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Abstract 
 

This paper presents an evaluation of multiple models for crustal shortening of the 

Bolivian Subandean zone. These models are cross-sections created to justify estimations 

of crustal shortening in the region. The differences in cross-section interpretation allow 

for a range of crustal shortening estimates. Though differing opinions on the exact 

amounts of shortening are offered, the consensus among the studies agrees that the 

greatest amounts are found in the central Subandean zone, located at approximately 17-

18° S, with lesser amounts in the northern and southern sections of the SAZ. Differences 

in models can be attributed to the inclusion of proposed basement structure (various 

hypotheses have been documented), and interpretations of sub-surface folding and 

faulting. The various basement structures proposed have direct impact on structure and 

topography of the zones of the Andean cordillera, leading to debates on the labeling of 

such zones. Different constraints on the timing of initiation of shortening are also 

proposed. 

 

Introduction 

 The area termed the Subandean zone (SAZ) of Bolivia lies between 

approximately 15° and 22° S. Thin-skinned deformation is thought to have been 

occurring here since, at the latest, the late Oligocene (Sempere et. al., 1990), and, at the 

earliest, the middle Miocene (Gubbels, et. al., 1993, McQuarrie et. al., 2008).Variations 

in crustal shortening amounts in the Bolivian Subandean zone can be illustrated by 

balanced cross-sections. Differences in interpretation of sub-surface structures directly 

impact estimations of crustal shortening amounts. Important and intricate features such as 
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individual folds, faults and sedimentary basins, as well as types of folding (i.e. fault-

bend-folding, fault-propagation-folding) can greatly impact shortening estimates when 

included or excluded. To produce accurate cross-sectional interpretations of the SAZ, a 

few features must be included. These are (1) a shallow, horizontal, east-verging 

detachment, (2) a 6 km step between the Interandean zone (IAZ) and the SAZ 

(McQuarrie, 2002) (Fig. 2), (3) a proposed hypothesis of basement structure, and (4) a 

retro-deformation of the proposed cross-section must be offered (McQuarrie, 2008, 

personal correspondence). The papers considered in this study met most, if not all of 

these requirements. Some of the studies concluded that the IAZ is not its own separate 

region, and that is, in fact part of the Eastern Cordillera region (Sempere, et. al., 1990, 

Gubbels et. al., 1993, Dunn, et. al., 1995, Roeder and Chamberlain, 1995, Pope and 

Willet, 1998, Echevarria, et. al., 2003, Barke and Lamb, 2006, Oncken et. al., 2006, Uba 

et. al., 2009). 

 

Geologic Background 

 The Bolivian Andes are located between 15 and 22° S, and are generally divided 

into five sections: the Western Cordillera (WC), the Altiplano (AP), the Eastern 

Cordillera (EC), the Interandean Zone (IAZ), and the Subandean Zone (SAZ) (Fig.1). 

These regions are grouped by topographic elevation (Fig. 2). Recent studies have 

proposed basement structure as a control on the topography of the Andes (McQuarrie, 

2002, 2006, 2008) (Fig. 3). There are marked changes in morphology from the rugged 

Interandean zone with its steep-walled, deeply incised valleys to the N–S trending valley 
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and-ridge topography of the Subandean belt, and finally the low-elevation Chaco plain of 

the foreland to the east (Uba et al., 2009). 

 
Figure 1 (Modified from McQuarrie, 2002). Map of the Bolivian Andes, showing 

highlighted areas of paleotopography. 

 
Figure 2 (From McQuarrie, 2002). Illustration of topographic control of the Andean 

tectono-structural zones. 

 
Figure 3 (from McQuarrie 2002). Illustration on the effects of basement structure on 

topography. 
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 The SAZ of Bolivia is an active thin-skinned foreland fold and thrust belt, being 

defined as keeping all deformation localized over a main basal detachment which overlies 

un-deformed basement rock. It outlines the eastern edge of the central Andes, and is the 

region of present day compressional deformation between the Nazca Plate subducting 

eastward underneath the South American Plate. The differences in latitudinal extent of 

the SAZ are thought to be controlled by a Paleozoic basin (Sheffels, et. al., 1995, Baby et. 

al., 1997, Echevarria et al., 2001, Giraudo et. al., 2001, McQuarrie, 2008) which inhibits 

the basal detachment surface from propagating eastward in some areas of the SAZ. The 

change in paleotopography is responsible for a noticeable lack of SAZ structure in a 

section to the north of the Santa Cruz bend at the Chapare Basement High (17° S lat) 

(Kley et al., 1999) (Fig. 1). The basins to the north and south of this latitude allow the 

eastward migration of the detachment surface, permitting the SAZ to reach widths of 75 

km in the north and 150 km in the south (Dunn et. al., 1995). The SAZ is divided into 

three tectono-structural zones: (1) the northern SAZ (13°-17°S lat) which is oriented NE-

SW; (2) the central SAZ (17°-18°S lat), which changes to a N-S orientation; and (3) the 

southern SAZ (18°-22°S lat) (Baby et. al., 1995). 

