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ABSTRACT

As the highest part of the central Andean fold-thrust belt, the Eastern Cordillera defines an orographic
barrier dividing the Altiplano hinterland from the South American foreland. Although the Eastern
Cordillera influences the climatic and geomorphic evolution of the central Andes, the interplay among
tectonics, climate and erosion remains unclear. We investigate these relationships through analyses of
the depositional systems, sediment provenance and *°Ar/*’Ar geochronology of the upper Miocene
Cangalli Formation exposed in the Tipuani-Mapiri basin (15-16°S) along the boundary of the Eastern
Cordillera and Interandean Zone in Bolivia. Results indicate that coarse-grained nonmarine sediments
accumulated in a wedge-top basin upon a palaeotopographic surface deeply incised into deformed
Palaeozoic rocks. Seven lithofacies and three lithofacies associations reflect deposition by high-energy
braided river systems, with stratigraphic relationships revealing significant ( ~500 m) palacorelief.
Palacocurrents and compositional provenance data link sediment accumulation to pronounced late
Miocene erosion of the deepest levels of the Eastern Cordillera. **Ar/*Ar ages of interbedded tuffs
suggest that sedimentation along the Eastern Cordillera—Interandean Zone boundary was ongoing by
9.2 Ma and continued until at least ~74 Ma. Limited deformation of subhorizontal basin fill, in
comparison with folded and faulted rocks of the unconformably underlying Palaeozoic section, implies
that the thrust front had advanced into the Subandean Zone by the 11-9 Ma onset of basin filling.
Documented rapid exhumation of the Fastern Cordillera from ~11 Ma onward was decoupled from
upper-crustal shortening and coeval with sedimentation in the Tipuani-Mapiri basin, suggesting
climate change (enhanced precipitation) or lower crustal and mantle processes (stacking of basement
thrust sheets or removal of mantle lithosphere) as possible controls on late Cenozoic erosion and wedge-
top accumulation. Regardless of the precise trigger, we propose that an abruptly increased supply of

wedge-top sediment produced an additional sedimentary load that helped promote late Miocene

advance of the central Andean thrust front in the Subandean Zone.

INTRODUCTION

The Eastern Cordillera in the central Andes achieves mean
elevations over ~5km and creates an orographic barrier
between the internally drained Altiplano hinterland basin
and externally drained foreland river systems (Fig. 1). In
Bolivia, the Eastern Cordillera exposes the deepest levels
of the central Andean fold-thrust belt and defines the
transition from hinterland- to foreland-directed thrust
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structures (Gillis ez al., 2006; McQuarrie et al., 2008a). To-
pography of the Eastern Cordillera steps down rapidly to-
wards the <1km elevations of the Interandean Zone and
Subandean Zone (Fig. 1); this high relief profoundly influ-
ences orographic precipitation, regional climate and geo-
morphic evolution of the central Andes (Masek ez al., 1994;
Horton, 1999; Montgomery et al., 2001; Barnes & Pelletier,
2006). However, the interplay of tectonics, climate
and erosion (e.g. Uba ez al., 2007, McQuarrie et al., 2008b)
remains unresolved in this humid, high-relief region.
Interestingly, mapping and thermochronology show that
the ~I11Ma onset of youthful exhumation in the Eastern
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Fig. 1. Map and cross section showing regional topography of the central Andes, including the Western Cordillera (WC), Altiplano
(AP), Eastern Cordillera (EC), Interandean Zone (IZ) and Subandean Zone (SZ). Topographic cross section was extracted from SRTM
DEM (40 km wide swath). Modified from Isacks (1988), Masek ez al. (1994) and McQuarrie ez al. (2005).
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Fig. 2. Geologic map and cross section showing geologic units, structures, and modern rivers of the Tipuani-Mapiri basin and
surrounding regions, including the easternmost Altiplano (AP), Eastern Cordillera (EC), Interandean Zone (IZ) and Subandean Zone
(SZ). Map simplified from Servicio Nacional de Geologia y Mineria (1990), Fornari ez al. (1987), and McQuarrie ez al. (2008a) depicts
general structures, including the principal Interandean structures (CANP, Main Andean thrust; CFP, Main Frontal thrust). Balanced
cross section from McQuarrie et al. (2008a) depicts a greater level of detail and an interpretation of two basement thrust sheets.

Cordillera occurred after local upper-crustal shortening
ceased in early Miocene time (Gillis ez al., 2006). Such de-
coupling of late Cenozoic exhumation from upper-crustal
shortening allows for better evaluation of the effects of
variability and deeper
dynamics on erosion and topography.
Here we investigate exhumation of the Eastern Cordillera
through stratigraphic and sedimentologic observations, se-
diment provenance and **Ar/¥’Ar geochronology of Neo-
gene strata (Cangalli Formation) in the Tipuani-Mapiri
basin (Fig. 2) (Fornari et al., 1987; Herail et al., 1989). This
study reports: (1) stratigraphic and sedimentologic descrip-
tions characterizing the palaeotopography and depositional
conditions for the Tipuani-Mapiri basin; (2) sediment pro-
venance data (conglomerate clast counts and palacocurrent
results) linking basin fill to exhumation of the Eastern Cor-
dillera; and (3) **Ar/*Ar ages for tuffs constraining the
punctuated accumulation history of the basin. Integration

climate crustal/lithospheric
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of stratigraphic, structural and **Ar/*’Ar results helps eluci-
date the timing of deposition and upper-crustal shortening,
yielding insights into the tectonic and topographic evolu-
tion of the central Andean fold-thrust belt.

