Chapter 25

Structural, geomorphic, and depositional characteristics of
contiguous and broken foreland basins: examples from the
eastern flanks of the central Andes in Bolivia and NW Argentina

MANFRED R. STRECKER*, GEORGE E. HILLEYT, BODO BOOKHAGEN" and
EDWARD R. SOBEL?

*Institut fiir Geowissenschaften, Universitat Potsdam, Potsdam

TDepartment of Geological and Environmental Sciences, Stanford University, Stanford, USA
‘Geography Department, University of California, Santa Barbara, USA

SInstitut fiir Geowissenschaften, Universitit Potsdam, Potsdam, Germany

ABSTRACT

In this chapter, we contrast the elements of a typical, contiguous foreland basin system
in the Bolivian Andes with the broken foreland farther south in northwestern Argentina.
We illustrate differences in deposition and geomorphic shape that arise from the
structural conditions to which these two systems are subjected. Generally, the principal
elements of foreland-basin systems result mainly from accommodation space created by
the flexural response of the crust to the topographic load of a fold-and-thrust belt. This
leads to the formation of four distinct depozones: the wedge-top, foredeep, forebulge,
and backbulge. In contrast, broken foreland basins are formed in areas where retroarc
convergence is accommodated primarily along re-activated, high-angle structures.
Rather than creating a broad area of consistently sloping mean topography, rock uplift
along these structures is often disparate in space and time, leading to the formation of
discrete ranges of limited along-strike extent that occur far inboard of the main
topographic front of the orogen. The potentially high rock-uplift rates accommodated
by steep, reactivated reverse faults favors isolation of the headwater basins of such
systems from the downstream fluvial network, leading to sediment ponding behind the
rising mountain ranges. In addition, the limited flexural response associated with short
wavelength, laterally restricted topography may fail to create large amounts of accom-
modation space seen in the foredeep depozone that typifies foreland basin systems.
Thus, instead of the generally continuous, laterally extensive foreland basin system
associated with continental-scale crustal flexure, broken foreland basins, such as in the
northwestern Argentine Andes, consist of a set of variably connected, laterally restricted
depocenters. These evolve behind actively rising topography or small basins that form
within the limited accommodation space created around individual uplifted mountain
ranges. These types of depositional systems lack many of the elements that are typical of
recent foreland basins, including well-developed foredeep, forebulge, and backbulge
depositional systems. Instead of applying foreland basin models to broken foreland
basin systems, it is important to view these systems in the context of their distinct
structural, topographic, and geodynamic circumstances.
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INTRODUCTION

The architecture of foreland basins and the thick-
ness of their sedimentary fills are primarily deter-
mined by the creation of structurally controlled
accommodation space associated with the lateral
and vertical growth of fold-and-thrust belts (e.g.,
Dickinson, 1974; Jordan, 1981, 1995). Typically,
four general tectonic/depositional domains char-
acterize these environments, reflecting the inter-
play between shortening, crustal loading, climate,
sediment production, and deposition (Fig. 25.1A)
(e.g., DeCelles and Giles, 1996): (1) piggy-back
basins, formed within and blind thrusting out-
board of the extent of the fold-and-thrust belt
define the boundaries of wedge-top basins,
whose sediments are deposited within tectonically
active portions of the orogen (e.g., Jordan, 1995;
DeCelles and Giles, 1996); (2) flexural subsidence
outboard of the fold-and-thrust belt provides space
for foredeep sediments that thicken and coarsen
towards the thrust wedge (e.g., Dickinson and
Suczek, 1979; Schwab, 1986; DeCelles and Hertel,
1989; DeCelles and Giles, 1996); (3) the forebulge, a
distal upwarped sector outboard of the foredeep,
results from crustal-scale flexure (e.g., Jacobi, 1981;
Karner and Watts, 1983; Quinlan and Beaumont,
1984; Crampton and Allen, 1995; Turcotte and
Schubert, 2002); and (4) the backbulge basin is a
second flexural basin created in the wake of the
forebulge, defining a broad, low-energy deposi-
tional environment (e.g., DeCelles and Giles,
1996; Horton and DeCelles, 1997; DeCelles and
Horton, 2003). As the fold-and-thrust belt ad-
vances into the foreland, these different tectonic
and associated depositional domains also migrate
systematically basinward, often leading to vertical
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stacking of sediments created within these
domains (e.g., DeCelles and Horton, 2003). The
fold-and-thrust belt geometry approximates that
of a self-similarly growing tectonic wedge that
progressively entrains foreland-basin sediments
by frontal accretion and motion along a detach-
ment horizon, such as currently observed in the
Subandean belt of Bolivia in the central Andes
(e.g., Sempere etal., 1990; Kennan et al., 1995; Baby
etal., 1997; Horton and DeCelles, 1997; McQuarrie,
2002; Uba et al., 2006).