(1)The Northern Subandean Zone 

This area is characterized by a very thick (6500-7000m, McQuarrie et. al., 2008)  

Neogene piggyback basin fill known as the Alto Beni Syncline. Detachment levels are 

located in Ordovician, Devonian, Carboniferous and Permian shales (Baby et al, 1995, 

Roeder and Chamberlain, 1995, Sempere, 1995, Dunn et. al., 1995, Hoke and Lamb, 

1997, Baby et. al., 1997, McQuarrie, 2002) and slope westward at a shallow 4° (Baby et. 

al., 1995). 
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 (2) The Central Subandean Zone 

This section of the SAZ contains the Boomerang-Chapare transfer zone which is 

interpreted as an oblique-ramp (Baby et. al., 1995). The major detachment is located at 

the base of the Paleozoic sedimentary wedge which slopes at 10°. The steepness of the 

detachment here is perhaps due to the infringing Chapare Basement High (Fig. 1). 

(3) The Southern Subandean Zone 

 This area is characterized by a series of north to northeast-trending, narrow, 

continuous surface anticlines (Dunn et. al., 1995). The map pattern is one of narrow 

anticlines, often broken by thrust faults and separated by broad synclines (McQuarrie, 

2002). The structural style of long, thin ranges suggests continuous stratigraphy and an 

efficient detachment. The efficiency of the detachment (in Silurian shales) is further 

supported by the latitudinal span achieved in the southern portion of the SAZ. 

 

Discussion 

 In this study, I focused mainly on the previous studies that met certain criterion. 

In order to accurately compare and contrast differences and similarities, each study had to 

(1) provide a balanced cross section with a general analysis of structures present in the 

cross-section (folds, faults, etc.), (2) provide a retro-deformation of the cross-section, and 

(3), hypothesize on the plausible structure of the basement rock beneath the detachment, 

and (4) provide an estimation on the amount of crustal shortening of the SAZ. Not every 

author’s model provided all three of these criterion; therefore, these certain studies are 

left open to debate and disproval. For example, if an author does not provide a retro-
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deformation of their cross-section, they cannot justify their proposed amount of crustal 

shortening. 

1. Cross-sections 

Northern Bolivian Andes 

 

 

 

 
 

 

Figure 3 . Proposed cross-sections from the northern Subandean zone. Top, modified 

from Kley (1999). Middle, at 15°-17° S latitude, modified from Baby et. al. (1997). 

Bottom, Modified from McQuarrie et. al. (2008). 
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Central Bolivian Andes 

 

 

 

 
 

Figure 4a. Cross-section at 18°S latitude, in the central Andes. Modified from Kley 

(1999). 

 

 

 
 

 

Figure 4b. Cross-section at 17° S latitude, modified from McQuarrie (2002). Inset red 

box highlights area of difference between the two sections. 
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Southern Bolivian Andes 
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b)  
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d) 

 

 

Figure 5. Cross-sections from the southern Bolivian latitudes. a) from Kley, 1999. b) 

Latitude 21°-22° S, modified from Baby et. al.,1997. c) modified from McQuarrie et. al., 

2002. d) Latitude 21°S, from Dunn et. al. (1995). 

 

 

 

 

2. Structure 

 

The Northern Cross-Sections (Fig. 3) 

 

 Kley et al. (1999) and Baby (1997) submit cross-sections that are very similar. In 

comparison with the section presented by McQuarrie (2008), Kley et al., (1999) and Baby 

(1997) seem to be at odds with the later author’s ideas. In the SAZ, all three sections 

illustrate the prominence of the Alto Beni synclinal basin, and show the occurrence of 

fault propagation folding as the mechanism for shortening. McQuarrie (2008) differs 

from the other two sections in that she incorporates fault bend folding to account for her 

amounts of crustal shortening. Into the IAZ, once again Kley et al. (1999) and Baby 

(1997) have proposed similar structures. Rough estimations of thickly stacked, uneven 

horses of Ordovician crust and a strange triangular wedge (Fig. 3, top- inset red box) are 

thought to lie beneath the surface. Neither Kley nor Baby offers any explanation for their 

interpretation, and Baby (1997) does not offer a retro-deformation, leaving his section 
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open to speculations about its claim of being balanced. In McQuarrie (2008), neatly 

stacked duplexes are present here (Fig. 3, bottom, inset circle). This study concisely 

explains that the gradual increase of Silurian (purple) strata in these duplexes explains the 

thickness of the Silurian in the IAZ surface (seen in Fig. 3, bottom), and that the horses of 

Ordovician and Silurian rocks balance the amount of shortening in Devonian and younger 

rocks of the SAZ. McQuarrie (2008) provides a colored, neat and accurate retro-

deformation.  