GEOLOGIC BACKGROUND
Regional setting

Cenozoic east-west shortening in Bolivia generated
an eastward advancing fold-thrust belt linked to crustal
thickening and rise of the central Andean plateau (Isacks,
1988; Sempere et al., 1990; Gubbels ez /., 1993; Allmendin-
ger et al., 1997; Baby et al., 1997, McQuarrie, 2002; Barke &
Lamb, 2006). The central Andes are divided into the Wes-
tern Cordillera, Altiplano, Eastern Cordillera, Interandean
Zone and Subandean Zone (Fig. 1). The Western Cordillera
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magmatic arc defines the Altiplano-Pacific drainage divide
and contains volcanic peaks reaching 5-6.5 km.To the east,
the Altiplano is an internally drained basin with average
elevation of 3.8 km. The Eastern Cordillera (4-5 km average
elevation) is a bivergent thrust system composed of shor-
tened Palaeozoic strata and granitic plutons. In the Eastern
Cordillera, the boundary between a hinterland-directed
backthrust belt and foreland-directed structures to the
east is approximated by the single highest (4-6.4km)
range, the Cordillera Real, at 15.5-17.5°S (Fig. 2) (Roeder,
1988; Gillis et al., 2006; McQuarrie et al., 2008a). Towards
the foreland, elevation decreases rapidly into the Interan-
dean Zone, a region of deformed Palacozoic strata, and
the adjacent Subandean Zone, the frontal, craton-directed
region of the central Andean fold-thrust belt.

The Neogene Cangalli Formation was deposited in
the Tipuani-Mapiri basin at 15-16°S; a 30 x 120km
belt of NNW-trending outcrops along the boundary
zone between the Eastern Cordillera and Interandean
Zone (Figs 1 and 2). Relationships are poorly constrained
between basin evolution and Interandean fault systems
near the basin’s NE margin, including structures occa-
sionally referred to as the Main Andean thrust (or Cabalga-
miento Andino Principal; CANP) and Main Frontal thrust
(or Cabalgamiento Frontal Principal; CFP). Up to 1km of
nonmarine basin fill unconformably overlies deformed
Ordovician rocks, fossilizing a complex palaeotopography

CangalliFm. (Gh)

(Fornari et al., 1987). The coarse-grained clastic fill report-
edly sustained limited deformation (Herail er al., 1989),
implying deposition after the principal phase of shorten-
ing along the Eastern Cordillera-Interandean Zone
boundary.

Shortening and exhumation

Crustal shortening estimates in Bolivia range from 200 to
350km (Sheffels, 1990; Schmitz, 1994; Baby et al., 1997,
Kley & Monaldi, 1998; McQuarrie & DeCelles, 2001;
McQuarrie, 2002; McQuarrie et al., 2008a). The kinematic
history of this shortening remains contested. One view-
point invokes distributed deformation across the Eastern
Cordillera commencing at ~27 Ma, followed by intense
deformation in the Subandean Zone after ~10 Ma, coeval
with plateau uplift (Isacks, 1988; Sempere ez al., 1990; Gub-
bels er al., 1993; Allmendinger et al., 1997). An alternative
view involves gradual uplift achieved by protracted short-
ening during eastward advance of deformation since early
Cenozoic time (Lamb & Hoke, 1997; DeCelles & Horton,
2003; McQuarrie et al., 2005; Barnes et al., 2008).
Inferences from structural relationships, basin fill, and
thermochronology suggest that shortening was underway
during the Eocene (Benjamin et al., 1987; Farrar ez al., 1988;
Elger ez al., 2005; Horton, 2005; Barnes ez al., 2006, 2008,
Gillis et al., 2006; Ege ez al., 2007; McQuarrie ez al., 2008a).

Fig. 3. Photographs of representative lithofacies, with hammer for scale. (a) Unconformable contact between deformed Ordovician strata
and channelized, horizontally stratified conglomerate (Gh). (b) Trough cross-stratified pebble—cobble conglomerate (Gt) of facies association
1 displaying erosive bases of stacked channel packages. (c) Organized, weakly imbricated cobble conglomerate (Gh) of facies associations 1. (d)
Interbedded pebble-cobble conglomerate (Gh) and scour- fill sandstone (Ss) of facies association 1. (¢) Interbedded massive sandstone (Sm)
and claystone (FI) of facies association 2. (f) Disorganized boulder conglomerate of facies association 3.
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Cenozoic deposits in the Altiplano and Fastern Cordillera
provide evidence for foreland basin development,
thus suggesting shortening-induced crustal loading and
flexure, by middle Eocene time (Horton ez al., 2001, 2002,
DeCelles & Horton, 2003). Rapid exhumation presumably
related to upper-crustal shortening in the central Andean
backthrust belt occurred from middle Eocene to early
Miocene time (Gillis et al., 2006; Leier ez al., 2010; Murray
et al., 2010), implying the thrust front had propagated
farther eastward by 25-20 Ma. However, cross-cutting re-
lationships suggest that a younger, late Miocene phase of
rapid exhumation postdates local shortening and eastward
advance of the thrust front (Gillis ez al., 2006). Fission track
and (U-Th)/He ages record exhumation in the Interandean
Zone as early as 30-25 Ma, followed by distributed exhuma-
tion across the fold-thrust belt after ~15Ma (Barnes ez a/.,
2006; Ege et al., 2007; McQuarrie et al., 2008a). These rela-
tionships suggest that the Tipuani-Mapiri basin may shed

light on both pre- and postshortening histories of exhuma-
tion in the transition zone encompassing the Eastern Cor-
dillera, Interandean Zone and Subandean Zone.

