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ABSTRACT

The sub-Andean foreland basin of southern Bolivia chronicles erosional unroofing of the
central Andean fold-thrust belt during Cenozoic shortening. Analyses of five stratigraphic
sections document regional paleosol development in forebulge to distal foredeep depozones,
followed by proximal accumulation of a greater than 4 km (2.5 mi) thick upward coarsen-
ing and thickening succession of mixed fluvial to megafan deposits. New timing constraints
from zircon U-Pb ages for sandstones and interbedded volcanic horizons indicate Oligocene
to late Miocene facies migration and eastward progradation from growing structures and
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point sources of sediment. Detrital zircon U-Pb results, sandstone/conglomerate composi-
tions, and paleocurrent data reveal subarkosic and sublitharenitic sand derived from Andean
sources to the west, with (1) contributions from upper Paleozoic strata (420-570 Ma zircon
age components) of the inter-Andean Zone; (2) variable input from the Eastern Cordillera,
including lower Paleozoic strata (650-800 Ma zircon ages), Mesozoic strata (66-360 Ma zircon
ages), and recycled Paleogene basin fill; and (3) later arrival of a cosmopolitan age assem-
blage from upper Paleozoic to Cenozoic strata of the incipient sub-Andean Zone. Eastward
advance of the fold-thrust belt corresponds to an increase in sediment accumulation from
3 m (10 ft)/m.y. to 90-2000 m (295-6562 ft)/m.y. The integrated results suggest a progres-
sive early-middle Miocene transition from foredeep to wedge-top deposition within the
eastern inter-Andean Zone to western sub-Andean Zone, with a generally post-12 Ma age
for most sub-Andean structures. We propose that either (1) pre-Cenozoic stratigraphic and
structural heterogeneities promoted nonsystematic activation and shortening advance, with
an unsteady eastward migration of flexural foreland subsidence, or (2) the fold-thrust belt
and foreland basin advanced systematically eastward, with a marked southward reduction
in the magnitude of shortening along the inter-Andean-sub-Andean Zone. Surface uplift as-
sociated with advancing deformation guided the creation of topographic barriers in the fold-
thrust belt and proximal foreland, inducing variable unroofing patterns, drainage network
evolution, and deposition of fluvial megafans.

INTRODUCTION

Foreland basins are excellent recorders of the growth
and erosion of contractional orogenic belts (Jordan,
1981, 1995; DeCelles and Giles, 1996; DeCelles, 2012).
However, inherited pre-orogenic conditions and com-
plex shortening patterns may lead to nonsystematic
behavior in fold-thrust belts and foreland basin sys-
tems. In the central Andes (Figure 1), the retro-arc
foreland basin spans along-strike (north—south) and
across-strike (east-west) heterogeneities that may
induce spatial and temporal variations in depositional,
deformational, and exhumational histories (e.g., Masek
et al., 1994; Kley, 1996; Jordan et al., 1997; Horton, 1999;
Montgomery et al., 2001; Barnes and Pelletier, 2006;
McGroder et al., 2015). Although differences in struc-
tural style exist between Bolivia and Argentina (e.g.,
transition zone of Figure 1), the foreland basin record
and the timing of exhumation and deformation remain
relatively consistent along strike (Allmendinger and
Gubbels, 1996; Kley et al., 1999; McQuarrie, 2002a;
Carrapa et al., 2011; DeCelles et al., 2011; Anderson
et al., 2017). Synorogenic sediments preserved in
Andean outcrop belts and foreland regions provide
key records to unravel the patterns of deformation and
basin evolution.

Despite a similar Eocene-Oligocene history of
exhumation and deformation in southern Bolivia
to northern Argentina, thermochronologic, struc-
tural, and basin fill records highlight Miocene and
younger discrepancies across these regions (Marshall
and Sempere, 1991; Herndndez et al., 1996; Horton,

1998, 2005, 2012; Coutand et al., 2001; Horton et al.,
2001, 2002; Reynolds et al., 2001; Gillis et al., 2006; Ege
etal., 2007; Barnes and Ehlers, 2009; Carrapa et al., 2011;
Mosolf et al., 2011; Siks and Horton, 2011; Del Papa
et al., 2013; Galli et al., 2016). For example, the ~10 Ma
cessation of exhumation in the Eastern Cordillera
of Bolivia conflicts with observations in northern
Argentina, where active faulting characterizes the
Eastern Cordillera and may be coupled with increas-
ing accumulation rates in the sub-Andean Zone (e.g.,
Echavarria et al., 2003; Uba et al., 2009; Pingel et al.,
2013; Streit et al., 2015). Further contrasts involve the
variable influence of large basement-involved thrusts,
pre-Cenozoic heterogeneities, the timing and magni-
tude of flexural subsidence, and the role of climate-
related surface processes (Kley et al., 1997, 1999; Horton
and DeCelles, 2001; McQuarrie, 2002b; Sobel et al., 2003;
Leier et al., 2005; Strecker et al., 2007, 2009; Barnes and
Heins, 2009; Barnes et al., 2012; Anderson et al., 2014,
2017). Remaining uncertainties include (1) the timing of
initial shortening in the frontal thrust belt, where esti-
mates range from ~20 to 5 Ma (e.g., Kley, 1996; DeCelles
and Horton, 2003; McQuarrie et al., 2005; Uba et al.,
2005, 2009; Lease et al., 2016); (2) the mode of deforma-
tion advance, either by steady eastward propagation or
punctuated out-of-sequence thrusting (Dunn et al., 1995;
Moretti et al., 1996; Brusset et al., 2002; Echavarria et al.,
2003; Uba et al., 2009); and (3) the linkages between
sub-Andean shortening and surface uplift of the Altiplano
and Puna plateaus (Allmendinger et al., 1997; Garzione
et al., 2006, 2008; Lamb, 2011, 2016; Canavan et al., 2014;
Carrapa and DeCelles, 2015; Quade et al., 2015).
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Figure 1. Shaded topographic
map of the central Andes within
South America (inset map)
showing major tectonomorphic

4 zones, the modern foreland basin
(Chaco and Beni Plains), and
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In Bolivia, sub-Andean foreland basin deposits pro-
vide a record of sustained (>20 m.y.) and substantial
(>4 km [2.5 mi]) sediment accumulation. This thick
clastic fill provides a depositional and provenance re-
cord of the onset and spatiotemporal distribution of
shortening along the zone of maximum crustal thick-
ening, which contains the highest and widest mean
topography in the Andes. Comparison of the depo-
systems, provenance, and accumulation histories of
the sub-Andean Zone of Bolivia with its counterparts
in northern Argentina can help address the timing
and sequence of foreland deposition, fold-thrust de-
formation, and erosional input from growing local
and regional Andean topography. This study explores
the spatial and temporal variations of foreland sedi-
mentation in the western sub-Andean Zone to eastern
inter-Andean Zone of southern Bolivia at 19.5-22.5°S
(Figure 1). Integrated analyses of the sedimentologic,
stratigraphic, and detrital zircon U-Pb geochronologic
and provenance constraints from five Cenozoic sec-
tions (Figure 2) are employed to define the interactions
of the advancing central Andean fold-thrust belt and
adjacent sub-Andean foreland basin and their regional
context relative to northern Argentina. The results high-
light the Oligocene-Miocene history of synorogenic

sedimentation and reveal the apparent time-transgres-
sive development of flexural accommodation and sedi-
ment routing systems from the growing thrust belt.

GEOLOGIC AND STRATIGRAPHIC FRAMEWORK

Subduction of the oceanic Nazca plate beneath South
America drove Cenozoic shortening and growth of
the central Andes (Isacks, 1988; Gubbels et al., 1993;
Baby et al., 1997; Oncken et al., 2006). In southern
Bolivia (Figures 1, 2), distinct tectonomorphic zones of
the retro-arc fold-thrust belt exhibit characteristic to-
pography and structural-stratigraphic configurations
related to basement-involved deformation, includ-
ing crustal-scale footwall ramps concealed at depth
(e.g., Kley, 1993, 1996; McQuarrie, 2002b; Eichelberger
et al., 2013; Anderson et al., 2017). The Eastern Cordillera
(~3-4 km[~2-2.5 mi]elevation) is composed of biver-
gent east- and west-directed thrust systems, with the
deepest structural levels (Neoproterozoic-Ordovician
rocks) exposed in a broad anticlinorium along its
eastern margin. To the east, the inter-Andean Zone
(~2-3 km [~1.2-2 mi] elevation) involves a nar-
row, thin-skinned thrust system developed atop a
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Figure 2. Regional geologic map of the central Andean fold-thrust belt and proximal foreland basin of
southern Bolivia (Choque and Almendras, 2012) displaying tectonomorphic zones, major faults, meas-
ured stratigraphic sections, and the locations of detrital zircon U-Pb samples from potential source regions
(Paleozoic and Mesozoic) and from Cenozoic fill in the sub-Andean Zone and eastern inter-Andean Zone.
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basement-involved thrust, the inter-Andean thrust.
Farther east, a second basement-involved thrust, the
sub-Andean thrust, transfers shortening to the sub-
Andean Zone (~1-2 km [~0.6-1.2 mi] elevation), an
east-vergent, thin-skinned thrust system with multi-
ple fault-propagation folds and imbricate splay faults.
The lower (sub-Andean) structure passively elevated
and translated the Eastern Cordillera and inter-Andean
Zone as basement slip was fed eastward into the basal
décollement (Silurian shale) beneath the sub-Andean
Zone (e.g., Baby et al., 1992; Dunn et al., 1995; Anderson
et al., 2017). Along the eastern mountain front, the
Chaco plain (< 0.5 km [< 0.3 mi] elevation) defines the
modern foreland basin (Horton and DeCelles, 1997;
Mascle and Zubieta-Rossetti, 2005).

A significant tectonic boundary near the Bolivia—
Argentina border is expressed in the overall south-
ward plunge and transition from the thin-skinned
sub-Andean Zone to the thick-skinned Santa Barbara
System, with an accompanying decrease in short-
ening from ~100 to ~21 km (~62 to 13 mi) (Figure 1;
Kley et al., 1996, 1999; Allmendinger et al., 1997; Kley
and Monaldi, 2002; Pearson et al., 2013). This change
in structural style may be related to the pronounced
southward thinning of the Paleozoic sedimentary
prism (Allmendinger et al., 1983, 1997; Kley and
Monaldi, 1998; McQuarrie, 2002a; McGroder et al.,
2015) and inherited pre-Andean basement fabrics
(e.g., Hongn et al., 2010; Insel et al., 2012). In addition,
the Cretaceous Salta rift in northern Argentina gen-
erated basement-high rift shoulders that may have
impeded deformation advance (e.g., Michicola High
on the northern flank of the Lomas de Olmedo sub-
basin; Figure 1; Viramonte et al., 1999) and basement-
involved normal faults that may have been selectively
reactivated, focusing Cenozoic shortening in parts
of the Puna, Eastern Cordillera, and Santa Barbara
System (Grier et al., 1991; Coutand et al., 2001; Kley
et al., 2005; Siks and Horton, 2011; Del Papa et al.,
2013; Pearson et al., 2013; Carrapa et al., 2014). The
structural contrasts between Bolivia and Argentina
may also influence the linkages between topographic
barriers and regional climate, which played an import-
ant role in Neogene intermontane and foreland basin
development (Horton, 1998, 1999, 2005, 2012; Sobel
et al., 2003; Strecker et al., 2007, 2009; Pingel et al.,
2013; Amidon et al., 2015; Streit et al., 2015).

The timing of shortening has been estimated
from thermochronologic data, stratigraphic studies,
cross-cutting structural relationships, and geomor-
phic surface dating. At 19-21.5°S, shortening-related
exhumation in the Eastern Cordillera took place from
the middle Eocene to Miocene (~45-15 Ma; Horton,
1998; Miiller et al., 2002; McQuarrie et al., 2005; Ege
et al., 2007; Barnes et al., 2008), prior to development

of the San Juan del Oro geomorphic surface at ~10 Ma
(Gubbels et al., 1993; Kennan et al., 1995). During the
Miocene (~20-5 Ma), exhumation advanced eastward
into the inter-Andean Zone and sub-Andean Zone, al-
though the exact timing remains debated (e.g., Erikson
and Kelley, 1995; Kley, 1996; Jordan et al., 1997; Brusset
et al., 2002; DeCelles and Horton, 2003; Herndndez
and Echavarria, 2009). South of 22.5°S, the geologic
record is consistent with slow protracted shorten-
ing from Eocene to early Miocene time, followed by
high exhumation rates thereafter (Echavarria et al.,
2003; Carrapa et al., 2011; DeCelles et al., 2011; Siks
and Horton, 2011; Carrapa and DeCelles, 2015; Quade
et al., 2015; Reiners et al., 2015).

The greater than 4 km (2.5 mi) thick foreland suc-
cession in the sub-Andean Zone to eastern inter-
Andean Zone is composed of Oligocene to Quaternary
clastic deposits that disconformably overlie Jurassic—
Cretaceous Ichoa Formation eolian sandstones.
Previous studies of the eastern sub-Andean Zone
(Uba et al., 2005, 2009) recognized the following litho-
stratigraphic units (Figure 3), although the exact age
assignments and regional distributions are anticipated

Thickness Formation
~ (km), eI e ;w51 Conglomerate
. Sandstone
1 Emborozi = Mudstone
~ ~| Fossiliferous
6 sandstone
Nodular
Guandacay sandstone
Tariquia
Yecua
Petaca

Figure 3. Schematic stratigraphic profile of the Cenozoic
clastic succession of the sub-Andean—Chaco foreland basin
of southern Bolivia (modified from Uba et al., 2005).
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to vary within the basin due to diachronous fold-
thrust deformation and flexural subsidence. At the
base, the Oligocene-lower Miocene Petaca Formation
represents pedogenically altered sandstones and mi-
nor conglomerates of a low-sinuosity fluvial system
(Figure 3). The middle Miocene Yecua Formation,
which is restricted to the eastern sub-Andean Zone
and Chaco foreland, consists of bundled mudstones,
marls, and fossiliferous sandstones deposited in tidally
influenced marine settings (Marshall and Sempere,
1991; Marshall et al., 1993; Hernandez et al., 2005;
Hulka et al., 2006; Uba et al., 2007). The main body of
the foreland succession is defined by upper Miocene
sandstones and mudstones of the Tariquia Formation
(Figure 3), which represent mixed anastomosing and
braided fluvial systems. In upper stratigraphic levels,
the uppermost Miocene-lower Pliocene conglomer-
atic Guandacay Formation and Pliocene—Quaternary
Emborozti Formation represent deposition in braided
fluvial, fluvial megafan, and localized alluvial fan en-
vironments (Ayaviri, 1964; Dunn et al., 1995; Moretti
et al., 1996; Echavarria et al., 2003; Uba et al., 2005;
Calle, 2013).