This standard model successfully explains the
primary features of both ancient and modern
peripheral (sensu Dickinson, 1974) and retroarc
foreland basins (e.g., Jordan, 1981, 1995; DeCelles
and Giles, 1996). The model may be inappropriate
for depositional basins in those orogens where
contraction is accommodated by spatially dispa-
rate, diachronous, reverse-fault bounded basement
uplifts, rather than a thin-skinned fold-and-thrust
belt (e.g.,Jordan and Allmendinger, 1986). Modern
examples of such foreland basins include the Santa
Barbara system of northwestern Argentina, adja-
cent to the Subandes fold-and-thrust belt, and the
Sierras Pampeanas morphotectonic provinces far-
ther south (Fig. 25.2; Stelzner, 1923; Gonzilez-
Bonorino, 1950; Allmendinger et al., 1983; Jordan
and Allmendinger, 1986; Ramos et al., 2002). The
Laramide foreland of the western United States
(Steidtmann et al., 1983) may serve as an ancient
analogue of such a basin system (Dickinson and
Snyder, 1978; Jordan and Allmendinger, 1986).
Although being related to a different geodynamic
setting, the Tien Shan of Kyrgyzstan and China or
the Qilian Shan uplifts north of the Tibetan Plateau
comprise similar settings, where ongoing shorten-
ing excises and uplifts basement blocks in the

(A) ~<—— Foreland Basin System ——

-<—— Orogenic Wedge ——>
Wedge Top

Foredeep Forebulge ~Backbulge

(B) ~<—— Broken Foreland Basin System ——— >

~— Plateau —  Ponded and Flexural Basins

Fig. 25.1. Schematic (A) foreland and (B) bro-
ken foreland-basin system models. (A) Foreland
basin systems consist of syn-deformational
sediments deposited in the wedge-top, a fore-
deep depocenter created by flexure in front of
an advancing fold-and-thrust belt, a forebulge
depocenter that is located on the flexural
bulge, and the backbulge basin located
behind the flexural bulge (modified after
DeCelles and Giles, 1996). (B) Broken fore-

land basins consist of sediment deposited
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within spatially limited flexural basins and
sediment ponding behind rising topography.
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Fig. 25.2. Topography of the central Andes with elevations
in m asl. Locations of longitudinal topographic swaths in
Figures 25.4C and 25.4D are identical to the extents repre-
sented in Figures 25.3A and 25.3B, respectively. Mean
topographic swaths (calculated laterally) used in the flex-
ural models in Figures 25.7A, 25.7B, and 25.7C are also
indicated. SBS and SP denote Santa Barbara and Sierras
Pampeans morphostructural provinces, respectively. Solid
white line demarcates internally drained Altiplano-Puna
plateau in the interior of the orogen.

foreland (e.g., Métivier et al., 1998; Sobel et al.,
2003). This mode of foreland basin evolution
eventually compartmentalizes a formerly contigu-
ous sedimentary basin and often causes trends in
rock uplift and sedimentation patterns that are not
predicted by standard foreland basin models (e.g.,
Jordan and Allmendinger, 1986). This accommo-
dation of deformation within basement ranges
and the formation of a broken foreland may occur
well inboard of the primary topographic margin of
the orogen (e.g., Ramos et al., 2002; Strecker et al.,
2009; Iaffa et al., 2011). Importantly, the uplift of
such basement ranges leads to a different flexural

response than the one expected in typical foreland
basin systems related to a growing orogenic wedge.
Consequently, the evolution of associated deposi-
tional systems may be radically different compared
to foreland basins adjacent to fold-and-thrust belts.

Here, we focus on the topographic, geomorphic,
and depositional development of such broken fore-
land systems. We use the depositional system adja-
cent to the Puna Plateau and the Eastern Cordillera
in northwestern Argentina to contrast the geody-
namic conditions and development of this setting
withthedepositional system preserved in the Chaco
foreland basin of Bolivia to the north (Fig. 25.2). Key
differences between the structural development of
theBolivian and thenorthwestern Argentine Andes
largely result from the differing pre-Cenozoic geo-
logichistory ofthese areas (e.g., Allmendingeretal.,
1983; Kley et al., 2005), which has a profound
impact on the flexural response of these two differ-
entareas to deformation, geomorphic development,
and deposition in the surrounding basins.