 

The Central Cross-Sections (Fig. 4a and b) 

 The two central cross-sections that my research has procured appear very 

different. There are no similarities in the ages proposed by Kley (1999) and McQuarrie 

(2002). A semi-synclinal structure can be found in the center of both authors’ IAZ; 

however, both authors differ in opinion in regards to the ages of the rocks comprising the 

structure; McQuarrie (2002) dates the syncline as Ordovician, while Kley (1999) 

contends that the dates of the structure are Silurian-Devonian in age. McQuarrie (2002) 

shows a large stretch of Cambrian strata occurring at the surface in the SAZ, and also 

proposes a large basement thrust as mechanism in which this older strata was delivered to 

the surface (Fig. 4b, inset red box). Kley (1999) counters that the oldest strata found at 

the surface is Silurian in age, and found in the IAZ. The 1999 study proposes that the 

basement structure consists of roughly stacked thrusts of Cambrian strata. McQuarrie 

(2002) suggests neat, sequential fault propagation folding in the SAZ, while Kley (1999) 

has illustrated undulating fault bend folds above a Devonian detachment. The style in 

which both authors choose to complete their cross-sections also differs. McQuarrie 
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(2002) demonstrates how eroded strata may once have continued above the present day 

recorded surface, while Kley (1999) chooses to illustrate only the present day surface.  

The Southern Cross-Sections (Fig. 5 a-e) 

 All four cross-sections from the southern SAZ of Bolivia included in this study 

differ in various ways. In Kley (1999) (Fig 5a), the same problems plague this cross-

section as they did in the others. Basement crust punctures into the IAZ in a haphazard 

fashion, and the oldest crust found at the surface is generically dated as Paleozoic. 

Surficial folds are difficult to classify as either fault propagation or fault bend folds. In 

Baby et. al., (1997), the same generic dating is found; the basal detachment of the SAZ is 

labeled as being found in ‘middle crust’. The structures of Baby et al. (1997) are clearer, 

with fault propagation folding occurring in the SAZ; however, Baby does not provide a 

retro-deformation of this section.  In McQuarrie (2002), the structures of the IAZ and 

SAZ become unambiguous, with fault bend folding and duplexing occurring over a large 

basement thrust; evidence of this basement thrust is corroborated by seismic profiling in 

the McQuarrie (2002) study. Fault propagation folding over an Ordovician detachment 

underlies Devonian duplexing; McQuarrie explains that this duplexing is proposed to 

account for the tight anticlines of the SAZ in the southern region. There are similarities 

between the McQuarrie (2002) and the Dunn et al. (1995) studies. In the Dunn analysis, 

fault bend folds and minor duplexing overlie a Silurian basal detachment in the SAZ, 

while fault propagation folding breaches the surface. Large-scale duplexing of Silurian 

and Cambrian strata comprise the basal structure of the IAZ. No basement structure is 

proposed, and Dunn et al. (1995) provides detailed and accurate retro-deformations. 
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Crustal Shortening Amounts 
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Basement Structure 

 

 Although space between the Subandean and Interandean detachment horizons 

could be filled through duplexing of the sedimentary upper crust, this duplex system 

would add an additional 110 km of shortening (Kley, 1999) that would need to have been 

erosionally removed from the present-day fold-thrust belt. A much simpler approach is to 

fill the space with a single basement thrust sheet (McQuarrie, 2002) and transfer the slip 

from that thrust sheet up into the structures of the Subandean zone (Fig.4). This major 

basement thrust sheet can account for the elevated level of basement at the northern edge 

of the Subandean zone (Fig. 4b). The presence of this thrust sheet found at the surface 

suggests that the shortening within the Subandean zone is accommodated by motion 

along this thrust.  

 The abrupt increase in structural elevation between the Subandean, Interandean, 

and Eastern Cordillera zones adds a regional geometry to the Andean fold and thrust belt 

that must be accounted for structurally (McQuarrie, 2002). Changes in structural 

elevation within a fold and thrust belt do not reflect simple changes in detachment 

horizons; instead, it is an effect of raising material as rocks are lifted up and over 

hanging-wall and footwall ramps (McQuarrie, 2002). These ramps can be in sedimentary 

rocks (creating a doubling of the sedimentary thickness) or in basement rocks 

(McQuarrie, personal correspondence). Figure 6 shows the deformed sedimentary upper 

crust in southern Bolivia (compare with Fig. 5c) with four possible deformation styles. 

Figure 6a indicates the area that would theoretically need to be filled through the 

doubling of sedimentary stratigraphy (McQuarrie, 2002), and Figure 6, b–d, illustrates 
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proposed basement deformation geometries. The arguments for basement involvement in 

each of the structural zones are given here. 