In northern Argentina, a broadly similar foreland
succession consisting of the ~7 km (~4.3 mi) thick
Oran Group records comparable deposystems and
lithostratigraphic relationships but a contrasting
accumulation history. A basal unit, the Tranquitas
Formation, represents a probable Oligocene to middle
Miocene condensed interval correlative with the Petaca
Formation, the basal unit in Bolivia (DeCelles et al.,
2011). The disconformably overlying upper Miocene
“Terciario Subandino” and Pliocene—Pleistocene El
Simbolar Formation, dated by magnetostratigraphy
and tuff geochronology at less than 12 Ma, recorded
braided and ephemeral fluvial systems followed
by alluvial fan sedimentation (Herndndez et al.,
1996; Reynolds et al., 2001; Constantini et al., 2002a;
Echavarria et al., 2003; Amidon et al., 2015).

SEDIMENTOLOGY

Five stratigraphic sections were measured and litho-
facies analyses were performed along a north-south
transect spanning the greater than 4 km (2.5 mi) thick
nonmarine foreland basin succession (Figures 2, 4;
Ayaviri, 1964, 1971; Uba et al., 2006). The El Rosal
and Entre Rios sections correspond to the eastern
inter-Andean Zone, whereas the Rio Azero, San Juan
del Piray, and Emborozu sections define the western
sub-Andean Zone. Major facies trends include basal
Petaca Formation paleosols overlain by an upward
coarsening and thickening succession of meandering

fluvial deposits (lower Tariquia Formation), sheet-
flood and braided fluvial deposits (upper Tariquia and
Guandacay Formations), and alluvial fan conglomer-
ates (Emborozu Formation). Lateral and vertical facies
variations accompanied by an upsection increase in
channel amalgamation suggest progradation of fluvial
megafans (Horton and DeCelles, 2001; Uba et al., 2005;
Hartley et al., 2010). The following section describes
the characteristic lithofacies associations with their
corresponding facies codes (e.g., P1, S1) affiliated with
different stratigraphic units and depositional environ-
ments (Table 1; Figure 5).

Petaca Formation: Pedogenically Altered
Fluvial Deposits

The Petaca Formation overlies Jurassic—Cretaceous
eolian quartzose sandstones and is characterized by
a 2-20 m (7-66 ft) thick basal silcrete accumulation
(Figure 4). These basal pedogenic deposits are over-
lain by 2-10 m (7-33 ft) thick upward-fining sandstone
packages lacking internal sedimentary structures with
variable degrees of nodule formation. The Petaca
Formation tapers southward from 100 m (328 ft) at the
El Rosal and Rio Azero sections to 20 m (66 ft) at the
Entre Rios section (Figures 2, 4).

Paleosols (P1) Fine- to medium-grained sandstones
with irregular texture, isolated pebbles, and silica
(chalcedony) and calcite cement characterize the
Petaca Formation (Figure 5a.). The 0.2-2 m (0.7-7 ft)
thick beds are laterally continuous for tens of meters.
Abasal, 2-20 m (7-66 ft) thick nodular silcrete displays
a disorganized pebble conglomerate/breccia appear-
ance surrounded by a fine-grained sandstone matrix.
Intense physical and chemical weathering has obliter-
ated primary sedimentary structures and precipitated
abundant chert and calcite nodules with irregular mor-
phologies ranging from moderately elongate to verti-
cal rhizocretions (2-3 cm [0.8-1.2 in.] wide, 20-60 cm
[8-24 in.] long) and semispherical forms (Figure 5a.).
At the El Rosal section, an isolated, basal tabular
calcareous mudstone (0.05-0.60 m [0.16-2 ft] thick)
that persists laterally for tens of meters is capped by
mottled calcareous massive sandstones with blocky
peds (Figure 5b.).

We interpret the basal silcrete as intensely weath-
ered bedrock regolith material derived locally from
eolian quartzose sandstones of the underlying
Jurassic—Cretaceous formations. In contrast, the nod-
ular sandstones with silica and calcite cement forming
the main body of the Petaca Formation likely repre-
sent braided fluvial channels variably overprinted
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Figure 4. Cenozoic measured stratigraphic sections of the sub-Andean foreland basin (see Figure 2 for locations) show-
ing formations (Fm.), lithofacies, paleocurrent rose diagrams, and locations of samples for sandstone petrographic, clast
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490 CALLEETAL.

Table 1. Facies associations and interpretations for the Petaca, Tariquia, Guandacay, and Emborozt Formations using
categories modified from Miall (1992, 2010).

Facies Association Lithofacies Description Interpretation
P1 Paleosol P,Sm, C Massive, structureless sandstones with irregular calcite Subaerially exposed
nodules, thizocretions, and chert nodules, floating braided channels
granules, irregular contacts. Chalcedony and calcite altered by pedogenesis;
cement. Interbedded calcareous mudstones calcisols
S1 Upward-fining, Sp,St, Sl,  Large-scale epsilon cross-stratified (<2.5 m thick bedset), = Meandering point bars
cross-stratified Fm, Fl, trough cross-stratified, and cross-laminated sandstones overlain by floodplain
sandstones capped capped by structureless, massive and minor laminated deposits with incipient
by mudstones mudstones (1-3 m thick) with calcareous nodules at the top paleosols
S2  Tabular, Sm, Sp, Fl,  Tabular to irregular, structureless, planar laminated Unconfined
thick-stratified Fm sandstones with mud rip-clasts at the base, and minor sheetfloods to confined
sandstones dessication cracks, current ripples. and bioturbation. braided channels

Multistory sandstones (> 50 m thick) with internal
scouring less than 0.6 m deep filled with low-angle inclined
sandstones and mudstones. Associated up-section with S3.

S3  Thinly Sm, Sp, St,  Tabular to lenticular, cross-laminated, planar laminated, Crevasse splay systems
interstratified Sl, F1 and minor bioturbated sandstones laterally interfingering  on ephemeral streams
sandstones and with laminated and nodular mudstones less than 0.5 m
mudstones thick.

S4 Lenticular, tabular St, Sp, Gh, Wavy, large-scale inclined, trough cross-stratified Downstream accretion
cross-stratified, Sm sandstones; less than 5 m thick cycle. Up to 2 m thick basal of compound braided
thick-stratified intraformational conglomerates. Tabular to lenticular bars, and conglomerate
sandstones conglomerates with faint imbricated clasts at the base less  lags in braided

than 5 m thick, light yellow, green nodular sandstones at channels
top of cycles; occasional bioturbation.

G1 Upward-fining, Gp, Gh, Gt, Well-organized, large-scale, low-angle cross-stratified Compound braided
cross-stratified St, Sp conglomerates grading to sandstones in 10-20 cm thick channels fills
conglomerates and cycles; clast imbrication; eroded by moderately organized, = with lateral and
sandstones faintly graded conglomerates with erosional surfacesless ~ downstream accretion

than 1 m deep. of bars

G2 Matrix-supported  Gm, Sh Irregular to tabular, disorganized, matrix-supported Debris flows and
conglomerates and conglomerates (<5 m thick), with subtle reverse grading; sheetfloods on alluvial
sandstones capped by structureless and massive sandstones, less than  fans

5 m thick.

by paleosols, here interpreted as composite calcisols Tariquia and Guandacay Formations: Fluvial Channel
(e.g., Thiry and Maréchal, 2001; Nash et al., 2004). and Floodplain Deposits
Prolonged calcisol formation involved the coalescence

of calcareous nodules and local development of resis- The variably preserved 1000-4500 m (3281-14,764 ft)
tant horizons of pedogenic carbonate or calcrete (e.g., thick Tariquia-Guandacay Formations exhibit a con-
Retallack, 1988; Kraus, 1999). spicuous upward coarsening and thickening trend

Figure 5. Photos of Cenozoic sedimentary facies, including the Petaca, Tariquia, Guandacay, and Emborozu Formations. A. Nodular
paleosols with rhyzocretions in the Petaca Formation (see hammer for scale). B. Calcareous mudstones attributed to protracted
pedogenesis, including coalescence of calcareous nodules in the Petaca Formation. C. Wedge sandstones capped by mudstones,
interpreted as meandering point bars and floodplain deposits in the Tariquia Formation. D. Tabular, thick-bedded, multistory sand-
stones alternating with thin mudstones, interpreted as sheetflood deposits of the Tariquia Formation (see vehicle in the lower
right for scale). E. Tabular sandstones with low-angle internal scours filled with mudstones and sandstones interpreted as sheet-
flood deposits. F. Thinly bedded sandstones and mudstones representing crevasse splay deposits typical of the Tariquia Formation.
G. Wavy, trough cross-stratified sandstones formed by dune migration in less than 2 m (7 ft) deep braided channels of the Guan-
dacay Formation. H. Large-scale cross-bedded pebble conglomerates and sandstones representing compound bars eroded by
braided channels of the Guandacay Formation. I. Lenticular cobble-conglomerates and sandstones interpreted as downstream
accretion of braided bars of the Guandacay Formation. J. Matrix-supported, disorganized cobble-boulder conglomerates and struc-
tureless sandstones attributed to debris flows and sheetfloods in alluvial fans of the Emborozi Formation (see hammer for scale).
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(Figure 4). Sandstones of the Tariquia Formation are
wedge shaped and cross-bedded at the base of the suc-
cession, but in upper levels, they are tabular, typically
structureless, with common rip-up clasts. Bedsets
persist along strike for 30 m (98 ft) or more. The
basal upward-fining packages include epsilon cross-
stratification overlain by thick mudstones, consistent
with deposition in meandering fluvial systems. In
middle and upper levels, multistoried sandstone bod-
ies represent the amalgamation of braided channels
alternating with tabular sheetflood deposits. The basal
erosive and undulatory sandy- and pebble-cobble-
dominated conglomerates of the Guandacay Forma-
tion are laterally persistent for more than 15 m (49 ft).
This upper segment is interpreted as braided channels
typical of medial and proximal fluvial megafans.

Upward-Fining, Cross-Stratified Sandstones
Capped by Mudstones (S1) In the lower Tariquia
Formation, 0.5-5 m (1.6-16 ft) thick, upward-fining,
fine-grained sandstones to mudstones with associated
gypsum veins are laterally extensive for greater than
30 m (98 ft) (Figure 5c.). The sandstones include large-
scale epsilon cross-stratification (<2.5 m [<8 ft] thick
bedset) and current ripple cross-stratification, which
are capped by 1-3 m (3-10 ft) thick structureless to
horizontal laminated mudstones with scattered calcite
nodules at the top. The upward-fining packages and
lateral accretion surfaces perpendicular to the flow
direction suggest deposition on meandering point
bars followed by well-developed floodplain deposi-
tion with incipient paleosol development (Miall, 2010;
Nardin et al., 2013).

Tabular, Thick-Stratified Sandstones (S2) The
middle-upper Tariquia Formation consists of sheet-like
to irregular, 1-22 m (3-72 ft) thick, fine-grained sand-
stones intercalated with 5-10 cm (2—4 in.) thick lam-
inated mudstones that persist laterally for hundreds
of meters (Figure 5d., e.). Individual beds of structure-
less to horizontally stratified sandstones contain basal
mudstone rip-up clasts and discrete desiccation cracks,
asymmetric ripples, and moderate bioturbation in up-
per levels. Most sandstone beds alternate with thin,
lensoid, low-angle inclined mudstones. In the upper
Tariquia Formation, however, isolated sandy packages
are replaced by multistory sandstone bodies greater
than 50 m (164 ft) in thickness with lateral continuity
up to 400 m (1312 ft) (Figure 5d.). The thick, sharp-
basal sandstones define three or more discontinuous,
slightly concave-up erosional surfaces with 2-3 m
(7-10 ft) of relief incised into underlying mudstones.

The uppermost Tariquia Formation contains more
laterally extensive sandstone bodies with erosive basal
surfaces and minor trough cross-bedding.
Amalgamation of sandstone bodies suggests multi-
ple avulsion events accompanied by waxing of currents
and incorporation of rip-up clasts from previous flood-
plain deposits. We interpret these deposits as uncon-
fined sheetflows to confined braided channels encased
in thin floodplains deposited during episodic water
discharge or monsoonal activity (Leier et al., 2005;
Hampton and Horton, 2007; Plink-Bjorklund, 2015).

Thinly Interstratified Sandstones and Mudstones
(S3) The Tariquia Formation also consists of tab-
ular to lenticular, less than 8 m (26 ft) thick fine to
medium-grained sandstones and mudstones overly-
ing facies assemblage S2 (Figure 5f.). Sheet and len-
soid less than 0.5 m (1.6 ft) thick sandstones encased
in less than 2 m (7 ft) thick mudstones are laterally
extensive for more than 50 m (164 ft). The sandstones
with current ripples, horizontal lamination, and bio-
turbation pinch out or pass laterally over ~50-70 m
(~164-230 ft) into laminated and concretion-bearing
mudstones.

This facies assemblage represents overbank deposi-
tion of crevasse splays in proximity to major avulsed
channel systems, with repeated injection of sus-
pended sand during high-flood events (Galloway
and Hobday, 1996; McCarthy and Martini, 1997). The
lateral continuity, and in some cases the pronounced
cycle thickness, can be attributed to deposition in
a low-relief, rapidly aggrading and sporadically
exposed floodplain.