RETROARC TOPOGRAPHY,
DEFORMATION, AND DEPOSITION
IN THE CENTRAL ANDES

Retroarc topography, deformation, and deposition
in the central Andes between 15°S and 35°S
(Fig. 25.2) results from convergence between the
Nazca and South American plates and the geom-
etry of the downgoing oceanic slab (e.g., Barazangi
and Isacks, 1976; Bevis and Isacks, 1984). North
of ~24°S, the subducting plate dips relatively
steeply (~30°) beneath South America, while
south of ~26°S, the slab shoals to a sub-horizontal
geometry (e.g., Cahill and Isacks, 1992). There is a
general correlation between this subduction geom-
etry and the extent of high elevation in the Andean
realm (Gephart, 1994). The internally drained
Altiplano-Puna plateau spans southern Bolivia
and northwestern Argentina between 15°S and
27°S and has an average elevation of 3.7 km (e.g.,
Allmendingeretal., 1997). This region comprises a
contractional basin and range topography, charac-
terized by isolated, sometimes coalesced sedimen-
tary basins that host km-thick evaporitic and
clastic sequences (e.g., Jordan and Alonso, 1987;
Alonsoetal.,1991; Vandervoortetal., 1995). These
basins are bounded by high-angle reverse faults or
volcanic edifices that either constitute the western
margin of the plateau or further compartmentalize
the basins in a transverse manner (Alonso et al.,



1984; Riller et al., 2001). To the east of the plateau
and the Eastern Cordillera in Bolivia, a wedge-
shaped ~250-km-wide fold-and-thrust belt defines
the eastern border of the orogen. However, south-
ward in northwestern Argentina, this fold-and-
thrust belt vanishes and is replaced by a region
of thick-skinned deformation within the Santa
Barbara and Sierras Pampeanas ranges (e.g.,
Allmendinger et al., 1983; Mon and Salfity, 1995).
The spatial extent of the fold-and-thrust belt in
Bolivia correlates with thick Paleozoic units, in
which a series of Silurian, Devonian, and Carbon-
iferous detachment surfaces define the basal decol-
lement of the orogenic wedge (e.g., Sempere
et al., 1990; McQuarrie, 2002; Elger et al., 2005).
However, approximately south of 24°S, these
mechanically weak layers become significantly
thinner and eventually disappear, and the thin-
skinned style of deformation terminates (e.g.,
Allmendinger et al., 1983; Mon and Salfity, 1995;
Cristallini et al., 1997; Kley and Monaldi, 2002).
Instead, inverted normal faults and transfer struc-
tures related to the Cretaceous Salta Rift have often
accommodated shortening during the Cenozoic
Andean orogeny (Grier et al., 1991; Kley and
Monaldi, 2002; Carrera et al., 2006; Hongn et al.,
2007; Hain et al., 2011). In addition, the metamor-
phic fabrics generated during the early Paleozoic
(Ordovician) Ocloyic orogeny follow the western
margin of the broken foreland uplifts in the tran-
sition to the Puna Plateau and are inferred to have
affected the spatial characteristics of contractile
reactivation during Andean shortening (e.g., Mon
and Hongn, 1991). The reactivated, inherited,
extensional and contractional anisotropies have
produced discrete ranges that occur both along
the eastern flank of the plateau as well as far to
the east of the plateau margin within the otherwise
undeformed foreland, as might be expected from
the mechanics of reactivation of pre-existing weak
structures in the crust (Mon and Salfity, 1995;
Hilley et al., 2005). This is virtually identical
to inverted extensional structures in the Eastern
Cordillera of Colombia (e.g., Mora et al., 2006;
Parra et al., 2009) and bears resemblance to the
pattern of reactivated structures in the North
American Laramide province (Marshak et al.,
2000). Thus, the pre-Andean paleogeography of
northwestern Argentina has left an imprint on the
manner in which Cenozoic shortening is accommo-
dated, resulting in a broad zone of deformation with-
out a well-defined, tectonically active orogenic front
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and unsystematic lateral growth (e.g., Allmen-
dinger et al., 1983; Grier et al., 1991; Mon and
Hongn, 1991; Reynolds et al., 2000; Carrera et al.,
2006; Ramos et al., 2006; Hongn et al., 2007;
Hilley and Coutand, 2010). The broken foreland in
Argentina therefore constitutes a morphotectonic
province with spatially and temporally disparate
range uplifts and intervening basins, a setting akin
to the hydrologically isolated adjacent basins of the
Altiplano-Puna in the orogen interior (Alonso et al.,
1984, 1991; Jordan and Alonso, 1987; Kraemer et al.,
1999; Carrapa et al., 2005).