DEPOSITIONAL SYSTEMS
Stratigraphic context

The Tipuani-Mapiri basin (Fig. 2) is primarily composed
of subhorizontal conglomerates deposited in drainages in-
cised into underlying Palacozoic strata (Fornariezal., 1987).
The Cangalli Formation rests in angular unconformity
upon Ordovician strata, with onlap relationships (Fig. 3a)
and an altitudinal range for the basal contact revealing an
incised palaeotopography with local relief > 500 m. Pre-
vious reports suggest the Cangalli Formation may have at-
tained a thickness of 1 km (Herail ez al., 1994), but much of
the succession has since been dissected and eroded within

Tablel. Description and interpretation of sedimentary lithofacies (after Miall, 1985; Uba et al., 2005)

Facies code Description

Interpretation

Gh Organized, clast-supported, polymict conglomerate, pebbles and cobbles,

rounded clasts, poor to moderate sorting, crude horizontal stratification,
moderate imbrication, weak normal grading

Gt Clast-supported, trough-cross stratified, polymict conglomerate, pebbles
and cobbles, subrounded to rounded clasts, poor to moderate sorting,
normal grading

Gm Disorganized, clast-supported, polymict conglomerate. Pebbles to
boulders, angular to subrounded clasts, no imbrication, rare normal
grading

Ss Massive, moderately to well-sorted, very fine- to very coarse-grained
sandstone, basal bedding contacts define concave-up erosive surfaces

Sh Horizontally stratified sandstone, fine- to very coarse-grained, occasionally
pebbly, common normal grading

Sm Very fine- to coarse-grained sandstone, massive, tabular beds, irregular
mottling and variegated colour banding

Fl Siltstone and claystone, thinly laminated or massive, tabular, variegated

colour banding, minor mottling and soil aggregates (peds)

Longitudinal bar, traction
bedload

Transverse bar, channel fill

Clast-rich debris flow

Channel scour fill

Sheetflow, upper flow regime
plane-bed conditions
Sheetflow, hyperconcentrated
flow, limited pedogenesis
Suspension fallout from waning
flows, limited pedogenesis

Table 2. Description and interpretation of lithofacies associations

Facies

association Lithofacies Characteristics Interpretation

1 Gh, Gt, Ss Multistory packages of organized, stratified, Gravel bars and channel- fill sands deposited in
commonly imbricated conglomerates with braided rivers
isolated, thin- to medium-bedded scour-fill
sandstones

2 Sh, Sm, F1 Interbedded, laterally extensive units of Waning overbank sheetflow and suspension
sandstone, siltstone and claystone with massive fallout in floodplains and localized lakes of
to finely laminated texture braided river systems

3 Gm, Gh Disorganized, clast-rich conglomerates Debris flows initiated on steep local slopes or

displaying no internal stratification, with minor
occurrences of crudely stratified, weakly
imbricated conglomerate

alluvial fans, with rapid deposition in braided
river systems and minor reworking

© 2010 The Authors
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modern watersheds. Remnants of what was once a laterally
extensive conglomeratic succession occur as outcrops that
flank the slopes of modern river drainages or cap palaeor-
idges cut into the Ordovician section. Lateral facies varia-
tions within the Cangalli Formation, as well as the complex
palaeotopography preserved along the basal contact, pre-
clude simple correlation of exposed stratigraphic succes-
sions across the Tipuani-Mapiri basin. Nevertheless, the
consistently low stratal dips (generally < 10°) allow for re-
lative discrimination of lower and upper levels of the for-
mation. Locally, basin fill is cut by high-angle faults with
small amounts of reverse offset (< 1m) and minor asso-
ciated tilting. The relatively nondeformed character of the
Cangalli Formation represents a sharp contrast from the
high degree of folding, faulting and low-grade meta-
morphism recorded in the underlying Ordovician section
(e.g. Martinez, 1980; McQuarrie & Davis, 2002). Moreover,
in all localities observed throughout the boundary zone
between the Eastern Cordillera and Interandean Zone,
the regional-scale thrust faults within the Ordovician
section do not cut the conglomeratic fill of the Tipuani-
Mapiri basin (Fig. 2).

Lithofacies associations

Detailed sedimentological observations were carried out
mostly along road outcrops, river cuts and placer gold-
mining operations between the Consata and Coroico rivers
(Fig. 2). Seven lithofacies and three lithofacies associations
(Tables 1 and 2) were identified for the Cangalli Formation.
Individual facies codes are modified from standard termi-
nology for clastic nonmarine deposits (Miall, 1977, 1985,
1996; Uba ez al., 2005). Lithofacies photographs (Fig. 3) and
a measured section (Fig. 4) illustrate the sedimentological
features and stratigraphic organization.

Lithofacies association 1. Pebble—cobble conglomerate and
interbedded sandstone

Description. Dominating the basin, facies association 1 is
comprised of organized polymict conglomerate (lithofa-
cies Gh, Gi) interbedded with moderately to well-sorted
sandstone (lithofacies Ss). Internally stratified, normally
graded beds of conglomerate consist of imbricated clasts
of subrounded to rounded pebbles and cobbles (Fig. 3b
and c¢). Clast-supported conglomerate beds with erosive
basal contacts are up to 1 m thick, extend laterally for 10—
20m and have crude horizontal stratification (lithofacies
Gh). Some beds are trough-cross-stratified (lithofacies
G1) with thicknesses reaching 1 m and stacked multistory
channel-fill conglomerates forming packages ~10m
thick. Intercalated massive sandstones (lithofacies .Ss)
consist of very fine- to very coarse-grained sand that is
moderately to well-sorted and preserved in channels
~1m thick with a lateral extent of 1-2 m (Fig. 3d).