Lenticular, Tabular Cross-Stratified, Thick-Stratified
Sandstones (S4) In the Guandacay Formation, wavy,
1-5 m (3-16 ft) thick tabular cross-bedded fine- to
medium-grained sandstones are laterally continuous
for more than 100 m (328 ft) (Figure 5g.). Large-scale
tabular cross-bedded sandstones with individual
trough cross-bed units, foreset drapes of mudstone
rip-up clasts, and floating pebble clasts overlie less
than 2 m (7 ft) deep erosional surfaces. In every sec-
tion, 5-30 cm (2-12 in.) thick lenses of pebble-cobble
conglomerates define the basal contact, whereas the
upper levels consist of less than 0.5 m (2 ft) thick light
yellow and green nodular sandstones, with occasional
vertical bioturbation and plant fragments.

We interpret that the large-tabular cross-strata with
internal trough cross-bedded sandstones resulted
from episodic water fluctuations during downstream
accretion of compound braided bars, with sandy bed-
load transport of 3-D dunes (e.g., Collinson, 1996;
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Plink-Bjorklund, 2015). Deposition of flat to gently in-
clined thin-bedded conglomerate lags supports rapid
transport conditions (Miall, 1996). In turn, the paucity
of overbank facies, limited pedogenesis, and biotur-
bation suggests that the sand bars were subaerially
exposed for short terms in perhaps an arid region
(Miall, 1992).

Upward-Fining, Cross-Stratified Conglomerates
and Sandstones (G1) The upper Guandacay For-
mation comprises irregular, less than 3 m (10 ft) thick,
normal- to un-graded pebble-cobble conglomerates
and medium- to fine-grained sandstones (Figure 5h., i.).
Low-angle, large-scale cross-strata of multiple 10-20 cm
(4-8 in.) thick, upward-fining sets persist laterally for
~40 m (~131 ft) along and across depositional slope.
The conglomerate presents pebble-support fabric
and imbrication, whereas the sandstones contain oc-
casional imbricated clasts. The clasts are moderately
sorted with exceptions in tabular and isolated lenses.
Poorly sorted conglomerates with concave-up ero-
sional basal surfaces and subtle cross-bedding cut un-
derlying cross bedded and graded sets.

This assemblage is interpreted as braided fluvial
channel fills with lateral and downstream accretion
of compound bars. Fluctuating water discharge and
bedload delivery over flood cycles are demonstrated
by channelization followed by development of multi-
directional braided bars and 3-D dunes (e.g., Steel and
Thompson, 1983; Bridge and Lunt, 2006).

Emborozii Formation: Matrix-Supported
Conglomerates and Sandstones (G2)

Irregular to tabular, 0.6-5 m (2-16 ft) thick sheet con-
glomerates overlain by ~3-5m (~10-16 ft) thick
fine-grained sandstones are typical of the Emborozu
Formation (Figure 5j). Poorly sorted, matrix-supported
cobble-boulder conglomerates capped by sharp based,
structureless and massive sandstones are laterally
continuous for greater than 20 m (66 ft). The clasts are
subangular to subrounded and display subtle reverse
grading. Sporadic 10-30 cm (4-12 in.) thick lensoids of
sandstones and siltstones are encased in the disorga-
nized conglomerates. The matrix-supported texture
and lack of internal structure suggest deposition of
debris flows on alluvial fans, including the effect of
dispersive pressure for the development of reverse
grading. Upward grading of conglomerates to sandy
and mudstone facies suggests hyperconcentrated
sheet-flow deposition in alluvial fans (e.g., Nemec and
Steel, 1984; Uba et al., 2005).

U-PB GEOCHRONOLOGY

U-Pb geochronologic results for 26 sandstones
(16 Cenozoic samples from the sub-Andean foreland
basin and 10 Paleozoic to Cenozoic samples from the
Eastern Cordillera and inter-Andean Zone), and an
ashfall tuff provides insights into sediment prove-
nance and depositional ages (Figures 2, 4). Zircons
were isolated following traditional separation tech-
niques, including crushing, grinding, water table, and
heavy liquid and magnetic separation. Analyses were
conducted at the University of Texas at Austin using
laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS), following methods outlined by
Horton et al. (2016). For each sample, we analyzed ~120
randomly selected, tape-mounted, unpolished detrital
zircons, avoiding cracks, inclusions, and grain edges.
For volcanic samples, ~30 analyses were carried out on
euhedral, inclusion- and fracture-free grains that were
individually picked and mounted (e.g., Levina et al.,
2014). Corrections for depth-dependent, interelemental
fractionation were calculated using zircon standards
GJ1 (600.4 £ 0.1 Ma) and Plesovice (PL-1; 337.2 =
0.4 Ma). Further methods are outlined in Appendix 1.

U-Pb ages and 20 errors (Figures 6-8; Appendix 2)
are reported for analyses with less than 10%**Pb /**U
uncertainties, less than 30% discordance, and less
than 5% reverse discordance. Reported ages represent
2%Pb/**U ages for grains younger than 950 Ma and
*"Pb/**Pb ages for older grains. Where appropriate,
estimates of maximum depositional age (Figure 6) are
derived from the calculated weighted mean age of the
youngest concordant grains (three samples) or young-
est single grain (one sample), following the approach
of Dickinson and Gehrels (2009). Results are displayed
as probability density functions and organized in
stratigraphic order (Figures 7, 8). The plotted age spec-
tra show ages less than 2000 Ma, as older grains en-
compass less than 5% of grains and are not diagnostic
for regional provenance.

For statistical comparison of U-Pb spectra
(Figures 7, 8), we employ a nonmetric multidimen-
sional scaling (MDS) plot, which portrays the D
values of the Kolmogorov-Smirnov test (K-S test; Ver-
meesch, 2013). This two-dimensional plot identifies
greater similarity for samples that cluster together
and less similarity for those plotting farther apart. To
evaluate if the MDS plot accurately represents dis-
similarity between samples (goodness of fit), a Shep-
ard plot is presented, with a stress factor of zero for a
perfect goodness of fit and greater than 0.2 for a poor
goodness of fit. From a catalog of U-Pb results for po-
tential sediment sources (Calle, 2013), we delimited
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Figure 6. Mean U-Pb ages for

a tuff from the Rio Azero sec-
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tional ages for the El Rosal and
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different domains in the MDS plot representing the
principal sources (Appendix 3) and obtained a fair
goodness of fit (stress) equal to 0.111 (Figure 9).
A second statistical test evaluating the similarity of
Cenozoic samples to source regions was followed by
calculation of cross-correlation coefficients of prob-
ability density functions (Appendix 4) using guide-
lines of Saylor and Sundell (2016). Cross-correlation
coefficients take into account the shape, magnitude,
and presence of age peaks. The R? value range from
0 to 1, with R*~1 when two samples show higher
similarity.

Depositional Age Constraints

A refined history of sub-Andean foreland sedimen-
tation is provided by maximum age constraints from
U-Pb results for one tuff and three detrital samples
(Figures 4, 6). The new age estimates are integrated
with past results and reported from north to south.
The Tariquia Formation shows conflicting ages from
north to south (Figures 4, 6). A detrital sample at El
Rosal (1010 m [3314 ft] level, sample MK03DZ) yields
a youngest zircon age of 21.8 £ 0.8 Ma. A ~30 cm
(~12 in.) tuff at Rio Azero (300 m [984 ft] level, sample
BT01t) dated at ~19.3 £ 0.2Ma (n = 4 youngest concor-
dant grains out of 37 grains); this age refines the 24.4 *
2.6 Ma zircon fission track age reported by Erikson

and Kelley (1995) for the same horizon. Similarly, at
Entre Rios (495 m [1624 ft] level, sample ERS06), the
Tariquia cannot be older than 24.3 = 2.1 Ma (n = 3).
At Emborozid, however, deposits attributed to the
Tariquia contain an interbedded tuff dated at 10.5 *
0.30 Ma (Hulka, 2005).

Depositional ages for the upper Tariquia and lower
Guandacay Formations are less well constrained. In
the north, at the San Juan del Piray and Rio Azero
sections, the best age estimates for the top of Tariquia
derive from linear interpolation of an 11.7 Ma apatite
fission track age (Lease et al., 2016) and the aforemen-
tioned basal Tariquia tuff of ~19.3 £ 0.2 Ma. Assum-
ing the 11.7 Ma age delimits the top of the Guandacay
at San Juan del Piray section (~4500 m [~14,764 ft]
level) and steady accumulation rates (553 m/m.y., see
next section), the top of Tariquia at San Juan del Pi-
ray and Rio Azero would be roughly at 14.5 Ma and
17.0 Ma, respectively. The most robust age for the
lower Guandacay is defined at Emborozu by a tuff
dated by Hulka (2005) at ~9.1 = 0.7 Ma. At Entre
Rios (972 m [3189 ft] level, sample ERS14), the maxi-
mum depositional age for the top of Tariquia cannot
be older than 19.8 Ma £ 0.4 Ma (n = 2). Therefore,
from regional extrapolation, Tariquia deposition at En-
tre Rios should be between 24.3 £ 2.1 and ~9.1 = 0.7
Ma. Finally, upsection, a tuff from the basal Emborozi

Formation at the Emborozu section yields an age of 8.3
+ 0.2 Ma (Uba et al., 2009; Figure 4).
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Figure 7. U-Pb age distributions for 10 potential
Paleozoic-Cenozoic sources from the Eastern
Cordillera, inter-Andean Zone, and sub-Andean
Zone of southern Bolivia. Age spectra are
shown as probability density functions, color-
coded according to bedrock (Figure 2), and age
histograms (open rectangles with bin size span-
ning 25 m.y.) arranged in stratigraphic order
(n = number of analyzed grains). Diagnostic
age components are depicted as color-shaded
boxes in order to track Cenozoic sediment
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Formation of northern Argentina (Mar-
shall and Sempere, 1991; DeCelles
et al., 2011; Poire et al., 2013). In contrast,
an apparent time-transgressive south-
ward-younging trend of lithostratigraphic
units is revealed by an early-middle Mio-
cene U-Pb component for the Tariquia and
Guandacay Formations at 19.5-21.5°S,
yet late Miocene (<10 Ma) ages for the
Tariquia, Guandacay, and Emborozu For-
mations south of 22°S, including equiv-
alent formations in northern Argentina
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Sediment Accumulation Rates

Average sub-Andean accumulation rates are estimated
on the basis of youngest U-Pb age components and
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Figure 8. Comparative plots of U-Pb detrital distributions for 16 Cenozoic samples from (A.) El
Rosal, (B.) Rio Azero, (C.) Entre Rios, and (D.) Emborozu sections of the sub-Andean foreland basin
(see Figure 2 for locations). Age distributions are color-coded according to formation (Fm.): Petaca
(black), Tariquia (red), Guandacay (orange), and Emborozu (yellow) Formation samples. Shaded
boxes are color-coded as in Figure 7. Notice the variable U-Pb contributions from the inter-Andean
Zone (Famatinian—Ocloyic and late Pampean grains) and Eastern Cordillera (early Pampean,
Brazilian, and Cretaceous grains) and variable introduction of Cenozoic grains likely corresponding
to synmagmatic deposition.
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Figure 8. (Continued)

measured stratigraphic thicknesses. We did not cor- of 93 m (305 ft)/m.y. (88-97 m [289-318 ft]/m.y. within
rect for compaction given the limited overburden and analytical error). For the San Juan del Piray section,
preservation of primary porosity in sandstone petro- along-strike stratigraphic tuff correlation of the 19.3 *
graphic analyses. At Entre Rios, the Petaca Formation 0.2 Ma tuff and an 11.7 Ma apatite fission track age for
(25 m [82 ft]) yields an Oligocene accumulation rate of the top of the section (Lease et al., 2016) yield a Mio-
only 3 m (10 ft)/m.y. (32.0-24.3 Ma). For the overlying cene accumulation rate for the composite Tariquia and
Tariquia Formation (956 m [3136 ft]), bounding ages of Guandacay Formations of ~553 m (~1814 ft)/m.y.
19.3 + 0.2 Ma (Rio Azero tuff) and 9.1 = 0.7 Ma (Embo- (539-568 m [1768-1864 ft]/m.y. within analytical
rozu tuff; Hulka, 2005) define Miocene accumulation error). At Emborozu, reported tuff ages of 10.5 and
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Figure 9. Nonmetric multidimensional scaling (MDS) plot of 16 Cenozoic samples from the sub-Andean foreland
basin (color-codeddotsasinFigure8)andShepardplot(Stress = 0.111).Forcomparison,sedimentsourcedomainsincluding
bedrock age are plotted as rectangular fields (Eastern Cordillera, inter-Andean Zone, and sub-Andean Zone). Source
domains derived from regional Paleozoic—Cenozoic U-Pb detrital zircon databases (Calle, 2013; this study). Note the
clustering of Petaca Formation samples in the sub-Andean Zone source domain and in proximity to the Cretaceous—
Paleogene Eastern Cordillera domain. The Tariquia, Guandacay, and Emborozt Formation samples show higher simi-
larity to inter-Andean Zone and Eastern Cordillera domains.

9.1 Ma for the Tariquia and lowermost Guandacay
Formations (1230 m [4035 ft]; Hulka, 2005; Uba et al.,
2009) reveal a late Miocene accumulation rate of 879 m
(2884 ft)/m.y. (684-1230 m [2244-4035 ft]/m.y. within
error). The Guandacay and Emborozt Formations
(1650 m [5413 ft]) at Emborozu display a latest Miocene
accumulation rate of 2062 m (6765 ft)/m.y. (1239-
5500 m [4065-18,045 ft]/m.y. within error), in agree-
ment with faster accumulation rates after ~8 Ma in
northernmost Argentina (Echavarria et al., 2003).

The clear pattern of accelerated accumulation over
a greater than 20-25 m.y. time frame (from Oligocene
to latest Miocene) is typical of advancing foreland de-
pozones. However, an additional along-strike pattern
is revealed by a post-10 Ma increase in accumulation
rates south of 22°S, from 878 m (2881 ft)/m.y. to 2062 m
(6765 ft)/m.y. Supporting a coupled eastern pro-
gression of foreland histories, at ~8-6 Ma sediment,

accumulation rates beneath the sub-Andean thrust
front increased from 130 m (427 ft)/m.y. to 630 m
(2067 ft)/m.y. (Uba et al., 2007).