The differences in deformation style in the cen-
tral Andes have fundamentally impacted the flu-
vial and depositional system. Within, and to the
east of the Bolivian fold-and-thrustbelt, deposition
occurs within a wedge top that transitions into the
undeformed Chaco foredeep deposits to the east
(Horton and DeCelles, 1997). These foredeep
deposits thin towards the east and are inferred to
thicken again to the east of the forebulge high
(Horton and DeCelles, 1997), as predicted by the
flexure incurred by topographic loading of the
advancing fold-and-thrust belt (e.g., DeCelles
and Giles, 1996). In stark contrast, the depositional
system within northwestern Argentina generally
consists of variably connected, partially separate
depocenters, whose margins are primarily defined
by basement uplift along crustal anisotropies.
Unlike the foreland basin system within Bolivia
or in the northernmost part of the Argentine Sub-
andean province, this region lacks a deep and
laterally extensive foredeep and only contains
subdued back- and forebulge areas. For example,
in the Santa Barbara system the foreland deposits
have a thickness of approximately 3000 m (Cristal-
lini et al., 1997; Bossi et al., 2001). In the transition
to the Subandean ranges, sedimentary thickness
increases (Reynolds et al., 2001) and reaches more
than 7000m in the Argentine and southern
Bolivian sectors of the Subandean fold-and-thrust
belt (Echavarria et al., 2003; Uba et al., 2006).
The hydrologic connectivity of basins within
this broken foreland has varied over geologic
time. The generally arid to sub-humid basins vir-
tually all show evidence of several transitions
between internal and external drainage (Strecker
et al., 1989, 2007, 2009; Mortimer et al., 2007),
suggesting a complex relationship between tec-
tonic movements, drainage adjustments, and cli-
mate (Starck and Anzoétegui, 2001; Hilley and
Strecker, 2005).
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TOPOGRAPHIC AND GEOMORPHIC
CHARACTERISTICS OF THE EASTERN
ANDEAN MARGIN IN BOLIVIA

AND NW ARGENTINA

The contrasting deformational style observed
within Bolivia and northwestern Argentina is
clearly revealed in the topography of these two
areas. Deformation within the Bolivian fold-and-
thrust belt is characterized by laterally continuous
thrust faults that have surfaced from the mechan-
ically weak decollement horizons. The along-strike
continuity of thrust-fault geometry likely results
from lateral homogeneity of the underlying strata
(e.g., Allmendinger et al., 1983; Sempere et al.,
1990; Hilley and Coutand, 2010), creating virtually
uninterrupted ridges oriented perpendicular to
the regional shortening direction (Figs. 25.2 and
25.3A). This pattern of topography can be most
clearly seen by examining the variability of eleva-
tions between adjacent points. In Bolivia, eleva-
tions perpendicular to the shortening direction or
along strike of the orogen are well correlated in
space (over length scales of >50km; Fig. 25.4A).
Elevations parallel to the shortening direction or
parallel to the topographic gradient are far less
consistent. Thus, following a contour line in south-
ern Bolivia allows one to move along the trend of
the orogen over great distances, with interruptions
only occurring in antecedent river valleys cutting
through the topography. In addition, the mechanics
of fold-and-thrust belt deformation favors a geom-
etry in which the surface of the orogenic wedge
thickens toward the back of the belt and tapers
toward its front (e.g., Dahlen, 1984). Thus, while

these fold-and thrust-fault related ridges form sig-
nificant topographic variations along the direction
of shortening, the mean topographic slope along
~300 km of the fold-and-thrust belt is quite consis-
tent (Fig. 25.4C).

In contrast, within northwestern Argentina, ele-
vations are much less consistent over long length
scales as shortening is accommodated within dis-
crete basement ranges. In these areas, elevations
are typically correlated over distances of ~20km
in the direction perpendicular to convergence
(Fig. 25.4B). The reverse-fault-bounded blocks are
far more discontinuous than structures in the fold-
and-thrust belt, resulting in the prevalence of struc-
tural gaps through which drainages may be routed
(Trauth et al., 2000; Strecker and Marrett, 1999;
Sobel et al., 2003). In addition, easterly moisture-
bearing winds may penetrate along large valleys
into the interior of the arid orogen during negative
ENSQO years (Strecker et al., 2007; Bookhagen and
Strecker, 2008, 2010). Mean elevations profiled
perpendicular to shortening show much greater
variability and are characterized by the short wave-
length topographic features extending into the fore-
land, which represent discrete uplifts along
reactivated structures (Fig. 25.4D).