Interpretation. Facies association 1 is attributed to gravel
deposition in a braided river system with minor accumula-
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Fig. 4. Measured stratigraphic section illustrating
sedimentogical features and stratigraphic organization,
including facies types, palacocurrents, conglomerate clast
compositions and **Ar/¥Ar ages.

tion of channel-fill sand (Miall, 1977, 1996; Jones et al.,
2001; Limarino et al., 2001; Nichols & Fisher, 2007). Con-
glomerate beds were deposited during high-velocity
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stream flows with low sediment concentrations (Miall,
1996). Stream velocities likely fluctuated, with periodic or
seasonal maximum flows moving sediment by traction
transport. Waning- flow/flood conditions or stream expan-
sion resulted in reduction of stream power and formation
of gravel bars, with low-relief longitudinal bars most com-
mon (Miall, 1996). Trough-cross-stratified conglomerate
was formed by transverse-migrating bars in stream chan-
nels during periods of relatively high flow. Channel-fill
sandstone (lithofacies .Ss) was deposited during waning
stream flow (Uba ez al., 2005), filling channel scours cut
into gravel bars during high-velocity stream flow. The rela-
tive abundance of facies association 1 suggests the bulk of
the Cangalli Formation was deposited in high-energy,
low-sinuosity, braided stream environments, possibly in
the proximal sectors of fluvial megafans (e.g. Horton &
DeCelles, 2001; Uba et al., 2005).

Lithofacies association 2. Sandstone and mudstone

Descriprion. Facies association 2 (Fig. 3e) is composed of
sandstone, siltstone and claystone. The sandstone consists
of massive, moderately to well-sorted, fine- to very coarse-
grained sand (lithofacies Sm). Tabular beds are up to 2m
thick, extend laterally for tens of metres and have sheet
geometries. Other sandstones are horizontally stratified
(lithofacies Sk), with bed thicknesses reaching 0.5 m and
extending short distances (up to ~5m) laterally. S beds
are often normally graded with pebble stringers up to
5 cm thick. Sandstone beds are commonly capped by silt-
stone and claystone (lithofacies F/). F/ beds are massive or
thinly laminated, up to Im thick and have tabular, sheet
geometries over tens of metres. [/ beds are commonly
scoured by overlying conglomerate beds, forming irregular
and undulatory bedding contacts. Many mudstones, and
some sandstones of this facies association, are mottled
with variegated colour bands.

Interpretation. Facies association 2 is interpreted as overbank
and localized lacustrine sediments deposited on floodplains
of a braided river system, possibly during overtopping of
channel margins during flood events (Jones et al., 2001,
Limarino et al., 2001; Mack ez al., 2003; Uba ez al., 2005).
Breaching of channel margins resulted in waning- flow and
crevasse-splay deposition of massive to horizontally strati-
fied sand (lithofacies Sk and Sm). FI beds were deposited
from suspension on the fluvial floodplains during waning
flow conditions (Miall, 1996; Jones et al., 2001; Limarino
et al., 2001). Small lakes and ponds may also have promoted
deposition of finely laminated mud through suspension fall-
out. Mottling, variegated colours and preservation of conso-
lidated soil material (peds) suggest minor pedogenesis
between events of flooding and stream migration or avulsion.

Lithofacies association 3. Cobble-boulder conglomerate

Descriprion. Facies association 3 is the least common facies
association (<10% volumetrically) and is composed of

© 2010 The Authors
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poorly sorted, angular to subrounded, clast-supported,
cobble-boulder conglomerate and local breccia (lithofacies
Gm). Polymict clasts are up to ~1m in diameter and not
imbricated (Fig. 3f). Individual beds are massive, up to
~5m thick, and have sheet geometries that extend for tens
of metres. Basal contacts are typically defined by planar
nonerosive surfaces but occasionally have broad irregular
surfaces. In some cases, disorganized conglomerate beds,
which lack internal stratification, grade upward into better
organized conglomerates exhibiting crude horizontal
stratification, imbrication and normal grading (lithofacies
Gh). Deposits of facies association 3 are generally
interbedded with, or can be traced laterally into, facies
association 1.

Interpretation. Facies association 3 is interpreted to repre-
sent clast-rich debris flows initiated on local steep channel
flanks or on small alluvial fans flanking braided stream
systems (Blair & McPherson, 1992, 1994; Miall, 1996). Close
association of debris-flow conglomerates with better
organized deposits of facies association 1 suggests mobili-
zation within a braided river system exhibiting locally high
relief or small, short-lived alluvial fans. Minimal channeli-
zation and a lack of organized sedimentary structures
suggest that these poorly sorted conglomerates were
rapidly deposited in sheet geometries from high viscosity,
sediment-concentrated flows (Blair & McPherson, 1994).
The debris flows were likely generated by mobilization of
colluvium into braided channels and their associated
floodplains. In some cases, minor flow modification within
channels resulted in limited horizontal stratification, clast
imbrication and normal grading.

