fold-thrust belt (Baby et al., 1995; this paper). 

3. Horses of upper Ordovician through upper Silurian/lower Devonian rocks feed slip into the Cambrian/basement thrust sheet 

4. Minimum thickness of exposed Cambrian rocks from map data. 

5. Minimum depth to basement under exposed Cambrian rocks. 

6. Increase in slope of basement decollement ftxim 4° to 10° proposed due to basement load. The increase in dip is necessary to exteni 
decollement towards hinteriand is recognized in other orogens (Hauck et al., 1998). 

7. Wide zone of Capinota Formation (lowenriost Ordovician) exposed at surface with bedding attitudes of N 40° E to N 70° E dipping 35' 

8. Presence of Ordovician hangingwall flat on Silurian (Uncia Formation) footwall flat is supported by map pattern of repeating Ordovicia 
exposed in valleys. The long flat is also supported by folded Anzaldo Formation klippe on upper Ordovician San Benito Formation to i 

9. Inferred horses in lower Ordovician rocks is needed to balance bed length in upper Ordovician Anzaldo and San Benito Formations. E 
flat on footwall flat relationships. 

10. Increase in slope of the basement decollement from 10° -13° minimizes the antifonn caused by the alignment of hangingwall ramp w 

11. Footwall ramp for lower basement thrust sheet based on minimum offset on Cambrian/basement thmst sheet 

12. Horses in lower Ordovician needed to balance excessive bed length of upper Ordovician roof sheet 

13. Ordovidan roof sheet is suggested by a map pattern of branching thrust faults (Rgure 5) (McQuame and DeCelles, 2001). 

14. Length of Silurian roof sheet based on fault-bounded syncline of lower Silurian rocks over upper Silurian rocks with conformable bedi 

15. Location of ramp: Basement ramp is needed to explain -20 km of offset between Paleozoic rocks exposed within the backthrust zon 
Industry seismic reflection lines and structural level of basement under the Lago Poopo basin (McQuarrie and DeCelles, 2001). 

16. Structure in Poopo basin based on Industry seismic reflection lines (McQuame and DeCelles, 2001). Industry wells in the Poopo bas 

17. Westward basement thrust/ramp accommodates anticlinal rise of Paleozoic rocks on the west side of Lago Poopo basin immediately 

18. Geometry of east-dipping syntectonic sediments based on seismic lines (McQuame and DeCelles, 2001). Basement fault is propos© 
accommodate -40 km of slip on both east- and west- verging faults tjounding the Corque syncline. 

19. East-dipping and eastward diverging growth structures in 25-5 Ma rocks on seismic reflection lines (McQuame and DeCelles, 2001). 

20. Precambrian basement rocks at surface. Basement duplex is inferred in order to fill space 
and raise basement 20 km with respect to syncline. 





in the Boomerang Hills region (Rgure 4) and in the Isiboro region( -40 km north of cross section line) (Baby et al., 1995; Welsink et al.,1995: Roeder anc 

n the northern Subandean zone the Ordovician constitutes the "effective" basement on seismic lines and well data (Welsink et al., 1995), 

ust sheet 

ecessary to extend complete Cambrian through Silurian section under basement thrust sheet. Significant increases in dip of 

I 70° E dipping 35° to the northwest 

tpeating Ordovician Anzaldo Fomiation on Silurian Uncia Formation with Ordovician rocks exposed on ridges and Silurian rocks 
nito Formation to south (Rgure 5). 

nito Formations. Excess length in these rocks is based on repeating Anzaldo Formation on San Benito or Uncia Formations with hangingwall 

angingwall ramp with footwall flat and hangingwall flat with footwall ramp. 

I, 2001). 

I conformable bedding attitudes suggesting a hangingwall flat on footwall flat relationship. 

the backthrust zone and those predicted below the Corque syncline. Location of ramp is on the east side of Lago Pocpra basin based on 
lelles, 2001). 

> in the Poopo basin area indicate 25 Ma syntectonic sedimentary rocks rest on Paleozoic rocks and that Jurassic through Oligocene rocks have been rei 

basin immediately east of the Corque-Corocoro syncline. Upper Paleozoic geometry based on seismic data (McQuam'e and DeCelles, 2001). 

nt fault is proposed to 
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1. Thickness of foredeep and slope of basement (top of Siluruan) determined fi-om industry seismic reflection lines anc 

2. The thickness of the Silurian and Ordovician rocks is unknown. The presence of Ordovician rocks in the foreland wa 
The thickness of the Silurian is based on thicknesses of Silurian rocks exposed in the Interandean zone. Both Ordo* 
toward the foreland. 

3. Duplexing of upper Devonian rocks is proposed to explain tight anticline (similar to structures imaged on seismic ref 
and Charagua anticlines). Bed length projected into the air equals the bed length of horses within the duplex. 

4. Eastward limit of basement thrusting based on seismic refraction (Wigger et al.. 1994; Dunn et al., 1995), magnetotf 
Dip of basement decollement increases to 4°. 

5. Long length of Silurian through upper Devonian thrust sheet is based on mapped Silurian Catavi Formation and De\ 
Devonian Ida Formation. Bedding orientations in hanging wall and footwall rocks are conformable suggesting a hai 

6. Rapid increase in thickness of Ordovician rocks is proposed due to thick sections of Ordovician rocks mapped in the 
inferred for Ordovician rocks within the Interandean zone. 

7. Increase in structural elevation and need for upper basement thrust based on uniformly dipping (eastward) section ( 
high is the result of an overiap between a hanging wall ramp (upper basement thrust) and the top of a footwall ramp 

8. Base of footwall ramp marked by Maragua syncline. 

9. Area of angular unconformity (local) between lower Silurian and Jurassic rocks. 

10. Location of basement ramp placed at the westem most outcrop of Paleozoic rocks (McQuarrie and DeCelles, 2001 

11. Geometry and depth of basin confirmed by industry seismic lines. 

12. Depth to Jurassic/Cretaceous detachment based on thickness and dip of Tertiary rocks exposed on westem limb o1 

13. Geometry, location and depth of salt-cored fault-propagation anticline based on industry seismic reflection data. 

14. Location of basement high and geometry of duplex projected from northem cross-section. 

15. East-dipping (and eastward diverging?) Tertiary rocks from industry seismic reflection data. 





1 lines and well data (Dunn et al., 1995; Baby et al., 1995). 

reland was suggested by paleogeographic maps (Sempere, 1995). 
Joth Ordovician and Silurian rocks are inferred to thin 

eismic reflection lines and drilled by wells in the Sararenda 
lex. 

magnetotelluric and gravity data (Kley et al., 1996). 

n and Devonian Vila Vila Formation syncline overiying 
jting a hanging wall flat on footwall flat relationship. 

ped in the Eastern Cordillera and reasonable thicknesses 
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