The geomorphic development of basins within
the deforming portion of these areas reflects the
different ways in which shortening is accommo-
dated in the two different foreland types. In Bolivia,
large, regional-scale drainages traverse the fold-
and-thrust belt, and a trellis drainage pattern routes
runoff between ridges (Fig. 25.5A). At the orogenic
front, megafans store sediment supplied from the
orogen and are transitional with braidplains farther

) anticline

e political borders

Fig. 25.3. Detailed topography and structures in the Subandean fold-and-thrust belt in Bolivia (A) and the associated Chaco
foreland basin system. (B) Puna Plateau margin and Santa Barbara/Sierras Pampeanas morphostructural provinces.
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Fig.25.4. Variograms of topography within (A) the Subandean fold-and-thrust belt, and (B) eastern Altiplano-Puna margin in
northwestern Argentina, showing the spatial correlation of elevation as a function of directional lag distance. This correlation
function was computed by comparing the correlation between the elevations of each pixel in the DEM and the corresponding
pixel whose location is offset a specified direction and magnitude (directional lag distance). In areas where elevations are
similar at large distances from one another, covariance values will be large. In addition, the diagrams show how elevations
covary as a function of direction from a given point. For example, covariance between elevations that persistin a N-S direction
relative to the E-W direction at larger distances are seen by the N-S elongation of large covariance values. The extent of the
topography used to calculate variograms in (A) and (B) is identical to that shown in Figures 25.3A and 25.3B, respectively. In
the Subandes, elevations are correlated in N-S direction over long (> 50-km) length scales, whereas topography is correlated
over distances of only ~20 km in the broken foreland. This illustrates the discontinuous nature of the topography along the
Puna margin relative to that observed within the Subandean fold-and-thrust belt. (C) and (D) show longitudinal topographic
swath profiles across the Subandean fold-and-thrust belt and the Altiplano-Puna margin, respectively. Solid lines represent
the mean topography, while dotted envelopes bounding the top and bottom of the profile denote the maximum and minimum
topography within each swath, respectively.
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east (Horton and DeCelles, 2001; Wilkinson
et al., 2010). Megafan deposits also constitute
older sedimentary rocks that were deposited begin-
ning at 8 Ma, now forming an integral part of the
deforming orogenic wedge (e.g., Uba et al., 2006,
2007). In contrast, in the region of the Santa Barbara
and Sierras Pampeanas, several generations of tran-
sient basin fills were deposited and re-excavated in
all of the intermontane basins that are near the
headwaters of rivers currently draining the broken
foreland basin system (Hilley and Strecker, 2005;
Mortimer et al., 2007; Strecker et al., 2007). These
sediments often onlap and are sometimes over-
thrust by downstream basement ranges that accom-
modate convergence in this area (Bossi et al., 2001).
The transient basin fills have typically formed
where easterly moisture-bearing winds are pre-
vented from reaching the basin headwaters by
downwind basement ranges, which form efficient
orographic barriers (Sobel and Strecker, 2003; Hil-
ley and Strecker, 2005; Coutand et al., 2006;
Streckeretal., 2007; Bookhagen and Strecker, 2008).
Based on the results of analytical models (Sobel
et al., 2003; Hilley and Strecker, 2005), the forma-
tion of internal drainage and sediment accumula-
tion appears to be a threshold process in which
active uplift of downstream topographic barriers
steepens channels that traverse these ranges, while
aggradation behind the uplifting range must keep
pace with the rise of the channel bed as rock uplift
occurs. Internal drainage is favored as rock uplift
rates increase, and bedrock erodibility and/or pre-
cipitation decrease. In addition, in the case that
channels traversing the bedrock range prior to its
uplift are steep, external drainage is favored com-
pared toasettingin which initial channel slopes are
low (Fig. 25.6; Sobel et al., 2003). Conversely, low
rock-uplift rates in the downstream basement
ranges, a high degree of erodibility of exposed
rock types, and pronounced rainfall gradients all
promote incision, headward erosion, and basin
capture. All of these processes are conducive to
sustaining fluvial connectivity with the foreland
(Hilley and Strecker, 2005).

In contrast to the along-strike consistency of
deformation in the Bolivian fold-and-thrust
belt, deformation within the basement ranges to
the south is disparate and the location at which
deformation occurs strongly depends on inher-
ited crustal zones of weakness and the evolving
topographic load above the reactivated faults
(Bossi et al., 2001; Hilley et al., 2005; Kley
et al., 2005; Mortimer et al., 2007; Iaffa et al.,
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Fig. 25.6. Schematic depiction of the factors that control the
threshold between internal and external drainage. The
increasing values along the x-axis represent greater initial
channel slopes prior to uplift of downrange topography,
while the y-axis depicts the effect of increasing rock uplift
rate, resistance of bedrock to fluvial incision, and/or aridity.
The solid line shows the combinations of initial channel
slope and rock uplift rate/erosional resistance/climate that
are required to produce basins that are at the verge of
internal drainage. Basins with conditions that plot above
this line are expected to eventually become internally
drained as uplift proceeds downstream, while those that
plot below the threshold line will maintain a connection
with the foreland. How each of these factors may be used to
predict conditions resulting in internal drainage, is pre-
sented in Sobel et al. (2003) and Hilley and Strecker (2005).