PROVENANCE
Sediment dispersal patterns

Palacocurrent assessments of Tipuani-Mapiri basin fill en-
able a comparison with modern drainage patterns to
determine if structural barriers along the Interandean
Zone-Subandean Zone boundary guided sedimentation
pathways. The present drainage system shows considerable
structural influence. Specifically, the Eastern Cordillera
(Fig. 2) exhibits a modern trellis drainage system con-
sisting of transverse, NE-flowing tributary rivers (e.g. Rios
Camata, Consata, Tipuani, Challana, Zongo, Coroico and
La Paz) that join major axial, NW- and SE-flowing rivers
parallel to regional tectonic strike. The consistent position
of axial rivers (such as the SE-flowing Rio Mapiri and NW-
flowing lower Rio Coroico) parallel to the Main
Andean thrust (CANP) and Main Frontal thrust (CFP)
reveals a structural control on modern drainage (Fig. 2).
Palaeocurrent data for the Cangalli Formation (Fig. 5)
were collected from imbricated clasts in cobble conglomer-
ates (lithofacies G, Gi). A total of 469 measurements were
made at 15 localities, including a single locality with 162
measurements. Collectively, the data reveal a prevailing
palaeoflow direction from SW to NE. The calculated mean

palaeocurrent azimuth remains remarkably consistent
whether all 469 measurements are weighted equally (029°),
all 15 localities are weighted equally (032°), or the locality
with 162 measurements is excluded (031°). There is moderate
variability in palaeoflow among localities (Fig. 5), but few
well-defined spatial or temporal trends. The data do not ex-
hibit systematic changes over the ~60km distance along
strike, or from lower to upper stratigraphic levels. The
palaeocurrent data also show some limited evidence of axial
palacoflow comparable to the modern, structurally con-
trolled SE- and NW-flowing rivers adjacent to the CANP
fault system (Fig. 2). Overall; however, sediment dispersal
during basin filling was principally from SW to NE, trans-
verse to regional tectonic strike.

Conglomerate clast compositions

Compositional data are derived from counts of 2876 indi-
vidual clasts at 18 localities (Fig. 6). Clast-count data were
grouped into four general categories, including slate/phyl-
lite, quartzite, sandstone and granite. The dominant slate/
phyllite category accounts for 61% of counted clasts (Fig.
6). Quartzite, sandstone and granite categories account
for 21%, 14% and 4% of the data, respectively. The source
of slate/phyllite, quartzite and sandstone clasts can be
linked to the Ordovician Coroico and Amutara, the Devo-
nianVilaVila and the Silurian Uncia and Catavi formations
(GEOBOL, 1994, 1995). Granite clasts are diagnostic of
plutons in the Eastern Cordillera to the west. Because
other granites are hundreds of kilometres away in the Wes-
tern Cordillera or eastern craton, granite clasts are consid-
ered to unequivocally link the Cangalli Formation to
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Fig. 7. Regional map showing location of *°Ar/*Ar tuff samples
(6070401, 6070701, 6070702 and M2006) and measured section
(Fig. 4) in the Tipuani-Mapiri basin.
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erosion of deeper levels of the western Eastern Cordillera
(Cordillera Real), where Permo-Triassic and Cenozoic
granites are exposed (Fig. 2) (McBride er al., 1983; Gillis
et al., 2006). On the basis of palacocurrent orientations
(Fig. 5), granite clasts in southern outcrops along the Rio
Tipuani were most likely derived from the Permo-Iriassic
Illampu and Yani plutons, with granite clasts in Rio Mapiri
outcrops originating from isolated northern granites such
as the Camata pluton (Fig. 2).
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Fig. 8. Plots depicting laser total-fusion **Ar/*’Ar ages for
individual sanidine crystals from four tuff samples: (a) 6070401,
(b) 6070701 and (c) 6070702 from the Cangalli Formation (Eastern
Cordillera—Interandean Zone) and (d) M2006 from the Mayaya
region (Subandean Zone). In each plot, vertical lines represent 16
error bars for individual crystal ages and the dashed horizontal
line represents the calculated weighted mean age (20) for each
sample. SeeTable S for individual **Ar/**Ar analyses.
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Although no significant stratigraphic trends in clast
compositions are ascertained (Fig. 4), a spatial variability
can be linked to potential source lithologies. Conglomer-
ates observed in the northernmost (Rio Camata) and
southernmost (Rio Coroico) zones of the Tipuani-Mapiri
basin show greater proportions of quartzite and sandstone
clasts. This pattern is potentially the product of an expo-
sure pattern in which structurally higher levels, notably
Devonian quartzites and sandstones, are preferentially
preserved along strike in the northern and southern parts
of the Eastern Cordillera (Fig. 2).

4OAr1°°Ar GEOCHRONOLOGY
OAr*°Ar results

Ash-fall tuffs were collected at two localities in the Tipua-
ni-Mapiri basin (Fig. 7). The southern locality (sample
6070401), along the Rio Tipuani near the Merma mine
SW of Guanay, represents lower stratigraphic levels of the
basin. The northern locality (sample 607071), along the Rio
Consata in the Chontalaruni drainage near Vilaque, repre-
sents the upper levels of the Cangalli Formation.

*0Ar/*Ar laser total-fusion analyses were performed at
the New Mexico Geochronology Research Laboratory on
sanidine crystals separated from each sample. 0Ar/¥Ar
results for individual sanidine crystals were used to calcu-
late a weighted mean age for each sample (Fig. 8). Sample
6070401 yields a weighted mean age of 9.16 £ 0.07 Ma (20)
on the basis of 17 individual grain ages. For sample
6070701, individual ages of seven sanidine grains yield a
weighted mean age of 741 = 0.52 Ma (20). **Ar/*’Ar ana-
lyses of three sanidine grains from sample 6070702,
from the same stratigraphic level, yield a similar but
less precise weighted mean age of 759 & (0.51Ma (20).
The ages reported here are in agreement with previous
studies. Although no analytical results were published,
Fornari et al. (1987) and Herail ez al. (1989, 1994) reported a
K-Ar age of ~9Ma (no error bars listed) and *°Ar/*Ar
ages of 7.79 £ 0.03 and 796 & 0.06 Ma.