Detrital Zircon U-Pb Geochronology

Potential Sediment Sources Detrital zircon U-Pb
age spectra for 10 bedrock samples (Figure 2; Calle,
2013) help discriminate contributions from Cambrian,
lower Ordovician, middle Devonian, Carboniferous,
Permian, Triassic, Jurassic, Cretaceous, and Paleogene
stratigraphic units. Although recycling may hinder
unambiguous determination of some central Andean
domains (e.g., Augustsson et al., 2015), integrated anal-
yses allow characterization of key bedrock sources
affiliated to distinct source domains in the MDS plot
(Figure 9).
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Diagnostic U-Pb age components (Figure 7)
include San Ignacio—Apa (2000-1300 Ma); Sunsés
(1300-950 Ma); Brazilian (800-650 Ma); Pampean
(650-510 Ma); Famatinian (500-460 Ma); Ocloyic
(460-420 Ma); and late Paleozoic-Triassic (360—
200 Ma). San Ignacio—Apa ages are indicative of
sub-Andean Jurassic-Cretaceous (Figure 7c.) and
Eastern Cordillera Upper Cretaceous—Paleogene
samples (Figure 7a., b.). The Grenville-age equiv-
alent Sunsas age component is present in all sam-
ples. In turn, Brazilian age components are limited
to lower Ordovician (Figure 7i.) and Cambrian
(Figure 7j.) samples of the Eastern Cordillera. Older
Pampean (650-570 Ma) components are typical of
lower Paleozoic samples (Figure 7i., j.), whereas
younger Pampean (570-510 Ma) components char-
acterize Carboniferous (Figure 7g.) and variable
Jurassic-Paleogene (Figure 7a.—c.) samples from the
sub-Andean Zone and Eastern Cordillera. In turn,
Famatinian (500-460 Ma) grains constitute the domi-
nant mode of Devonian successions and were later re-
cycled into Permian-Paleogene samples, except in the
sub-Andean Jurassic-Cretaceous sample (Figure 7c.).
The Ocloyic (460-420 Ma) signature is recognized
in middle Devonian to Triassic (Figure 7d.-h.) sam-
ples from the Eastern Cordillera to the sub-Andean
Zone. Conspicuous late Paleozoic-Triassic signatures
are ascribed solely to Triassic samples (Figure 7d.,
e.), but sparse Jurassic-Cretaceous zircon grains are
present throughout Mesozoic samples from the East-
ern Cordillera and sub-Andean Zone.

Cenozoic Basin Fill Spatial and temporal variations
in provenance are revealed through U-Pb age distri-
butions from four outcrop belts (Figure 8). Results
for 16 sandstone samples from the northern (19.5°S,
El Rosal syncline and Rio Azero footwall), central
(21.5°S, Entre Rios syncline), and southern (~22.5°S,
Emborozi syncline) segments of the sub-Andean
foreland basin (Figure 2) are presented sequentially
for Oligocene to upper Miocene units. Acknowledg-
ing the diachroneity of lithostratigraphic units, the
stratigraphic age of samples is included for descrip-
tion and interpretation purposes.

Four samples of the Oligocene-lowermost
Miocene Petaca Formation (Figure 8) are domi-
nated by Sunsas—San Ignacio—Apa (2000-950 Ma)
and Pampean (650-510 Ma) age components, with
minor Famatinian (500-460 Ma) and late Paleozoic—
Mesozoic zircon grains. The two dominant signa-
tures are well expressed in the MDS plot (Figure 9)
and unambiguously correlated with eolian sediments
of the Jurassic—Cretaceous Botucatu-Ichoa Forma-
tion (Scherer and Goldberg, 2007; Canile et al., 2016;

Peri et al., 2016) and/or Cretaceous—Paleogene fill of
the Eastern Cordillera (DeCelles and Horton, 2003;
Horton, 2005).

Nine samples from the lower to middle Mio-
cene Tariquia and Guandacay Formations show
complex age distributions representing shifts in
source regions (Figures 8, 9). In the north at El Rosal
(19.5°S), Tariquia age spectra show minor Sunsas—
San Ignacio (2000-1300 Ma) and persistent Pampean
(650-510 Ma) components linked to gradual input
of Famatinian, Ocloyic, and synvolcanic Cenozoic
grains (Figure 8a.). Cosmopolitan age distributions
coupled with a systematic upsection shift from early
Pampean (570-650 Ma) to late Pampean (510-570 Ma)
ages suggest diminished input from Cretaceous-
Paleogene sources of the Eastern Cordillera accompa-
nied by initial Devonian-Triassic contributions from
the inter-Andean Zone. East of El Rosal, at Rio Azero,
the most distinctive pattern is the upsection shift
from late Pampean (570-510 Ma) to early Pampean
(650-570 Ma) components (Figure 8b.). In conjunction,
the gradual emergence of Brazilian (800-650 Ma) and
decline of Famatinian (500-460 Ma) ages suggest ini-
tial input of Devonian—Permian detritus from the in-
ter-Andean Zone and lower Paleozoic detritus from
the Eastern Cordillera, with an upsection transition
to dominant Eastern Cordillera sources. This shift in
source regions is clearly depicted in trends between
source domains of the MDS plot (Figure 9).

In contrast, in the south at Entre Rios (21.5°S), a
composite age distribution is represented by sub-
stantial Sunsas—Apa (2000-950 Ma) and Pampean
(650-510 Ma) signatures, subordinate Famatinian
(500-460 Ma) and Ocloyic (460-420 Ma) compo-
nents, and limited Cretaceous and Cenozoic ages
(Figure 8c.). The Sunsas—Apa signature together
with cosmopolitan ages, particularly the Cretaceous
grains, require the continuous input of Mesozoic
(and/or reworked Paleogene) along with minor early
Paleozoic detritus from the Eastern Cordillera. In
contrast, Famatinian and Ocloyic signatures argue
for Devonian-Carboniferous contributions from the
inter-Andean Zone. Both Eastern Cordillera and in-
ter-Andean components are well expressed in a MDS
plot for lower Miocene Entre Rios samples (Figure 9).
Therefore, in contrast to the northern sections, a drain-
age system linking the foreland basin with older seg-
ments of the thrust belt, both the Eastern Cordillera
and inter-Andean Zone, along with possible down-
stream fertility variations, may be interpreted from
Entre Rios zircon components.

Three samples of the upper Miocene Tariquia,
Guandacay, and Emborozt Formations from the
Emborozu section reveal upsection fluctuations in
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Pampean (650-510 Ma) and Sunséas (1300-950 Ma)
age distributions, along with sustained minor compo-
nents of Famatinian (500—460 Ma), late Paleozoic—Tri-
assic (360-200 Ma), and Cenozoic age (Figure 8d.). An
upsection shift is observed from broadly distributed
Pampean ages (650-510 Ma) to major late Pampean
(570-510 Ma) and Sunsas (1300-950 Ma) contributions.
These patterns are consistent with initial mixing of
dominantly early Paleozoic and minor late Paleozoic
sources from the Eastern Cordillera and inter-Andean
Zone, respectively, as represented specifically within
the inter-Andean Zone domain, and trending to the
Eastern Cordillera domain of the MDS plot (Figure 9).
The upsection increase in Pampean and Sunsas grains
suggests the introduction of granitic (Escayola et al.,
2011) and late Paleozoic sedimentary detritus from the
inter-Andean Zone, with selective input of Brazilian
(800-650 Ma) grains highlighting variable contributions
from the Eastern Cordillera.

SEDIMENT PROVENANCE
Paleocurrents

We measured 439 paleocurrents at 34 stations to
assess sediment routing systems. Paleocurrents
were obtained from axes of trough cross-bedding,
large-scale epsilon cross-strata, rippled sandstones,
pebble-cobble clast imbrications, and limited scour
axes and flute casts. Mean vector orientations were
corrected for bedding dip (Figure 4; Appendix 5).

For the Rio Azero section, dominantly east-directed
sediment transport reveals dispersal transverse to
growing sub-Andean structures (Figure 4). At the San
Juan del Piray section, an east-northeast to southeast
transverse routing system is defined for the middle
Guandacay Formation, but the uppermost Guandacay
records a switch to oblique southwest-directed trans-
port that may signal drainage reorganization related
to growth of a frontal sub-Andean structure to the east
(Figure 4). At the Entre Rios section, eastward paleo-
flow patterns for the Tariquia and lower Guandacay
Formations suggest a broad range of flow directions,
spanning from south to north, along a point-source
fluvial megafan (e.g., Horton and DeCelles, 2001).
At the top of the Guandacay Formation, however,
oblique sediment transport to the southwest likely
reflects a drainage shift due to eastward propagation
of the deformation front (Figure 4). For the Embo-
rozu section, paleocurrent vectors are variable but are
consistent with a temporal shift to more axial (north—
south) flow, potentially due to the greater influence of

growing fold-thrust structures and isolation of wedge-
top sub-basins in the western sub-Andean Zone.

Sandstone Composition

Sandstone compositional point counting was per-
formed according to the Gazzi-Dickinson method
for 45 samples, to assess upsection framework grain
variability and sediment provenance (Dickinson and
Suczek, 1979; Dickinson, 1985). Thin sections were
stained for calcium- and potassium-feldspars, and
350 framework grains were counted per thin section.
Modal sandstone parameters and recalculated frame-
work grains are presented (Appendices 6, 7), with
data plotted in ternary diagrams (Figure 10).

Regionally, sandstone compositions from Petaca to
Guandacay vary from subarkoses to sublitharenites
and litharenites (Figure 10). The Petaca sandstones
exhibit modal variability from subarkoses to subli-
tharenites, with average QgFsLs. The well-rounded
monocrystalline quartz grains of the Jurassic—
Cretaceous Ichoa Formation are the dominant grains,
followed by potassium feldspar and plagioclase,
and minor low-grade metasiltstone fragments. Such
modal patterns are consistent with dual derivation
from the underlying Mesozoic successions and/or
Precambrian cratons located eastward the fold-thrust
belt (Hulka and Heubeck, 2010) and the westward
Andean recycled orogen. The Tariquia modal frame-
work (Qg,FsL;3) corresponds to sublitharenites and
litharenites (Figure 10). The sustained input of foliated
metasiltstones, siltstones, and mudstones and limited
microlitic and felsitic volcanic grains, coupled with
a decrease of feldspars, highlights major provenance
from fold-thrust belts rather than from the magmatic
arc. Correspondingly, limited influence of the mag-
matic arc is supported by the lack of young (<40 Ma)
zircons. The Guandacay sandstones (QysF;L;5) consist
of sublitharenites and litharenites (Figure 10). Input of
metasiltstones, mudstones, siltstones, and chert frag-
ments is noticeably higher compared to the underlying
Tariquia sandstones and still supports a recycled oro-
gen provenance. Local, upsection influx of feldspars
and chert fragments documents erosion of Mesozoic
igneous and upper Paleozoic chert successions from
the inter-Andean Zone (e.g., Sempere, 1994; Grader
et al., 2007). Persistent distribution of durable meta-
siltstone fragments in all samples argues for sustained
erosion from the lower Paleozoic and/or perhaps re-
cycling of the lower Mesozoic and Cenozoic succes-
sions of the Eastern Cordillera (DeCelles and Horton,
2003; Horton, 2005).
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sandstones from recycled orogen sources.

Conglomerate Clast Composition

Clast composition counts were performed at 24 sta-
tions from the Rio Azero, San Juan del Piray, and Entre
Rios sections (Figure 11). The criteria utilized to assign
clast compositions to particular stratigraphic units
are presented in Appendix 8. At Rio Azero, conglom-
eratic lags of the lower Guandacay Formation record
the progressive introduction of Silurian—-Devonian
clasts, requiring erosion from intermediate to deep
levels of the inter-Andean Zone (Figure 11; Choque
and Almendras, 2012). Therefore, upsection input of
Carboniferous—Permian clasts may indicate drain-
age reorganization and/or unroofing of frontal struc-
tures in the inter-Andean Zone. Sequential input from
Jurassic, then Triassic, upper Paleozoic, and finally
lower Paleozoic rocks in the lower-middle San Juan
del Piray section (Figure 11) suggests progressive
unroofing of shallow to intermediate levels of the
inter-Andean Zone. In the upper-middle section, sig-
nificant input of lower Paleozoic clasts derived from
sources farther west in the Eastern Cordillera (Choque
and Almendras, 2012) may indicate (1) efficient sedi-
ment pathways with limited input from late Paleozoic
and Mesozoic sources of the inter-Andean Zone and/
or (2) exhumation of a rejuvenated Eastern Cordil-
lera passively uplifted along deeper structures (e.g.,
Steidtmann and Schmitt, 1988). In the uppermost sec-
tion, higher proportions of Mesozoic and Paleozoic

clasts may indicate initial unroofing of sub-Andean
stratigraphic panels in growing fold-thrust structures
and/or recycling of older foreland basin fill. For the
Entre Rios section, the prevailing Devonian clasts indi-
cate erosion of intermediate levels of the inter-Andean
Zone during initial deposition of the Guandacay
Formation.

DEFORMATION TIMING

Cross-cutting relationships in the easternmost
inter-Andean Zone reveal growth strata in foot-
wall synclines of the El Rosal (19.5°S) and Entre Rios
(21.5°S) sections (Figure 12). Upsection fanning of
stratal dip, changes in bed thickness, and internal
angular unconformities within the Tariquia and Guan-
dacay Formations indicate synorogenic deposition
during early-middle Miocene shortening.
Synorogenic deposition in the footwall syncline
at Entre Rios is associated with slip on the Santa
Lucia fault (Figure 12a.). This east-southeast-verging
fault places Carboniferous strata on Mesozoic strata
for at least 10 km (6 mi) along strike (Figure 12b.).
Pregrowth strata defined by 70-55°E-dipping Triassic
to lower Miocene Tariquia strata are overlain by up-
per Tariquia-lower Guandacay growth strata dis-
playing a systematic change in dip from upright 55°
to 21°E, in less than 200 m (656 ft) across the syncline
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axis (Figure 12a.). Abrupt lateral thickness changes in-
cluding wedging of bedsets, stratal thinning toward
the fault trace, and multiple updip onlap relationships
are indicative of progressive unconformities (e.g.,
Riba, 1976). Moreover, a shift in depositional geom-
etries is observed from pregrowth tabular sandstones
to syngrowth wavy, lensoid, and wedging sandstones
that scour greater than 2.5 m (8 ft) into underlying
strata.