2011). In addition, the high-angle contractional
structures in this area produce larger amounts of
uplift for a given increment of shortening than the
low-angle thrusts in Bolivia. This may facilitate
the rapid removal of cover sediments from atop
the rising basement-cored mountain ranges, thus
exposing lithologies resistant to erosion (e.g.,
Sobel and Strecker, 2003). Finally, owing to the
atmospheric circulation patterns in this part of the
Andes, the basement-cored ranges may concen-
trate moisture on their windward sides. For exam-
ple, the eastern flanks of these basement ranges
receive between 1.5 and 3 m/yr of rainfall, while
the intermontane basins often receive < 0.3 m/yr
(e.g., Bookhagen and Strecker, 2008). This leads to
the aridification of the headwaters of basins in the
lee of the rising topographic barrier. This may
conspire to cause a transient (Hilley and
Strecker, 2005; Strecker et al., 2009) or permanent
(Alonsoetal., 1991; Vandervoort et al., 1995; Hor-
ton etal., 2002) decrease in erosional power of the
rivers draining these basins, reducing the likeli-
hood of fluvial connection with the foreland.
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The discontinuous nature of deformation within
northwestern Argentina has produced spatially
disparate and diachronous storage of sediments
upstream of the uplifting ranges (Bossi and
Palma, 1982; Strecker et al., 1989, 2009; Hilley
and Strecker, 2005; Carrapa et al., 2009). Within
basins flanking the margins of the Puna Plateau,
conglomerates sourced from the Puna margin and
ranges surrounding these basins are sometimes
intercalated with lacustrine sediments as well as
tephras that constrain the timing of deposition of
these sediments. The disparate nature of the basin
fills suggests that local conditions, such as rock
uplift within the surrounding ranges, rock erod-
ibility, microclimates surrounding the individual
basement ranges, and/or differing basin geometries
may play a larger role in controlling basin filling
than regional factors, such as mesoscale climate
changes that are correlated in space and time
(Strecker et al., 2007).

At first sight, the short strike lengths of the faults
bounding the uplifts in the broken foreland may be
expected to aid the formation of an external drainage
system as rivers would have to flow a shorter dis-
tance along strike in order to circumvent the growing
inverted structures. Conversely, in the foreland fold-
and-thrust belt extensive ridges parallel to the trend
of the orogen should favor internal drainage condi-
tions. However, rainfall and discharge amounts as
well as the loci of maximum precipitation in the
two morphotectonic provinces are very different
and influence erosion processes in a fundamental
way. Whereas precipitation is higher and much
more focused in an elevation sector between 1500
and 2000 m along the orogenic wedge in the fold-
and-thrust belt, it is more widely distributed in
the broken foreland in northwestern Argentina
(Bookhagen and Strecker, 2008). This influences
erosional efficiency, an assessment which is sup-
ported by differing specific stream-power values
in both regions (Bookhagen and Strecker, 2010).
Specific stream power is generally higher in the
regions to the north, where high erosion rates cor-
relate with areas of high rainfall, high relief, and
steep fluvial channels (Safran et al., 2005), whereas
lower values characterize the broken foreland areas.
This trend may be exacerbated during negative
ENSO years, when a threefold increase in rainfall
may occur (Bookhagen and Strecker, 2010). As the
ENSO system has existed at least since the Pliocene
(e.g., Wara et al., 2005), a protracted influence of
the associated precipitation and erosion character-
istics on landscape evolution and sedimentary

processes is to be expected. Thus, the combined
effects of differences in climate and efficiency of
erosion, as well as the contrasting nature of defor-
mation between the fold-and-thrust belt and the
broken foreland cause the topography and geomor-
phic development of the southern region to be far
more discontinuous than the northern region.

DIFFERENTIAL FLEXURAL RESPONSE
TO TOPOGRAPHIC LOADING ALONG
THE CENTRAL ANDES

The development of foreland basin systems pri-
marily results from the accommodation space cre-
ated by crustal-scale flexure (e.g., Jordan, 1981).
This crustal-scale flexure is caused largely by long-
wavelength topographic loading within the
orogen’s interior, which is transmitted to the adja-
cent foreland through elastic stresses within the
crust. In foreland basins, topographic loading
within a wide fold-and-thrust belt can deform
the crust at great distances from the orogenic
front, leading to the formation of foredeep, fore-
bulge, and backbulge accommodation zones. How-
ever, in broken foreland basins such as those
discussed here, rock uplift within areas bounded
by weak, reactivated structures may form steep
mountain ranges restricted in both their along-
and across-strike dimensions. Because the spatial
extent and amount of accommodation space cre-
ated by flexural loading scales with the wavelength
of the load (e.g., Turcotte and Schubert, 2002), we
might expect that these types of short-wavelength
features create less accommodation space than
their longer-wavelength counterparts.