*0Ar/¥Ar analyses were also conducted for a single
tuff, sample M2006, from the lower levels of the clastic
succession in the Beni syncline of the Subandean Zone,
ENE of Guanay (Figs 2 and 7). Although the Charqui
Formation of the Subandean Zone could be regarded
as possible distal equivalents of Tipuani-Mapiri basin fill,
analyses of 14 sanidine grains yield a weighted mean age of
2211 + 0.18 Ma, substantially older than the Cangalli
Formation but consistent with the reported age of the
Quendeque Formation in the Subandean Zone (Strub
etal., 2005).

Interpretations

*0Ar/*Ar ages for tuffs provide a minimum depositional
age for the Cangalli Formation. Sample 6070401
(916 £ 0.07 Ma) was taken from the lower part of the
formation, ~90m above the basal contact (Fig. 4). This
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sample provides a minimum age of 9.2 Ma for initial sedi-
mentation in the Tipuani-Mapiri basin and the cessation
of upper-crustal shortening along the Eastern Cordillera—
Interandean Zone boundary. The absence of recognizable
growth strata and shortening-related deformation in the
Cangalli Formation further implies that the thrust front
had advanced towards the foreland, NE of the Tipuani-
Mapiri basin, by the time of initial basin infilling at
9.2Ma. Although there are no direct age constraints on
the lowermost part of the measured section (Fig. 4), con-
sideration of accumulation rates in comparable sectors
of the fold-thrust belt (S(FIOOmMyrfl; Horton, 2005)
suggests that sedimentation likely began no earlier than
~11Ma.

Sample 6070701 (741 £ 0.52 Ma) demonstrates that ba-
sin filling continued for at least 1.5-3 Myr. An average sedi-
mentation rate could not be determined due to a lack of
precise stratigraphic correlations between the dated volca-
nic horizons. However, the new age constraints suggest

(a)> 10 Ma

Sm, Sh, Fl

Fig. 9. Schematic geomorphic evolution of the Tipuani-Mapiri
basin. (a) Thrusting and incision of Palaeozoic rocks along the
Eastern Cordillera—Interandean Zone boundary before ~10 Ma.
(b) Postshortening accumulation of sediment in the Tipuani-
Mapiri basin at ~10-7 Ma, preserving an incised
palaeotopography. (c) Postdepositional incision of the Tipuani-
Mapiri basin at ~7-0 Ma.

that Tipuani-Mapiri accumulation was synchronous with
the late Miocene phase of exhumation in the Eastern Cor-
dillera beginning at ~11 Ma (Gillis ez al., 2006).

Finally, an early Miocene *’Ar/*’Ar age for tuff sample
M?2006(22.11 £+ 0.18 Ma) provides constraints on sedimen-
tation in the Subandean Zone. The sample was collected
from a clastic succession in the footwall of the CFP
(Fig. 7). Although these deposits could be regarded as pos-
sible distal equivalents to the Tipuani-Mapiri basin, the
sample is >10Myr older. This discrepancy indicates a
longer-lived Cenozoic accumulation history for this part
of the Subandean Zone (Strub ez al., 2005), in contrast to
the punctuated Tipuani-Mapiri accumulation along the
Eastern Cordillera—Interandean Zone boundary.

DISCUSSION
Basin evolution and timing of shortening

Stratigraphic and sedimentologic observations combined
with *Ar/*Ar ages define the depositional systems and
timing of sedimentation in the Tipuani-Mapiri basin
(Fig. 2), placing limits on the shortening history of the
central Andean fold-thrust belt. New **Ar/*’Ar results in-
dicate sedimentation from at least 9.2 Ma until at least
~74 Ma, coeval with rapid late Miocene exhumation in
the Eastern Cordillera that began at ~11 Ma (Gillis et al.,
2006). Sedimentologic analyses reveal deposition princi-
pally by high-energy braided fluvial systems blanketing
a palaeotopography with significant ( ~500m) relief
(Fig. 9). Palaeocurrents and compositional data link
coarse-grained sedimentation in the Tipuani-Mapiri
basin to erosion of the deepest stratigraphic levels in the
structural core of the Eastern Cordillera.

*0Ar/*Ar ages also provide timing constraints on
upper-crustal shortening in the boundary zone between
the Eastern Cordillera and Interandean Zone. Nearly flat-
lying basin fill unconformably overlies a highly deformed
Palaeozoic section and is not affected by mapped thrust
faults cutting Palaeozoic rocks (Fig. 2). This contrast im-
plies a change in deformation patterns upon initial accu-
mulation in the Tipuani-Mapiri basin. These structural
relationships and new *°Ar/*Ar results indicate that
upper-crustal shortening along the Eastern Cordillera—In-
terandean Zone boundary was mostly complete by 11—
9 Ma and the locus of deformation had advanced into the
Subandean Zone.

Recent structural and thermochronologic analyses sug-
gest that rapid late Miocene exhumation of the Eastern
Cordillera occurred independently of upper-crustal
shortening (Gillis ez al., 2006). We speculate that the East-
ern Cordillera had achieved significant relief by late Mio-
cene time and a climatic or deep crustal/lithospheric
trigger potentially accounted for rapid erosion and an
abrupt influx of coarse-grained sediment to the eastern-
most Eastern Cordillera, Interandean Zone and Suban-
dean Zone.