In the footwall syncline of the El Rosal section,
lower Miocene Tariquia growth strata resulted from
motion along the El Potrero fault (Figure 12c.). This
fault juxtaposed middle Devonian strata against
Carboniferous strata for at least 25 km (16 mi) along
strike (Figure 12d.). A flat-on-flat fault cutoff relation-
ship exposes an overturned (86°W) to steeply (~78°E)
dipping Carboniferous to Oligocene pregrowth
panel, and lower Miocene Tariquia growth strata de-
fining an upsection fanning of dip from ~40° to 15°E
(Figure 12c.). This ~90° of tilting along the west flank
of El Rosal syncline is accompanied by a thickness
change from 1.5 km (1 mi) near the northern plunge of
the syncline to greater than 2.5 km (2 mi) along the syn-
cline axis near the Azero River (La Revuelta locality)
(Cabrera-Vildoso, 1965). Minor lateral changes include
eastward thickening of resistant sandstone packages
away from the fault, with multiple onlap terminations
subtly observed in some resistant Tariquia sandstone
packages.

These growth strata relationships reveal that the
deformation front of the central Andean fold-thrust
belt may have reached the easternmost inter-Andean
Zone no earlier than early Miocene time (<24 Ma).
When combined with past results from the East-
ern Cordillera (e.g., Gubbels et al., 1993; Kley
et al., 1997; Horton, 1998, 2005; Miiller et al.,
2002), it appears that deformation from broadly
20-10 Ma involved synchronous motion along mul-
tiple fold-thrust structures of the Eastern Cordillera
to inter-Andean Zone, including structures kinemat-
ically linked to the upper (inter-Andean) basement
thrust sheet.

DISCUSSION

Cenozoic advance of the fold-thrust belt and cou-
pled foreland basin is well established for the central
Andes (Kley, 1996; Moretti et al., 1996; Baby et al.,
1997; Horton and DeCelles, 1997; Horton et al., 2001,
2002; DeCelles and Horton, 2003; Echavarria et al.,
2003; Uba et al., 2005, 2009). However, contrasting
interpretations remain regarding the timing of upper-
crustal shortening in the sub-Andean segment of
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the thrust belt, along- and across-strike variations
in deformation and exhumation, and their influence
on the evolution of the foreland basin. These issues
are relevant for the debate over potential linkages
between shortening in the sub-Andean Zone and sur-
face uplift of the Altiplano plateau (Lamb and Hoke,
1997; Garzione et al., 2006, 2008; Lamb, 2011, 2016;
Lease et al., 2016).

Our findings bear on the sub-Andean foreland
depositional record and its linkage to advancing
fold-thrust deformation in the Eastern Cordillera and
inter-Andean Zone (Figure 13). New results concern-
ing deposystems, U-Pb geochronology, provenance,
and sediment routing for five Cenozoic outcrop belts
help delineate Oligocene-Miocene advance of flexural
subsidence in southern Bolivia (19.5-21.5°S) and rapid
late Miocene accumulation across the sub-Andean
Zone of southern Bolivia and northern Argentina
(Figure 14). To highlight north—south and east-west
differences in thrust belt development and foreland
basin response, a reconstruction of sub-Andean ba-
sin evolution is presented along several segments, af-
fording insights into the patterns of deformation and

accumulation in both cross-section (Figure 13) and
map view (Figure 14).

Oligocene-Middle Miocene Limited Accommodation
and Distal Foreland Deposition

At 19.5-21.5°S, the Oligocene-lowermost Mio-
cene Petaca Formation was deposited by low-
accommodation braided fluvial systems overprinted
by significant pedogenesis, with derivation from both
cratonal and Andean sources. U-Pb ages and sand-
stone compositional data for the El Rosal and Rio
Azero sections are consistent with complex sediment
routing from cratonal sources as well as sub-Andean
Jurassic—Cretaceous units (e.g., Hulka and Heubeck,
2010) and Eastern Cordillera Mesozoic-Lower Ceno-
zoic rocks. These provenance results, along with
regionally distributed paleosols documenting severely
limited accumulation (3 m (10 ft)/m.y.), lead us to
attribute Petaca deposition to a low-accommodation
forebulge and the adjacent flanks of the backbulge
and/or foredeep depozones (Figure 13a.).
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compartmentalized wedge-top sub-basins.

South of 22°S, protracted deposition of the correla-
tive Oligocene-middle Miocene Tranquitas Formation
reveals a broadly similar depositional history (Ayaviri,
1964; Herndndez et al., 1996; Reynolds et al., 2001;
Constantini et al., 2002a, b; Echavarria et al., 2003;
DeCelles et al., 2011; Amidon et al., 2015). In north-
ern Argentina, however, the basal paleosol zone (30—
70 m [98-230 ft] thick) sits unconformably on upper
Paleozoic strata of the Michicola High (the northern

rift shoulder of the Lomas de Olmedo sub-basin of the
Cretaceous Salta rift) and is capped by a much thicker
succession (370-700 m [1214-2297 ft]) of braided flu-
vial, lacustrine, and eolian deposits (Figure 14a.;
Hernéndez et al., 1996; Constantini et al., 2002a, b;
Starck, 2011). Therefore, we suggest that derivation of
the lithic-rich Tranquitas succession from the Eastern
Cordillera (Constantini et al., 2002a; DeCelles et al.,
2011; Amidon et al., 2015) recorded the Oligocene to
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tion, likely guided by inherited stratigraphic thickness trends of the Paleozoic sedimentary prism and pre-Cenozoic
structural fabrics such as the Michicola High. Alternatively, diminished shortening in the south may have led to

a stalled Eastern Cordillera south of 22°S. b. Late Miocene—Quaternary eastward propagation of the thrust front
drove sub-Andean flexural subsidence and time-transgressive accumulation of fluvial megafans, as expressed in

the modern Parapeti, Pilcomayo, and Bermejo Rivers.

middle Miocene transition from an erosional forebulge
to a foredeep depozone dominated by Andean sources.

Along the eastern sub-Andean basin, a slightly
younger late Oligocene-middle Miocene Petaca
Formation derived from eastern sediment sources
recorded the eastward-younging migration of the

backbulge-forebulge depozones (McQuarrie et al.,
2005; Uba et al., 2005, 2007, 2009; Hulka and Heubeck,
2010). This advance of flexural subsidence was likely
coeval with Andean shortening concentrated in the
Eastern Cordillera and inter-Andean Zone (e.g.,
Brusset et al., 2002; Ege et al., 2007; Lease et al., 2016).
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Early-Middle Miocene Proximal Foreland Deposition:
19.5-21.5°S

At 19.5-20.5°S, the Tariquia and Guandacay Forma-
tions recorded early to middle Miocene growth of
fluvial megafans dominated by lithic-rich Andean
sediments (Figure 14a.). Complex paleoflow pat-
terns are consistent with drainage reorganization
in response to growing topographic barriers in the
west, including (1) initial sediment input from lower
Paleozoic strata of the Eastern Cordillera with vari-
able Mesozoic-Cenozoic contributions; (2) unroofing
of Devonian-Mesozoic strata of the inter-Andean
Zone; (3) renewed influx of lower Paleozoic sources in
the Eastern Cordillera; and (4) local upper Paleozoic
sources exhumed during incipient thrusting in the
western sub-Andean Zone (Figure 13b., c.). Upsec-
tion provenance variations track eastward unroofing
of source regions, in accordance with cross-cutting
relationships and published cooling ages (Barnes
et al., 2008). From these results, we infer exhumation
at 19.5°S induced by distributed shortening in the
Eastern Cordillera (~30-23 Ma), in-sequence thrust-
ing in the inter-Andean Zone (~22-13 Ma; Barnes et
al., 2008; Lease et al., 2016), and east-directed routing
systems in a foredeep depozone that was incorporated
by ~20 Ma into growing inter-Andean structures of a
wedge-top depozone (Figure 13b.). At ~20.5°S, a likely
point source in the form of the proto-Pilcomayo flu-
vial megafan (Figure 14a.) distributed detritus across a
rapidly subsiding foredeep. After ~19 Ma, advance of
thrust-induced exhumation in the inter-Andean Zone
signified emplacement of the upper basement thrust
sheet (inter-Andean thrust; e.g. Horton, 2005; Anderson
et al., 2017). Continued middle Miocene and younger
shortening (<12 Ma; Lease et al., 2016) documents the
in-sequence activation of the lower basement thrust
sheet (sub-Andean thrust) that fed slip forward and
promoted exhumation across the sub-Andean Zone
(Figure 13c.). Advance of the lower basement thrust
sheet triggered passive rejuvenation of the Eastern
Cordillera and establishment of a topographic divide,
with incorporation of fluvial megafan deposits into the
migrating wedge-top depozone (Figures 13c., 14a.).

At 21.5°S, the Entre Rios section contains a compara-
ble record of foreland basin sedimentation. U-Pb max-
imum depositional ages suggest that fluvial megafan
development was underway no earlier than ~24 Ma,
with accumulation rates estimated at 93 m (305 ft)/m.y.
Syncline growth likely in the ~24.3-9.1 Ma age range
recorded a depositional change from sheetflood to
sandy braided fluvial systems carrying inter-Andean
Devonian—Carboniferous clasts and cosmopolitan
U-Pb age components indicative of a shift to sediment

sources in the inter-Andean Zone. This provenance
shift may correspond with thrust-induced exhumation
of the western inter-Andean Zone, with the earliest
possible growth of the Entre Rios syncline at ~16.4 +
1.4 Ma, but potentially as young as 9.2 £ 1.2 Ma (apatite
fission track ages; Ege, 2004; Ege et al., 2007). Persistent
Cretaceous—Cenozoic magmatic grains suggest contin-
ued transverse fluvial connectivity to the Eastern Cor-
dillera, consistent with a larger drainage system in the
west. When integrated with data from farther north,
the age and location of growth strata successions sug-
gest early-middle Miocene deformation advance into
the easternmost inter-Andean Zone at ~19.5-21.5°S,
followed by deformation advance into the sub-Andean
Zone after 12 Ma (Figures 13, 14).

Late Miocene Accelerated Deposition

Upper Miocene foreland basin fill of the sub-Andean
Zone recorded eastward migration of the Andean oro-
genic wedge (e.g., Gubbels et al., 1993; Moretti et al.,
1996; Uba et al., 2005, 2007, 2009; Lease et al., 2016).
At 19.5-20.5°S (San Juan del Piray and Rio Azero),
accelerated late Miocene sedimentation rates (~553 m
[~1814 ft]/m.y.) coincided with a provenance shift from
the Eastern Cordillera—inter-Andean Zone to the incipi-
ent sub-Andean Zone, coeval with ~12 Ma activation of
wedge-top deposition (Figure 13c.). At 22°S (Emborozi),
facies trends and detrital zircon provenance within a
less than 10 Ma upward coarsening succession recorded
fluvial-megafan progradation during unroofing of the
inter-Andean Zone and easternmost Eastern Cordillera
(Ege et al., 2007; Figure 14b.). Clast compositional data
reveal the sequential input of orthoquarzite clasts and
sedimentary clasts, defining a ~9 Ma shift from lower
Paleozoic sources of the easternmost Eastern Cordillera
to major Devonian—-Carboniferous input from the
inter-Andean Zone. This record agrees with evidence for
rapid post-15 Ma exhumation in the Eastern Cordillera
of Bolivia and northern Argentina (e.g., DeCelles
et al., 2011). Stratal thickness changes and high rates of
accommodation (>900 m [>2953 ft]/m.y.) in equivalent
units of northern Argentina (Terciario Subandino and El
Simbolar Formations) argue for pre-8 Ma deposition in
a rapidly subsiding foredeep. In turn, alluvial fan depo-
sition after 8 Ma (Echavarria et al., 2003; Amidon et al.,
2015) coupled with the complex U-Pb age distributions
suggests isolated wedge-top deposition from the late
Miocene onward (Figure 14b.).

By comparison, the less than 4.5 km (2.8 mi) thick
eastern sub-Andean stratigraphic succession docu-
ments high subsidence rates after 12 Ma attributed to
sub-Andean shortening linked to foredeep and less
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than 6 Ma wedge-top deposition (e.g., Horton and
DeCelles, 1997; Brusset et al., 2002; Ege et al., 2007; Uba
et al., 2007, 2009). Coupling interactions between the
Altiplano—-Eastern Cordillera surface uplift and gen-
eration of greater than 3 km (2 mi) topographic relief
may have driven increased sediment accumulation
rates (from 130 to 630 m [427 to 2067 ft]/m.y.) linked
to facies shifts from lacustrine and/or shallow marine
facies transitioning to climatically modulated fluvial
megafans (e.g., Garzione et al., 2006, 2008; Hulka et al.,
2006; Uba et al., 2006, 2009; Prezzi et al., 2009; Mulch
et al., 2010). Eastward migration of foreland depozones
occupied by fluvial and interfluvial megafans suggests
a progressive in-sequence advance of the sub-Andean
thrust belt, in agreement with data on exhumation tim-
ing (Brusset et al., 2002; Lease et al., 2016; Figure 14b.).