Figure 25.7 illustrates a model of the flexural
accommodation that might be caused by the mod-
ern mean topography across a typical longitudinal
transect of the Bolivian fold-and-thrust belt
(Fig.25.7A) and the central Andean broken foreland
(Fig. 25.7B). The flexure created by the topography
that lies above baselevel is denoted by dashed lines
for a the case of a stiff lithosphere (flexural rigidity,
D=7 x 10** Nm; Horton and DeCelles, 1997) and
by dotted lines for the case of a soft lithosphere
(D=2 x10**Nm). This flexural model is one-
dimensional, where the out-of-plane extent of the
mean topography is assumed to be large compared
with the swath width. While this assumption is
likely reasonable for the laterally continuous fold-
and-thrust belt, the along-strike discontinuities of
the broken foreland lead to an overestimation of the
amount of accommodation space that is created by
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Fig. 25.7. Flexural accommodation response based on the observed mean topography along the (A) Subandean fold-and-
thrust belt and associated foreland basin system, and (B) Puna margin and associated broken foreland basin system, and
(C) across Sierra Aconquija at approximately 27° S lat. In A, B and C x axis corresponds to distance along profile and y axis
corresponds to elevation of transects indicated in Fig. 25.2. We use the topography extracted from topographic swaths
through these two transects (shown in Fig. 25.2A) with an implicit finite-difference scheme that calculates the deflection of
the crust for a given mantle and crustal density (3300kg/m® and 2700kg/m®, respectively) and flexural rigidity (Eh®/
(12(1 —v?), where E, h, and v are the Young’s modulus, elastic thickness, and Poisson’s ratio of the crust, respectively
(Turcotte and Schubert, 2002). We assume E=50GPa, h=49 and 15km, and n=0.25 for illustration), while fixing
displacements and rotations at the right end of the model to zero. The left boundary was extended by a factor of two
from the location shown, and a topographic load equal to that exerted at the left side of the profile was uniformly applied to the
area. This insured that any isostatically uncompensated portion of the Puna-Altiplano plateaus’ loads were transmitted
into the foreland. The thin-plate flexure equation (with no end load) was solved using an implicit finite-difference scheme
using the topographic load above base-level (defined by the elevation at the eastern ends of the mean profiles). The flexural
rigidities that result from different assumed elastic thicknesses are D=7 x 10** Nm and D=2 x 10**Nm. The mean
topography is shown as a solid line in (A-C), while the calculated base of the sediments in the subsiding basins is
shown as a dashed and dotted line for the stiffand soft crust scenarios, respectively. In the Subandes, flexural accommodation
reaches farther into the foreland and is deeper than in the Santa Barbara and the Sierras Pampeanas systems, owing to the
broad geometry of the fold-and-thrust belt.

flexural loading. Nonetheless, the two end-member
models from the Andes shown here clearly illus-
trate the key differences in the creation of accom-
modation space in these two structural settings.
In the case of the Bolivian Subandes, the broad
gently tapered fold-and-thrust belt creates a

topographic load that is transmitted far into the
South American craton. Flexural subsidence adja-
cent to the fold-and-thrust belt forms accommoda-
tion space for the foredeep depozone, while uplift of
the forebulge ~450 km from the front of the orogenic
wedge creates an area where either material is



518  Part 4: Convergent Margins

eroded or deposition is limited. Flexural subsidence
within the backbulge basin may create some addi-
tional accommodation space for sediments, although
deeper geodynamic processes such as mantle down-
welling within the asthenospheric wedge may
augment subsidence in this case (Mitrovica
et al., 1989; DeCelles and Giles, 1996). As the
lithosphere becomes less rigid, the foredeep
becomes more restricted in its spatial extent
as deflection of the basin bottom far from the
topographic front reflects isostatic, rather than
flexural compensation of the gently sloping
topography.