© 2010 The Authors
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Linkages among tectonics, climate and late
Miocene sedimentation

Mechanisms of youthful exhumation in the Eastern Cor-
dillera are not clear. Upper-crustal shortening ceased
along much of the axis of the Bolivian Eastern Cordillera,
including the Cordillera Real at 15.5-17.5°S, by early Mio-
cene time (McQuarrie & DeCelles, 2001; Horton, 2005;
Gillis ez al., 2006; McQuarrie ez al., 2008a). Relationships
in the Tipuani-Mapiri basin show that shortening along
the Eastern Cordillera—Interandean Zone boundary at 15—
16°S was complete by 11-9 Ma. If upper-crustal shorten-
ing did not induce focused late Miocene exhumation of
the Eastern Cordillera and corresponding rapid sedimen-
tation in downslope regions, then alternative mechanisms

such as lower crustal/mantle processes and/or climate
change seem to be required.

Possible deeper-level processes include basement du-
plexing (Sheffels, 1990; McQuarrie & DeCelles, 2001,
McQuarrie, 2002; McQuarrie et al., 2008a), steep basement
faulting (Kley, 1996; Muller ez al., 2002), ductile thickening
(Isacks, 1988; Gubbels ez al., 1993), tectonic underplating
(Baby ez al., 1997) or removal of dense lithospheric mantle
through delamination or other processes (LLamb & Hoke,
1997; Beck & Zandt, 2002; Garzione et al., 2006, 2008).
Regionally, the deep structure beneath the Eastern Cordil-
lera shows evidence for piecemeal lithospheric removal
(Myers er al., 1998; Beck & Zandt, 2002), but the details
beneath the Cordillera Real are poorly understood
(Dorbath et al., 1993, 1996).
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Fig. 10. Schematic cross sections depicting the timing of deformation, erosion and sedimentation in the central Andean fold-thrust
belt at 15-16°S. Panels are based on topographic profile (Fig. 1) and principal structural elements (Fig. 2) of the Altiplano (AP), Eastern
Cordillera (EC), Interandean Zone (IZ) and Subandean Zone (SZ). (a) Eocene-late Miocene: shortening and exhumation of the Eastern
Cordillera and Interandean Zone, with foreland sedimentation in the Subandean region. (b) Late Miocene: increased precipitation and
rapid exhumation in the Eastern Cordillera, with accumulation in the Tipuani-Mapiri basin coeval with a shift in upper-crustal
shortening to the Subandean Zone. (c) Continued upper-crustal shortening in the Subandean Zone (CANP, Main Andean thrust; CFP,
Main Frontal thrust) with postdepositional incision of the Tipuani-Mapiri basin.
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Climate effects may also have been sufficient to drive
late Miocene exhumation of the Eastern Cordillera inde-
pendently of local crustal shortening. Climate modeling
suggests that Andean climate changed significantly in
response to orogenic plateau growth (Ehlers & Poulsen,
2009), potentially explaining isotopic shifts in the hinter-
land and foreland (Garzione et al., 2006, 2008; Mulch ez al.,
2010). In our simplified reconstruction (Fig. 10),
large-magnitude shortening commencing in the Eocene
(e.g. Horton, 2005; Gillis e al., 2006; McQuarrie et al.,
2008a) led to crustal thickening and possible elevated to-
pography. Surface uplift of the central Andes, whether
triggered by gradual crustal thickening or abrupt litho-
spheric removal, influenced regional climate patterns, fo-
cusing precipitation along the orographic front of the
Eastern Cordillera (e.g. Uba ez al., 2007). In turn, enhanced
erosion and expansion of drainage networks during the late
Miocene (e.g. Barnes & Heins, 2009; Mulch ez al., 2010) led
to rapid exhumation of the Eastern Cordillera and evacua-
tion of a huge volume of sediments deposited across the
frontal part of the fold-thrust wedge and Andean foreland
(Fig. 10).

Focused precipitation and erosion of the Eastern Cor-
dillera (Masek ez al., 1994; Horton, 1999; Barnes & Pelletier,
2006) may have amplified sediment accumulation in the
Interandean and Subandean zones. In the south, upper
Miocene strata record a fourfold increase in sediment ac-
cumulation in the Andean foreland at ~21°S, a pattern de-
coupled from shortening rates and attributed to regional
climate variability and monsoon intensification (Uba et
al., 2007, 2009). In the north, Tipuani-Mapiri basin fill
recorded an abrupt shift from erosional conditions to
rapid late Miocene sedimentation within the frontal
fold-thrust wedge. Rapid exhumation of the Eastern
Cordillera starting at ~11Ma (Gillis e al., 2006) and
contemporaneous high-energy fluvial systems in the
Tipuani-Mapiri basin are consistent with an elevated
source area exhibiting substantial palaeorelief by 11-9 Ma
(Fig. 10).