Foreland Basin Summary

Cenozoic fill of the eastern inter-Andean Zone to
sub-Andean Zone documents the migration of fore-
land depocenters and an apparent early-middle
Miocene north-south discrepancy in foreland and
thrust-belt evolution (Figure 14). At 19.5-21.5°S,
Oligocene—earliest Miocene deposition in a distal fore-
deep to forebulge depozone was followed by early to
middle Miocene deformation advance in the Eastern
Cordillera—inter-Andean Zone, recording flexural
subsidence and sediment dispersal into the migrat-
ing foredeep (Figure 13a.). Growth strata preserved
at 19.5°S (~22 Ma) and 21.5°S (<16 Ma) indicate east-
ward advance of the orogenic wedge with associated
unroofing of the inter-Andean Zone (Figure 13b.), fol-
lowed by less than 12 Ma earliest thrusting in the west-
ern sub-Andean Zone, partitioning of local subsidence
and sediment flux to a proximal wedge-top depozone
(Figure 13c.). Detrital input from Eastern Cordillera
sources, commonly as point-source fluvial megafans,
suggests middle to early late Miocene (<12 Ma) con-
struction of high topography in the Eastern Cordillera
through passive rejuvenation and/or focused erosion
driven by a climate-induced increase in erosion and
transport efficiency (Figure 13c.). In contrast, south
of 22°S, near a major tectonic transition, Oligocene
to middle Miocene (~32-10 Ma) forebulge and dis-
tal foredeep conditions prevailed, even with active
deformation (but potentially limited exhumation) in
the Eastern Cordillera—inter-Andean Zone (Figure
14a.). The rapid generation of accommodation typical
of a foredeep depozone is reflected by high accumu-
lation rates after ~10 Ma, with variable Eastern Cor-
dillera and inter-Andean Zone sources. In turn, after
8 Ma, proximal thrust-induced subsidence governed

accumulation in a wedge-top depozone. In contrast to
the north—south discrepancy in early-middle Miocene
foreland histories, a broadly synchronous late Miocene
(<12 Ma) record of rapid accumulation across
the proximal foreland signaled the arrival of the
sub-Andean deformation front and eastward migra-
tion of the foreland basin system (Figure 14b.).

Along-Strike Variations

Our results point to late Miocene eastward orogenic
growth preceded by an along-strike discrepancy in
the advance of the foreland basin system and asso-
ciated Andean fold-thrust belt in the transition zone
near the Bolivia-Argentina border. Provenance
results from 19.5 to 21.5°S support Oligocene-middle
Miocene eastward advance of the upper basement
thrust sheet with translation over its footwall ramp
promoting erosional unroofing of lower Paleozoic—
Cenozoic strata of the Eastern Cordillera and middle
Paleozoic-Mesozoic rocks of the inter-Andean Zone
(Figure 13b.). Subsequent late Miocene (<12 Ma) acti-
vation of the lower basement thrust sheet fed slip into
nascent sub-Andean Zone structures with an asso-
ciated reduction in Eastern Cordillera—inter-Andean
Zone deformation, consistent with an overall eastward
shift in cooling ages (Figure 13c.; Anderson et al., 2014,
2017; Carrapa and DeCelles, 2015; Reiners et al., 2015;
Lease et al., 2016). Compared to northern regions, an
apparent Oligocene to middle Miocene delay in the
advance of the coupled thrust-belt and foreland basin
system at southern than 22°S is defined by the regional
late Miocene onset of rapid sub-Andean accumulation
(<12 Ma; e.g., Barnes et al., 2008; Mosolf et al., 2011;
Eichelberger et al., 2013; Lease et al., 2016).

South of 22°S, middle to late Miocene displacement
transfer from the lower to upper basement thrust
sheet (Kley, 1996; Figure 14a) potentially induced
slower growth of orogenic wedge taper and reduced
flexural subsidence, compatible with protracted sedi-
ment recycling in the Eastern Cordillera—inter-Andean
Zone (Hernandez et al., 1996; Kley, 1996; Starck and
Schulz, 1996; DeCelles et al., 2011). North—-south
variability in thrust belt dynamics from Bolivia to
northern Argentina may point to pre-orogenic inher-
itance or be an artefact of an along-strike shortening
gradient. The first option argues for pre-orogenic in-
heritance defined by a southward-thinning Paleozoic
stratigraphic wedge with fewer detachment horizons
and the locus of pre-Andean basement fabrics such as
the east-northeast-west-southwest Cretaceous Michic-
ola High that may be responsible for displacement
transfer during shortening along an oblique ramp
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(Allmendinger et al., 1983; Allmendinger and Gubbels,
1996; Viramonte et al., 1999; Jacques, 2003; Hongn
et al., 2010). In contrast, the second option suggests
that roughly two-fold greater shortening within the
inter-Andean Zone in the north (19.5°S) translated
early Miocene foreland deposits farther eastward rel-
ative to their upper Miocene counterparts in the south
(22.5°S) (Figure 15; McQuarrie, 2002; Anderson et al.,
2017). In this scenario, the fold-thrust belt in the north
sustained considerable shortening and advanced sys-
tematically eastward relative to southern localities,
prior to the main phase of shortening in the sub-Andean
Zone. Although these elements may have temporarily
influenced along-strike variations in thrust belt and
foreland basin evolution, relatively uniform spatiotem-
poral patterns from the late Miocene onward appear to
define orogenic growth in the central Andes and asso-
ciated construction of the Altiplano and Puna plateaus.

Linkages between Foreland Shortening
and Hinterland Uplift

Multiple studies suggest that rapid late Miocene sur-
face uplift of the Altiplano and Eastern Cordillera
was linked with the onset of sub-Andean shortening
(e.g., Garzione et al., 2006, 2008; Uba et al., 2009; Lease
et al., 2016). We propose two scenarios. First, our
observed rapid provenance shift from inter-Andean to
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sub-Andean sources is consistent with a late Miocene
(roughly 12 Ma) onset of significant exhumation in the
sub-Andean Zone. This timing corresponds with dimin-
ished exhumation and the abrupt cessation of short-
ening in the Eastern Cordillera hinterland, as denoted
by genesis of the San Juan del Oro geomorphic sur-
face (Gubbels et al., 1993; Horton, 1998, 1999, 2005; Ege
et al., 2007). In this scenario, a rapid eastward jump in
the orogenic wedge at ~12 Ma partitioned the once-
extensive sub-Andean foreland depozone and trig-
gered pronounced sub-Andean shortening, accelerated
sediment accumulation, and a rapid change to prox-
imal source regions (Brusset et al., 2002; Echavarria
et al., 2003; Uba et al., 2005, 2009; DeCelles et al., 2011;
Lease et al., 2016). This history would support a rapid
surface uplift in the Altiplano and Eastern Cordillera,
depending on the subsurface structural linkages
between the sub-Andean and hinterland regions.
Alternatively, a steadily advancing locus of short-
ening may have progressed systematically from the
eastern inter-Andean Zone into the sub-Andean
Zone, promoting gradual hinterland surface uplift.
In this scenario, our observed ~14 Ma provenance
change from the inter-Andean Zone to Eastern Cor-
dillera would reflect headward drainage expansion
associated with the creation of a topographic divide
capable of modulating erosion and taper of the east-
ern orogenic slope (e.g., Bookhagen and Strecker,
2008; Barnes et al., 2012). Given the timing constraints

balanced cross sedion
uncertainty plotted where
available.

Shortening magnitudes for the
Interandean Zone and
Subandean Zone at

El Rosal and Emborozu sections

Figure 15. Comparative plot showing
along-strike (north—south) variations
in shortening for the inter-Andean
Zone and sub-Andean Zone of south-
ern Bolivia and northern Argentina
(modified from Anderson et al.,, 2017).
Enhanced shortening sustained

by basin fill of the El Rosal section
(~19.5°S) relative to the Emborozu
section (~22.5°S) may explain
apparent north—south differences in
foreland deposition within the western
sub-Andean basin.
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from available growth structures, consistent sedi-
ment source areas may indicate a rough balance be-
tween shortening and rock uplift in the inter-Andean
Zone (e.g., Uba et al., 2005, 2007; Barnes et al., 2012).
Gradual thickening and attainment of sufficient oro-
genic taper, as assisted by west-directed thrusting in
the inter-Andean Zone, may have promoted steady
surface uplift in the erosion-protected hinterland un-
til 10 Ma (including development of the San Juan del
Oro surface), followed by eastward deformation ad-
vance along a more efficient sub-Andean décollement
(Gubbels et al., 1993). In addition to pre-Cenozoic het-
erogeneities conditioning growth of orogenic taper,
structural alternatives within this model include either
a single basement involved thrust sheet (Anderson
et al., 2017) or basement-involved imbricate fans (Kley,
1996; Ege et al., 2007). Ultimately, although our study
clarifies critical issues of timing and along-strike vari-
ability, resolution of the debate over rapid versus grad-
ual hinterland uplift requires further testing involving
temporal constraints in shortening-related exhumation.

CONCLUSIONS

1. Sedimentologic, provenance, U-Pb geochrono-
logical, and accumulation results for sub-Andean
foreland basin fill in southern Bolivia reveal tem-
poral and spatial variations in central Andean
orogenesis. Although flexural subsidence during
high-magnitude east-west shortening has gov-
erned clastic sedimentation since Oligocene time,
accelerated accumulation commenced in early to
middle Miocene time. Eastward propagation of
thin-skinned thrusting across the sub-Andean Zone
occurred relatively uniformly from 12 Ma to present.

2. Facies analyses of greater than 4 km (2.5 mi) thick
clastic succession reveal a basal paleosol zone
(Petaca Formation) capped by an upward coars-
ening and thickening succession that represents
mixed meandering and braided fluvial systems
(Tariquia and Guandacay Formations) followed by
alluvial fan systems (Emborozti Formation). This
progradational history is consistent with an ad-
vancing foreland basin characterized by enhanced
deposition by point-source fluvial megafans (e.g.,
proto-Pilcomayo River).

3. Early-middle Miocene propagation of fold-thrust
deformation from the Eastern Cordillera into the
eastern inter-Andean Zone at 19.5-21.5°S is sig-
naled by thrust-generated growth strata preserved
in the El Rosal and Entre Rios synclines. Avail-
able timing constraints suggest late inter-Andean

deformation at ~21.8 * 0.8 Ma at 19.5°S and no
earlier than ~16.4 = 1.4 Ma at 21.5°S. We attribute
this phase of shortening to activation and eastward
advance of the upper basement thrust sheet (inter-
Andean thrust) prior to large-scale motion of the
lower basement thrust sheet (sub-Andean thrust).

4. An Oligocene—early Miocene onset of flexural
subsidence was marked by limited accumulation
(3 m [10 ft]/m.y.; Petaca Formation, and correla-
tive Tranquitas Formation) of Andean and cratonal
detritus in forebulge and distal foredeep depo-
zones. Thereafter, increased accommodation (from
~90-550 m [~295-1804 ft]/m.y. to ~600-2000 m
[~1969-6562 ft]/m.y.); Yecua, Tariquia, Guan-
dacay, and Emborozd Formations) recorded the
transition to proximal foredeep and wedge-top
deposition during Miocene advance of shortening.
Out-of-sequence deformation above an oblique
ramp at ~21.5-22°S (Kley, 1996) associated with
pre-Cenozoic stratigraphic and structural hetero-
geneities or along-strike shortening variations may
explain a north—south contrast in the timing of
thrust-belt advance and sub-Andean subsidence.
Such along-strike variability underscores the com-
plex transition from southern Bolivia to northern
Argentina and should be considered in models of
Altiplano-Puna plateau uplift.
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Appendix 1

Zircon U-Pb LA-ICP-MS methodology

All detrital and volcanic zircon grains dated for this
study were depth-profiled using a Photon Machines
Analyte G2 ATLex 300si ArF 193 nm Excimer Laser
with the following energy settings (4 m] attenuated
to 24%; Fluence — 1.45] /cm?; Rep rate — 10 Hz; Spot
size- 30 or 40 pm), laser settings (6 preablation shots, 25
sec of baseline data collection, 300 ablation shots [30 sec
equaling an approximate depth of 15 to 17 um], and
35 sec washout), and two-volume Helex ablation cell
settings (total of 1 L/min He carrier gas flow). The
ablation aerosols (dry plasma) were transported using
He carrier gas to, and analyzed with, a ThermoFisher
Element2 double-focusing magnetic sector SC-ICP-MS
with the following settings: 1100-1250 W RF power;
16 L/min Ar cooling gas; 0.9 L/min Ar auxiliary gas;
and 0.9-1.2 L/min Ar sample gas flow. For the U-Pb
analyses, the following masses were measures using
secondary analog and electron multiplier: **Hg,
204}, /Hg, 206pp, 27pp, 208, 22Th 257 and 2U.
ICP-MS U-Pb data were processed using the
Iolite™ plug-in (Paton et al., 2011) on the Wavemet-
rics Igor Pro™ platform and the VizualAge™ data
reduction scheme (Petrus and Kamber, 2012). For
U-Pb data reduction, GJ1 zircon was used as the pri-
mary reference material (**Pb/?*U601.7 £ 1.3 Ma,
27pb /2%Pb607 + 4 Ma; Jackson et al., 2004) and Pak1
(in-house *Pb/**U43.03 = 0.01 [unpublished TIMS
data]) and Plesovice zircon (337.13 = 0.37; Slama
et al., 2008). Secondary standard data were used

to monitor data quality. No common Pb correction
applied. Uncertainty level and propagation ages are
quoted at 2-sigma absolute error, propagation is by
quadratic addition, and reproducibility and age uncer-
tainty of reference material are not propagated.
Concordia plots generated by the VizualAge™
live concordia function (Petrus and Kamber, 2012)
were visually inspected during data reduction for age
mixing or disturbance to a closed isotopic system.
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Appendix 2

Laser ablation, high-resolution, inductively

coupled plasma mass spectrometry
(LA-HR-ICP-MS) analyses for detrital
zircon U-Pb geochronology

The oversized Appendix 2 can be found online on AAPG Datashare at: https://www.aapg.org/publications/
journals/bulletin/datashare.