 

 
 

Figure 6 (A–D). (from McQuarrie, 2002) Models explaining structural steps in the 

Andean fold-thrust belt. Arrows mark boundaries of the tectono-structural zones: AP—

Altiplano, BZ—backthrust, EC—Eastern Cordillera forethrust, IAZ—Interandean, and 

SAZ—Subandean. (modified from Kley, 1999 (A) Space above large dashes is area that 

would need to be filled to account for the Eastern Cordillera structural high. The small 

dashes show the westward extension of the Subandean detachment. The detachment 

projects deeper than the lowest elevation of Paleozoic rocks in the hinterland, indicating 

that the Paleozoic rocks in the backthrust belt cannot have the same detachment as those 

in the Subandean zone. (B–C) The heavy gray line in the basement is a passive marker 

that highlights geometry.  
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Timing 

 In order to fully comprehend the constraints and logic behind the debate on 

the origination of shortening in the SAZ, it was necessary to research outside the 

confines of structural geology. The literature included in this study provides ample 

details on the effects of sedimentation rates on crustal shortening, as well as specific 

dating of formations of the Bolivian Andes. 

 Gubbels et al. (1993) used the ~10 Ma age of the San Juan del Oro erosional 

surface in the Eastern Cordillera to date the end of thrusting in the Eastern 

Cordillera and the subsequent onset of activity along the deformation front in the 

Subandean zone. In contrast, Echavarria et al. (2003) interpreted the rapid increase 

in sedimentation rate around ~9.9 Ma to indicate the onset of deformation in the 

Subandes. The age used by Echavarria et al. (2003) was from a volcanic ash ~1200 

m above the top of the Tranquitas Formation. However, McQuarrie et al. (2005) 

argue that the cessation of shortening and thickening related to an extensive 

basement megathrust within the Interandean zone at ca. 20 Ma to suggest a pre- 

13Ma onset of deformation within the Subandean belt. This interpretation of an 

earlier onset of tectonism is further supported by structural studies aided by 

radiometric dating (Horton, 2005).  

 Not ignoring the above controversy on timing, the research included in this 

study generally agreed that the initiation of deformation within the Subandean zone 

was penecontemporaneous with the onset of deposition of the Yecua Formation 

(e.g., Sempere, 1991; Baby et al., 1992; Gubbels et al., 1993; Dunn et al., 1995; Kley 

et al., 1997; Uba et al.,  2006, 2009). The correlation of the onset of deformation in 
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the Subandes with the beginning of Yecua sedimentation is based on an increase in 

shortening rate (Fig.7) (Gubbels et al., 1993; Moretti et al., 1996; Echevarria et al., 

2003), high subsidence rate, and creation of accommodation space (Uba et al., 

2006). In addition, the deposition of marine–lacustrine facies (Uba et al., 2006), and 

a low angle unconformity over the underlying Petaca Formation (Uba et al., 2006) 

have been used to infer the onset of deformation and the contemporaneous 

deposition of the Yecua Formation. Uba et al.(2009) document a radiometric age of 

12.4 Ma at the base of the Yecua Formation in the Angosto del Pilcomayo section 

and 10.5 Ma in the upper part of the same unit in the Emborozú section, and 

therefore constrain the onset of deformation in the western Subandean zone to 12.4 

Ma. This correlates with the creation of accommodation space for the coeval 

deposition of lacustrine and shallow marine units (Uba et al., 2006). 
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Figure 7. (From Uba et al., 2009) Red box: Solid black line represents data from Uba 
et al. (2009), the shaded grey area denotes data from Echavarria (2003). Note how 
the proposed sedimentation rates (blue box) vary inversely with Uba et al. (2009) 

estimates of crustal shortening. 
 
 
 
 

 
Conclusion 

 Thin-skinned deformation is thought to have been occurring in the Bolivian 

Subandean zone since at least 9.9 Ma (Echavarria et al., 2003) and at most 13 Ma 

(McQuarrie et al., 2005). Multiple factors have affected the onset of crustal shortening in 

the SAZ, including sedimentation rates, erosion rates, and available accommodation 

space. Variations in crustal shortening amounts in the Bolivian Subandean zone are 

illustrated by balanced cross-sections. Differences in interpretation of sub-surface 

structures directly impact estimations of crustal shortening amounts. Important and 
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intricate features such as individual folds, faults and sedimentary basins, as well as types 

of folding (i.e. fault bend folding, fault propagation folding, and duplexing) can greatly 

impact shortening estimates when included or excluded. Crustal shortening must be 

accounted for properly in proposed cross-sections; every thrust zone must be measured, 

then properly retro-deformed to its original state of horizontality. Basement structure 

must also be accounted for in suggested amounts of shortening. Adduced models of 

basement deformation geometry have submitted reasonable hypotheses, but problems 

presently continue to be illuminated within each model upon further research.  
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