Controls on basin accumulation

Basin filling could represent isolated intermontane basin
development in the fold-thrust belt or integrated wedge-
top deposition across a proximal foreland basin. In the for-
mer case, the Tipuani-Mapiri basin may match other in-
termontane basins in Bolivia which show structurally
controlled axial fluvial drainages and ponded lacustrine
systems (e.g. Horton, 1998, 2005; Sobel ez al., 2003). Alter-
natively, a wedge-top depozone (DeCelles & Giles, 1996;
Horton & DeCelles, 1997) during the late Miocene may
have covered part of the easternmost Fastern Cordillera,
Interandean Zone and Subandean Zone, with a more distal
region of foreland basin accumulation in the modern Beni
(Amazon) plain (Fig. 1). Our results show sediment disper-
sal dominantly oriented to the NE (Fig. 5), transverse to
major structural elements such as the CANP anticlinal
ridge along the NE basin margin (Fig. 2). Although a min-

or structural influence may account for local axial (NW—
SE) palaecocurrents, the dominance of transverse (NE-di-
rected), high-energy braided fluvial systems with no indi-
cations of significant lacustrine sedimentation suggests
continuous external drainage for the Tipuani-Mapiri ba-
sin. These lines of evidence, and the lack of observed
growth strata, suggest a limited structural control for
the late Miocene shift from an erosional to depositional
regime along the Eastern Cordillera—Interandean
Zone boundary. Moreover, the long-term record of Oligo-
cene to Quaternary deposition in the Subandean Zone
contrasts sharply with the Eastern Cordillera—Interandean
Zone boundary, suggesting that punctuated late Miocene
accumulation in the Tipuani-Mapiri basin may be driven
by external factors, such as enhanced sediment delivery.

A model of an integrated wedge-top depozone (Fig. 10)
is not only in better agreement with the palacocurrent and
facies information but also matches chronostratigraphic
constraints on laterally equivalent strata of the Subandean
Zone. Specifically, Strub et al. (2005) show that coarse-
grained deposits in the proximal and distal parts of the
Subandean Zone represent the downstream equivalents
of the Cangalli Formation. Furthermore, a new OAr/¥Ar
biotite age of 8.7 + 0.9 Ma for a tuff horizon in these Sub-
andean deposits (Strub ez al., 2005) agrees remarkably well
with the **Ar/*’Ar ages reported here for the Cangalli For-
mation. We suggest that focused late Miocene exhumation
in the western Eastern Cordillera (Cordillera Real) led to a
substantial influx of sediment that buried irregular topo-
graphy in previously shortened regions along the Eastern
Cordillera—Interandean Zone boundary and covered large
tracts of the Subandean Zone. In our preferred recon-
struction (Fig. 10), the resulting broad zone of wedge-top
accumulation spanning the Tipuani-Mapiri region was
contiguous with the central Andean foreland basin occu-
pying the Subandean Zone and Beni plain. The fact that
the termination of local shortening along the Eastern
Cordillera—Interandean Zone coincided with the influx of
wedge-top sediment and onset of accumulation in the
Tipuani-Mapiri basin invites speculation that rapid sedi-
mentation (and attendant loading) atop the Andean fold-
thrust wedge promoted late Miocene advance of the thrust
front in the Subandean Zone (e.g. Leturmy ez al., 2000;
Ubaetal., 2009).

CONCLUSIONS

Sedimentology, stratigraphy, provenance and *°Ar/*’Ar
geochronology help link deposition in the Tipuani-Mapiri
basin along the Eastern Cordillera—Interandean Zone
boundary to focused late Miocene exhumation of the cen-
tral Andean fold-thrust belt. Structural relationships de-
monstrate that considerable late Cenozoic exhumation of
the lowest structural levels of the Eastern Cordillera oc-
curred in the absence of local upper-crustal shortening,
underscoring the need for alternative mechanisms such
as climate change and/or deep crustal or lithospheric pro-
cesses. The main conclusions are as follows.
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(1) Lithofacies associations identified in the Cangalli For-
mation indicate deposition primarily by high-energy
braided fluvial systems, possibly in proximal zones of
fluvial megafans. Stratigraphic and topographic rela-
tionships along the basal unconformity show that ac-
cumulation in the Tipuani-Mapiri basin occurred on
an irregular, high-relief ( ~500m) erosional surface
developed on deformed Ordovician strata.

(2) Palacocurrents and compositional provenance data
link deposition of the Cangalli Formation to erosion
of the western Eastern Cordillera (Cordillera Real), the
region of greatest structural relief within the central
Andean fold-thrust belt. Late Miocene sedimentation
in the Tipuani-Mapiri basin was coeval with rapid ex-
humation of this structural core of the orogen.

(3) The Tipuani-Mapiri basin is dominated by subhori-
zontal strata (< 10° dip) with minimal evidence of de-
formation or tilting. The Cangalli Formation uncon-
formably overlies a highly folded and faulted substrate
of Ordovician rocks, indicating that shortening had
ceased along the Eastern Cordillera—Interandean Zone
boundary and migrated into the Subandean Zone by
the late Miocene onset of basin filling.

(4) *°Ar/*’Ar age analyses of interbedded tuffs indicate
that deposition in the Tipuani-Mapiri basin was un-
derway by 11-9Ma and continued until at least

~74 Ma. Evidence for transverse fluvial systems with

limited influence by fold-thrust structures suggest
that late Miocene accumulation occurred in a broad
integrated wedge-top depozone of the proximal fore-
land basin spanning the easternmost Eastern Cordil-
lera, Interandean Zone and Subandean Zone.

(5) We propose that rapid erosional exhumation in the
Eastern Cordillera was controlled by focused precipi-
tation along the orographic front of the central An-
dean fold-thrust belt. Whether driven by climate
change or by rapid surface uplift (possibly triggered
by removal of lower crust or mantle lithosphere), high-
er precipitation likely increased sediment flux towards
the foreland. This pulse of sediment may have pro-
moted large-scale wedge-top deposition, enhancing
sediment loading along the Eastern Cordillera—Inter-
andean Zone boundary and potentially promoting ra-
pid late Miocene advance of the deformation front in
the Subandean fold-thrust system.
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