Appendix 3

Nonmetric multidimensional scaling plot
(MDS) of source regions

Nonmetric multidimensional scaling plot (MDS) (color-coded dots as in Figure 7). Rectangular fields
of Paleozoic to Cenozoic U-Pb detrital zircon data- ascribed to source domains are used to track Cenozoic
bases (Calle, 2013; this study) from the Eastern Cor- provenance areas as shown in Figure 9.
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Appendix 4

Cross-correlation coefficients from probability
density plots testing similarity of Cenozoic
sub-Andean foreland samples to source domains

Eastern
Source domain Cordillera Inter-Andean Zone Sub-Andean Zone  Eastern Cordillera
Source age | Cam- Ordo- Carboni- Creta-  Paleo-
Cenozoic Fm. brian vician Devonian ferous Permian Triassic Jurassic—Cretaceous  ceous gene
Sample CSMO02 CGO23 SLL03 IAZ04 EVL05DZ SAZ15 EVL04DZ BT02DZ SAZ24 TMB20 TPCO03 RSA09 SAP02 UY01DZ OK02DZ
Eastern CSM02 1.00 036 005 0.20 0.04 0.06 0.31 0.10 0.03 0.09 041 051 023 0.20 0.20
Cordillera  CGO23 0.36 1.00 014 017 0.07 0.09 0.12 0.05 001 016 020 013 011 0.11 0.10
Inter- SLLO03 0.05 014 100 046 0.31 0.34 0.16 0.20 010 042 016 018 020 0.19 0.10
Andean 1AZ04 0.20 017 046 1.00 0.53 0.63 0.28 0.43 010 049 023 023 016 0.28 0.15
Zone EVLO5DZ  0.04 0.07 031 053 1.00 0.58 0.17 0.45 0.08 046 009 013 0.07 0.21 0.03
SAZ15 0.06 009 034 0.63 0.58 1.00 0.20 0.40 0.08 047 012 009 0.14 0.18 0.11
EVL04DZ 031 012 016 028 0.17 0.20 1.00 0.30 018 023 058 042 037 0.49 0.31
BT02DZ 0.10 005 020 043 0.45 0.40 0.30 1.00 013 033 019 017 0.14 0.22 0.12
SAZ24 0.03 0.01 010 0.10 0.08 0.08 0.18 0.13 1.00 019 020 012 0.11 0.07 0.08
TMB20 0.09 016 042 049 0.46 0.47 0.23 0.33 019 100 016 013 013 0.17 0.12
Sub-Andean TPC03 0.41 020 016 023 0.09 0.12 0.58 0.19 020 016 100 038 033 0.35 0.35
Zone RSA09 0.51 013 018 0.23 0.13 0.09 0.42 0.17 012 013 038 1.00 023 0.28 0.23
SAP02 0.23 011 020 0.16 0.07 0.14 0.37 0.14 0.11 013 033 023 1.00 0.23 0.40
Eastern UYo1DZ 0.20 011 019 028 0.21 0.18 0.49 0.22 007 017 035 028 023 1.00 0.08
Cordillera  OK02DZ 0.20 010 010 0.15 0.03 0.11 0.31 0.12 0.08 012 035 023 040 0.08 1.00
Petaca VLC04 0.35 038 017 0.28 0.20 0.22 0.35 0.18 0.07 019 047 026 027 0.27 0.24
MKO01DZ  0.19 021 014 020 0.13 0.12 0.22 0.09 0.02 012 021 022 018 0.17 0.11
BT01 0.21 011 019 022 0.14 0.21 0.36 0.21 0.08 012 046 021 0.39 0.26 0.28
RSA10 0.32 0.09 016 0.20 0.13 0.17 0.37 0.23 015 016 034 037 032 0.26 0.28
Tariquia MK02DZ  0.22 016 019 0.20 0.13 0.16 0.23 0.15 0.07 013 030 021 038 0.15 0.27
MKO03DZ  0.22 013 021 028 0.20 0.21 0.33 0.22 020 027 031 020 025 0.32 0.16
RA03DZ 0.17 008 022 030 0.30 0.21 0.48 0.30 013 014 036 036 025 0.46 0.17
BT04 0.24 0.08 027 021 0.15 0.17 0.58 0.21 020 0.21 045 039 049 0.35 0.31
ERS06 0.26 015 020 032 0.19 0.19 0.45 0.26 020 018 036 037 029 0.34 0.18
EMB01DZ 0.41 019 017 0.33 0.23 0.29 0.39 0.34 0.09 028 036 037 031 0.25 0.24
Guandacay BT06 0.45 038 027 028 0.19 0.20 0.51 0.21 010 027 061 046 038 0.30 0.39
BT10 0.59 036 017 024 0.09 0.11 0.55 0.15 010 020 075 040 036 0.31 0.36
ERS14 0.19 013 037 051 0.46 0.41 0.38 0.36 0.11 036 032 024 029 0.33 0.22
ERS19 0.39 024 023 046 0.36 0.31 0.47 0.39 0.11 040 036 037 027 0.39 0.18
EMB03DZ  0.15 014 030 036 0.34 0.36 0.43 0.32 018 032 039 029 028 0.29 0.24
Emboroza EMB05DZ  0.23 010 034 033 0.34 0.29 0.29 0.28 016 032 039 031 020 0.17 0.23

The interval of interest is between 66 and 2000 Ma, given that Cenozoic grains are ascribed to the sub-Andean foreland basin, and 95% of the
detrital zircons ages are less than 2000 Ma. The cutoff used to highlight Cenozoic samples to identical source regions is R* > 0.4 (bolded and
italicized values). Such cutoff derives from high similarity of samples throughout Phanerozoic source domains.

Notice that (1) the Petaca samples show similarity with Jurassic-Cretaceous samples from the sub-Andean Zone; (2) Tariquia samples are
similar to age distributions from the inter-Andean Zone, Jurassic-Cretaceous samples from the sub-Andean Zone, and Cretaceous-Paleogene
samples from the Eastern Cordillera; (3) the Guandacay samples show a mixing of sources from the inter-Andean Zone, the Jurassic—
Cretaceous sub-Andean Zone, and the Eastern Cordillera samples; and (4) the Emborozi sample shows similarity with Guandacay sample
EMBO03DZ recording higher similarity with inter-Andean Zone provenance.
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Sub-Andean Foreland Basin

Emborozi
Petaca Formation Tariquia Formation Guandacay Formation Fm.

VLC04 MKO0IDZ BT01 RSA10 MK02DZ MKO03DZ RA03DZ BT04 ERS06 EMB01DZ BT06 BT10 ERS14 ERS19 EMBO03DZ EMBO05DZ

0.35 0.19 0.21 0.32 0.22 0.22 0.17 024 0.26 0.41 045 059 019 0.39 0.15 0.23
0.38 0.21 0.11 0.09 0.16 0.13 0.08 0.08 0.15 0.19 038 036 0.13 0.24 0.14 0.10
0.17 0.14 0.19 0.16 0.19 0.21 0.22 027  0.20 0.17 027 017 037 0.23 0.30 0.34
0.28 0.20 0.22 0.20 0.20 0.28 0.30 021 032 0.33 028 024 0.51 0.46 0.36 0.33
0.20 0.13 0.14 0.13 0.13 0.20 0.30 015 0.19 0.23 019  0.09 0.46 0.36 0.34 0.34
0.22 0.12 0.21 0.17 0.16 0.21 0.21 017 019 0.29 020 011 0.41 0.31 0.36 0.29
0.35 0.22 0.36 0.37 0.23 0.33 0.48 0.58 0.45 0.39 0.51  0.55 0.38 0.47 0.43 0.29
0.18 0.09 0.21 0.23 0.15 0.22 0.30 021  0.26 0.34 021 015 0.36 0.39 0.32 0.28
0.07 0.02 0.08 0.15 0.07 0.20 0.13 020  0.20 0.09 0.10 0.10 0.11 0.11 0.18 0.16
0.19 0.12 0.12 0.16 0.13 0.27 0.14 021 018 0.28 027 020 0.36 0.40 0.32 0.32
0.47 0.21 0.46 0.34 0.30 0.31 0.36 0.45 0.36 0.36 0.61 0.75 0.32 0.36 0.39 0.39
0.26 0.22 0.21 0.37 0.21 0.20 0.36 039 037 0.37 046 040 024 0.37 0.29 0.31
0.27 0.18 0.39 0.32 0.38 0.25 0.25 049 0.29 0.31 038 036 0.29 0.27 0.28 0.20
0.27 0.17 0.26 0.26 0.15 0.32 0.46 035 034 0.25 030 031 0.33 0.39 0.29 0.17
0.24 0.11 0.28 0.28 0.27 0.16 0.17 031 0.18 0.24 039 036 0.22 0.18 0.24 0.23
1.00 0.29 0.38 0.23 0.31 0.21 0.33 031 023 0.37 0.63 0.61 0.36 0.44 0.36 0.37
0.29 1.00 0.14 0.11 0.20 0.10 0.20 017  0.13 0.25 030 030 0.23 0.24 0.19 0.14
0.38 0.14 1.00 0.37 0.46 0.20 0.34 037 0.26 0.28 037 043 0.38 0.31 0.32 0.36
0.23 0.11 0.37 1.00 0.27 0.26 0.30 0.43 027 0.41 033 035 0.24 0.27 0.28 0.27
0.31 0.20 0.46 0.27 1.00 0.13 0.21 037 0.16 0.26 037 040 0.34 0.25 0.31 0.28
0.21 0.10 0.20 0.26 0.13 1.00 0.31 037  0.36 0.28 029 026 0.28 0.36 0.25 0.21
0.33 0.20 0.34 0.30 0.21 0.31 1.00 0.44 0.33 0.26 035 034 0.43 0.39 0.43 0.28
0.31 0.17 0.37 0.43 0.37 0.37 0.44 1.00 0.32 0.30 050 047 041 0.40 0.40 0.36
0.23 0.13 0.26 0.27 0.16 0.36 0.33 0.32  1.00 0.38 031 025 0.34 0.39 0.34 0.22
0.37 0.25 0.28 0.41 0.26 0.28 0.26 030 0.38 1.00 041 042 0.32 0.44 0.37 0.29
0.63 0.30 0.37 0.33 0.37 0.29 0.35 050 031 0.41 1.00 077 040 0.44 0.44 0.48
0.61 0.30 0.43 0.35 0.40 0.26 0.34 047 025 0.42 0.77  1.00 0.37 0.44 0.39 0.40
0.36 0.23 0.38 0.24 0.34 0.28 0.43 041 034 0.32 040 037 1.00 0.55 0.45 0.43
0.44 0.24 0.31 0.27 0.25 0.36 0.39 0.40  0.39 0.44 0.44 044 0.55 1.00 0.41 0.32
0.36 0.19 0.32 0.28 0.31 0.25 0.43 040 034 0.37 044 039 0.45 0.41 1.00 0.44

0.37 0.14 0.36 0.27 0.28 0.21 0.28 036  0.22 0.29 048 040 043 0.32 0.44 1.00
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Appendix 5

Paleocurrent data from the western
sub-Andean foreland basin

Trend (°, already

Latitude Longitude Stratigraphic rotated for bedding
Section ©S) (°W) Formation Position (mabs) dip) Sedimentary Structure
Rio Azero  19.66 64.04 Tariquia 513.5 159 Axis trough cross-stratification
Tariquia 1119.0 142 Scour Axis
Tariquia 1124.0 104 Axis trough cross-stratification
Tariquia 1124.0 80 Axis trough cross-stratification
Tariquia 1124.0 92 Flute marks
Tariquia 1124.0 108 Axis trough cross-stratification
Tariquia 1171.0 53 Scour Axis
Tariquia 1171.0 66 Scour Axis
Tariquia 1171.0 84 Scour Axis
Tariquia 1171.0 81 Scour Axis
Guandacay 1706.0 330 Clast imbrication
Guandacay 1727.2 117 Clast imbrication
Guandacay 1813.0 91 Clast imbrication
Guandacay 1824.0 100 Low angle cross-stratification
Guandacay 1824.0 90 Scour Axis
Guandacay 1841.0 85 Clast imbrication
Guandacay 1856.0 90 Scour Axis
Guandacay 2214.0 82 Clast imbrication
Guandacay 2234.0 155 Clast imbrication
Guandacay 2238.0 109 Clast imbrication
San Juan 20.63 64.14 Guandacay 2957.3 88 Clast imbrication
del Piray Guandacay 3520.0 60 Clast imbrication
Guandacay 3520.0 71 Clast imbrication
Guandacay 3520.0 97 Clast imbrication
Guandacay 3520.0 93 Clast imbrication
Guandacay 3520.0 121 Clast imbrication
Guandacay 3520.0 82 Clast imbrication
Guandacay 3520.0 87 Clast imbrication
Guandacay 3520.0 70 Clast imbrication
Guandacay 3520.0 67 Clast imbrication
Guandacay 3520.0 31 Clast imbrication
Guandacay 3520.0 36 Clast imbrication
Guandacay 3520.0 80 Clast imbrication
Guandacay 3520.0 78 Clast imbrication
Guandacay 3520.0 73 Clast imbrication
Guandacay 3520.0 107 Clast imbrication
Guandacay 3520.0 80 Clast imbrication
Guandacay 3520.0 89 Clast imbrication
Guandacay 3520.0 82 Clast imbrication
Guandacay 3520.0 102 Clast imbrication
Guandacay 3520.0 92 Clast imbrication
Guandacay 3520.0 178 Clast imbrication
Guandacay 3615.0 85 Clast imbrication
Guandacay 3615.0 108 Clast imbrication
Guandacay 3615.0 134 Clast imbrication
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Trend (°, already

Latitude Longitude Stratigraphic rotated for bedding
Section ©S) (°W) Formation Position (mabs)" dip) Sedimentary Structure
Guandacay 3615.0 116 Clast imbrication
Guandacay 3615.0 135 Clast imbrication
Guandacay 3615.0 148 Clast imbrication
Guandacay 3615.0 227 Clast imbrication
Guandacay 3615.0 110 Tabular cross-stratification
Guandacay 4100.0 150 Clast imbrication
Guandacay 4100.0 160 Clast imbrication
Guandacay 4100.0 135 Clast imbrication
Guandacay 4100.0 181 Clast imbrication
Guandacay 4100.0 175 Clast imbrication
Guandacay 4100.0 131 Clast imbrication
Guandacay 4100.0 155 Clast imbrication
Guandacay 4100.0 132 Clast imbrication
Guandacay 4100.0 135 Clast imbrication
Guandacay 4100.0 147 Clast imbrication
Guandacay 4100.0 148 Clast imbrication
Guandacay 4100.0 133 Clast imbrication
Guandacay 4100.0 146 Clast imbrication
Guandacay 4100.0 137 Clast imbrication
Guandacay 4100.0 140 Clast imbrication
Guandacay 4100.0 169 Clast imbrication
Guandacay 4100.0 144 Clast imbrication
Guandacay 4100.0 142 Clast imbrication
Guandacay 4100.0 133 Clast imbrication
Guandacay 4100.0 106 Clast imbrication
Guandacay 4100.0 96 Clast imbrication
Guandacay 4100.0 109 Clast imbrication
Guandacay 4100.0 144 Clast imbrication
Guandacay 4100.0 162 Clast imbrication
Guandacay 4100.0 162 Clast imbrication
Guandacay 4100.0 147 Clast imbrication
Guandacay 4100.0 139 Clast imbrication
Guandacay 4100.0 138 Clast imbrication
Guandacay 4100.0 107 Clast imbrication
Guandacay 4100.0 113 Clast imbrication
Guandacay 4235.0 82 Clast imbrication
Guandacay 4235.0 96 Clast imbrication
Guandacay 4235.0 130 Clast imbrication
Guandacay 4235.0 57 Clast imbrication
Guandacay 4235.0 95 Clast imbrication
Guandacay 4235.0 88 Clast imbrication
Guandacay 4235.0 47 Clast imbrication
Guandacay 4235.0 84 Clast imbrication
Guandacay 4235.0 98 Clast imbrication
Guandacay 4235.0 81 Clast imbrication
Guandacay 4235.0 70 Clast imbrication
Guandacay 4235.0 95 Clast imbrication
Guandacay 4235.0 109 Clast imbrication
Guandacay 4235.0 23 Clast imbrication
Guandacay 4235.0 80 Clast imbrication
Guandacay 4235.0 76 Clast imbrication
Guandacay 4235.0 115 Clast imbrication
Guandacay 4235.0 123 Clast imbrication