In the case of the NW Argentine broken foreland
basins, the flexural response is far more subdued
for both rigidities investigated (Fig. 25.7B) due to
the short-wavelength nature of the topography
east of the plateau margin. The tapered load in
Bolivia imparts a larger force over the wave-
lengths that are flexurally compensated than the
more abrupt load of the steep Argentine margin.
This leads to a foredeep that is more restricted in
Argentina than in Bolivia. In addition, flexural
subsidence may occur adjacent to individual
basement ranges, such as that adjacent to Sierra
Aconquija (Bossi et al., 2001; Cristallini
et al., 2004; Fig. 25.7C) or immediately to the
north along Cumbres Calchaquies (de Urreiztieta,
1996). However, the spatial extent of the sur-
rounding depocenters is limited relative to the
foredeep (Fig. 25.7B). In the case of a stiff crust,
little accommodation space is created by the topo-
graphic load of these features. The abrupt topo-
graphic feature can locally create accommodation
space of up to ~4 km when the rigidity of the crust
is low. Seismic reflection data from the Sierra
Aconquija area suggest that Cenozoic sediments
may reach a thickness of ~3.5 km adjacent to the
range (Cristallini et al., 2004), suggesting that in
these areas, crustal rigidity may in fact be low.
Indeed, low elastic thickness values estimated for
this region support this inference (Tassara
et al., 2007). For such a weak crust, the principal
pattern of accommodation space mimics that of
the deformation. In the northwestern Argentine
Andes, flexural accommodation may thus be spa-
tially limited and discontinuous, and the location
of basins may ultimately be controlled by the
distribution of reactivated zones of crustal weak-
ness (Hilley et al., 2005; Kley et al., 2005; Hongn
et al., 2007; Hain et al., 2011). In addition, due to
the link between crustal heterogeneities and their
compressional reactivation, the evolution of the
broken foreland is unsystematic, diachronous,

and may additionally depend on the local litho-
static stresses exerted by the neighboring range
uplifts. The individual depocenters created by flex-
ure may be connected to upstream basins formed by
sediment ponding behind rising basement ranges
and the downstream regional baselevel by a system
of fluvial channels that traverse the broken fore-
land. However, a pronounced forebulge and back-
bulge is subdued in such settings, as deflection of
the crust primarily results from isostatic compen-
sation over long wavelengths, rather than the flex-
ural compensation that produces uplift in the
forebulge.

In the central Andes, it is likely that both the
geometry of the topography and the rigidity of the
lithosphere play an important role in controlling
the creation of accommodation space. In general,
in the Bolivian Andes, the Subandean fold-and-
thrust belt is characterized by a continuously, and
gently, tapered topography. Additionally, the fact
that deformation here is accommodated along sub-
horizontal detachment horizons in the sedimen-
tary basin suggests that crustal weaknesses may be
less pronounced than farther south in Argentina.
In contrast, the steep Andean front in Argentina is
accompanied by basement uplifts suggesting that
pre-existing reactivated structures weaken the
crust. Both the differing topographic loading and
the likely lower flexural rigidity of this sector of the
Andes favors the creation of local accommodation
space in a broken foreland setting, rather than a
continuous foreland basin system as farther north
in Bolivia.

CONCLUSION

The accommodation space within foreland basin
systems that ultimately serves as a sediment depo-
centers is created primarily by the flexural
response of the crust to the topographic load of a
fold-and-thrust belt. In broken foreland settings,
deformation may be accommodated far into the
foreland by reactivation of pre-existing crustal
weaknesses, producing steep but short-wave-
length topography within both the orogen and
the foreland. The discontinuous nature of this
deformation and potentially rapid rock uplift
rates relative to those within fold-and-thrust
belts favors sediment ponding behind active
mountain ranges built atop old, reactivated geo-
logic structures. Indeed, many sedimentary basins
located within the headwaters of fluvial systems
draining the margin of the Altiplano-Puna Plateau



show clear evidence of multiple episodes of filling
as downstream ranges experience rock uplift
accommodated along reactivated extensional
structures. However, due to the proximity of
these basins to mountain flanks with high precip-
itation and efficient headward erosion, these
basins are often re-excavated and attain fluvial
connectivity with the remainder of the foreland.

The limited along-strike extent of short-wave-
length topography produced by uplift along old
structures in the central Andean broken foreland
system of northwestern Argentina produces spa-
tially restricted accommodation space relative to
that observed farther north in the Bolivian fold-
and-thrust belt. Instead, flexural basins occur
directly adjacent to individual ranges and are
limited in spatial extent relative to the foredeep
depozone of uninterrupted foreland basins. In
addition, the limited flexural response to short-
wavelength topographic loads may fail to create a
well-defined forebulge or backbulge depozone.
Thus, the application of existing foreland basin
models to broken foreland basin systems is
limited. These systems should be viewed in a
context that considers their distinct deformation
style and topography relative to typical foreland
basin settings.
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