Guandacay 4235.0 124 Clast imbrication
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Trend (°, already

Latitude Longitude Stratigraphic rotated for bedding
Section ©S) (°W) Formation Position (mabs)" dip) Sedimentary Structure

Guandacay 4235.0 104 Clast imbrication
Guandacay 4235.0 134 Clast imbrication
Guandacay 4235.0 103 Clast imbrication
Guandacay 4235.0 92 Clast imbrication
Guandacay 4235.0 87 Clast imbrication
Guandacay 4235.0 93 Clast imbrication
Guandacay 4235.0 90 Clast imbrication
Guandacay 4235.0 95 Clast imbrication
Guandacay 4235.0 99 Clast imbrication
Guandacay 4235.0 105 Clast imbrication
Guandacay 4235.0 81 Clast imbrication
Guandacay 4235.0 77 Clast imbrication
Guandacay 4340.0 73 Clast imbrication
Guandacay 4340.0 73 Clast imbrication
Guandacay 4340.0 51 Clast imbrication
Guandacay 4340.0 121 Clast imbrication
Guandacay 4340.0 123 Clast imbrication
Guandacay 4340.0 59 Clast imbrication
Guandacay 4340.0 50 Clast imbrication
Guandacay 4340.0 31 Clast imbrication
Guandacay 4340.0 28 Clast imbrication
Guandacay 4340.0 30 Clast imbrication
Guandacay 4340.0 69 Clast imbrication
Guandacay 4340.0 39 Clast imbrication
Guandacay 4340.0 56 Clast imbrication
Guandacay 4340.0 55 Clast imbrication
Guandacay 4340.0 10 Clast imbrication
Guandacay 4340.0 57 Clast imbrication
Guandacay 4340.0 49 Clast imbrication
Guandacay 4340.0 44 Clast imbrication
Guandacay 4340.0 15 Clast imbrication
Guandacay 4340.0 237 Tangential cross-stratification
Guandacay 4340.0 6 Tangential cross-stratification
Guandacay 4340.0 125 Clast imbrication
Guandacay 4340.0 198 Tabular cross-stratification
Guandacay 4340.0 177 Tabular cross-stratification
Guandacay 4340.0 81 Clast imbrication
Guandacay 4340.0 142 Clast imbrication
Guandacay 4340.0 133 Clast imbrication
Guandacay 4340.0 135 Clast imbrication
Guandacay 4340.0 132 Clast imbrication
Guandacay 4340.0 169 Clast imbrication
Guandacay 4340.0 141 Clast imbrication
Guandacay 4340.0 100 Tabular cross-stratification
Guandacay 4340.0 66 Clast imbrication
Guandacay 4340.0 111 Clast imbrication
Guandacay 4340.0 82 Clast imbrication
Guandacay 4340.0 48 Clast imbrication
Guandacay 4340.0 61 Clast imbrication
Guandacay 4340.0 193 Clast imbrication
Guandacay 4340.0 80 Clast imbrication
Guandacay 4375.0 225 Clast imbrication
Guandacay 4375.0 226 Clast imbrication

Guandacay 4375.0 73 Clast imbrication
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Trend (°, already

Latitude Longitude Stratigraphic rotated for bedding

Section ©S) (°W) Formation Position (mabs)! dip) Sedimentary Structure
Guandacay 4375.0 208 Clast imbrication
Guandacay 4375.0 213 Clast imbrication
Guandacay 4375.0 250 Clast imbrication
Guandacay 4375.0 226 Clast imbrication
Guandacay 4375.0 13 Tabular cross-stratification
Guandacay 4380.0 197 Tabular cross-stratification
Guandacay 4380.0 42 Tabular cross-stratification
Guandacay 4380.0 194 Axis trough cross-stratification

Entre 21.51° 64.21° Tariquia 27.1 0 Axis trough cross-stratification

Rios Tariquia 67.6 173 Current ripple
Tariquia 82.3 106 Current ripple
Tariquia 82.3 114 Current ripple
Tariquia 82.3 98 Current ripple
Tariquia 82.3 148 Current ripple
Tariquia 82.3 131 Current ripple
Tariquia 82.3 173 Current ripple
Tariquia 82.3 155 Current ripple
Tariquia 704.9 137 Epsilon cross-stratification*
Tariquia 704.9 136 Epsilon cross-stratification*
Tariquia 704.9 288 Epsilon cross-stratification*
Tariquia 704.9 193 Epsilon cross-stratification*
Tariquia 704.9 342 Epsilon cross-stratification*
Tariquia 704.9 235 Epsilon cross-stratification*
Tariquia 704.9 116 Epsilon cross-stratification®
Tariquia 704.9 264 Epsilon cross-stratification*
Tariquia 704.9 134 Epsilon cross-stratification*
Tariquia 704.9 84 Epsilon cross-stratification®
Tariquia 704.9 147 Epsilon cross-stratification*
Tariquia 704.9 231 Epsilon cross-stratification®
Tariquia 704.9 281 Epsilon cross-stratification*
Tariquia 704.9 39 Epsilon cross-stratification*
Tariquia 704.9 128 Epsilon cross-stratification*
Tariquia 704.9 128 Epsilon cross-stratification*
Tariquia 704.9 136 Epsilon cross-stratification*
Tariquia 704.9 122 Epsilon cross-stratification®
Tariquia 704.9 135 Epsilon cross-stratification*
Tariquia 866.0 142 Epsilon cross-stratification*
Tariquia 866.0 113 Epsilon cross-stratification*
Tariquia 866.0 153 Epsilon cross-stratification*
Tariquia 866.0 35 Epsilon cross-stratification®
Tariquia 866.0 340 Epsilon cross-stratification®
Tariquia 866.0 35 Epsilon cross-stratification*
Tariquia 866.0 25 Epsilon cross-stratification*
Tariquia 866.0 96 Epsilon cross-stratification*
Tariquia 866.0 324 Epsilon cross-stratification*
Tariquia 866.0 158 Epsilon cross-stratification®
Tariquia 866.0 29 Epsilon cross-stratification*
Tariquia 866.0 36 Epsilon cross-stratification*
Tariquia 866.0 342 Epsilon cross-stratification*
Tariquia 866.0 40 Epsilon cross-stratification*
Tariquia 869.3 24 Epsilon cross-stratification®
Tariquia 869.3 360 Epsilon cross-stratification®
Tariquia 869.3 91 Epsilon cross-stratification*

Tariquia 869.3 22 Epsilon cross-stratification*
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Trend (°, already

Latitude Longitude Stratigraphic rotated for bedding
Section ©S) (°W) Formation Position (mabs)" dip) Sedimentary Structure
Tariquia 869.3 73 Epsilon cross-stratification®
Tariquia 869.3 19 Epsilon cross-stratification*
Tariquia 869.3 3 Epsilon cross-stratification®
Tariquia 869.3 7 Epsilon cross-stratification*
Tariquia 869.3 259 Epsilon cross-stratification*
Tariquia 869.3 64 Epsilon cross-stratification®
Tariquia 869.3 300 Epsilon cross-stratification®
Tariquia 874.6 230 Epsilon cross-stratification*
Tariquia 874.6 101 Epsilon cross-stratification*
Tariquia 874.6 93 Epsilon cross-stratification*
Tariquia 874.6 48 Epsilon cross-stratification®
Tariquia 874.6 101 Epsilon cross-stratification*
Tariquia 874.6 23 Epsilon cross-stratification*
Tariquia 874.6 49 Epsilon cross-stratification*
Tariquia 874.6 131 Epsilon cross-stratification*
Tariquia 874.6 83 Epsilon cross-stratification®
Tariquia 874.6 45 Epsilon cross-stratification*
Tariquia 874.6 33 Epsilon cross-stratification*
Tariquia 874.6 111 Epsilon cross-stratification*
Tariquia 876.4 40 Epsilon cross-stratification*
Tariquia 876.4 47 Epsilon cross-stratification*
Tariquia 876.4 52 Epsilon cross-stratification*
Tariquia 879.7 104 Epsilon cross-stratification®
Tariquia 883.0 104 Epsilon cross-stratification®
Tariquia 883.0 140 Epsilon cross-stratification*
Tariquia 883.0 80 Epsilon cross-stratification*
Tariquia 883.0 329 Epsilon cross-stratification®
Tariquia 883.0 337 Epsilon cross-stratification*
Tariquia 883.0 64 Epsilon cross-stratification*
Tariquia 883.0 351 Epsilon cross-stratification*
Tariquia 883.0 68 Epsilon cross-stratification*
Tariquia 883.0 109 Epsilon cross-stratification*
Tariquia 883.0 71 Epsilon cross-stratification*
Tariquia 883.0 45 Epsilon cross-stratification®
Tariquia 888.8 39 Epsilon cross-stratification®
Tariquia 888.8 355 Epsilon cross-stratification*
Tariquia 888.8 75 Epsilon cross-stratification®
Tariquia 888.8 17 Epsilon cross-stratification*
Tariquia 888.8 14 Epsilon cross-stratification*
Tariquia 888.8 77 Epsilon cross-stratification*
Tariquia 888.8 101 Epsilon cross-stratification®
Tariquia 888.8 81 Epsilon cross-stratification*
Tariquia 895.4 318 Epsilon cross-stratification®
Tariquia 895.4 99 Epsilon cross-stratification*
Tariquia 895.4 61 Epsilon cross-stratification*
Tariquia 895.4 180 Epsilon cross-stratification®
Tariquia 895.4 104 Epsilon cross-stratification*
Tariquia 895.4 76 Epsilon cross-stratification*
Tariquia 895.4 119 Epsilon cross-stratification*
Tariquia 895.4 40 Epsilon cross-stratification*
Tariquia 895.4 70 Epsilon cross-stratification*
Tariquia 895.4 32 Epsilon cross-stratification*
Tariquia 895.4 109 Epsilon cross-stratification*

Tariquia 897.5 38 Epsilon cross-stratification*
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Trend (°, already

Latitude Longitude Stratigraphic rotated for bedding

Section ©S) (°W) Formation Position (mabs)" dip) Sedimentary Structure
Tariquia 897.5 82 Epsilon cross-stratification®
Tariquia 897.5 55 Epsilon cross-stratification*
Tariquia 897.5 49 Epsilon cross-stratification®
Tariquia 908.5 7 Epsilon cross-stratification*
Tariquia 908.5 15 Epsilon cross-stratification*
Tariquia 908.5 46 Epsilon cross-stratification®
Tariquia 911.0 344 Epsilon cross-stratification®
Tariquia 911.0 359 Epsilon cross-stratification*
Tariquia 911.0 32 Epsilon cross-stratification*
Tariquia 911.0 357 Epsilon cross-stratification*
Tariquia 915.3 58 Epsilon cross-stratification®
Tariquia 915.3 11 Epsilon cross-stratification*
Tariquia 9153 69 Epsilon cross-stratification*
Tariquia 915.3 43 Epsilon cross-stratification*
Tariquia 915.3 80 Epsilon cross-stratification*
Tariquia 915.3 37 Epsilon cross-stratification®
Tariquia 916.8 243 Axis trough cross-stratification
Tariquia 916.8 266 Axis trough cross-stratification
Tariquia 916.8 118 Axis trough cross-stratification
Tariquia 919.2 27 Epsilon cross-stratification*
Tariquia 919.2 356 Epsilon cross-stratification*
Tariquia 920.6 83 Epsilon cross-stratification*
Tariquia 920.6 32 Epsilon cross-stratification®
Tariquia 920.6 62 Epsilon cross-stratification®
Tariquia 922.4 327 Epsilon cross-stratification*
Tariquia 922.4 340 Epsilon cross-stratification*
Tariquia 922.4 124 Epsilon cross-stratification®
Tariquia 922.4 45 Epsilon cross-stratification*
Tariquia 922.4 93 Epsilon cross-stratification*
Tariquia 9224 70 Epsilon cross-stratification*
Tariquia 936.7 57 Epsilon cross-stratification*
Tariquia 936.7 52 Epsilon cross-stratification*
Tariquia 936.7 86 Epsilon cross-stratification*
Tariquia 936.7 42 Epsilon cross-stratification*
Tariquia 936.7 55 Epsilon cross-stratification*
Tariquia 942.9 350 Epsilon cross-stratification*
Tariquia 942.9 14 Epsilon cross-stratification*
Tariquia 942.9 6 Epsilon cross-stratification*
Tariquia 942.9 68 Epsilon cross-stratification*
Tariquia 942.9 119 Epsilon cross-stratification*
Tariquia 942.9 112 Epsilon cross-stratification®
Tariquia 943.0 79 Epsilon cross-stratification*
Tariquia 957.1 19 Epsilon cross-stratification*
Tariquia 957.1 340 Epsilon cross-stratification*
Tariquia 957.1 68 Epsilon cross-stratification*
Tariquia 957.1 63 Epsilon cross-stratification*
Guandacay 957.1 159 Clast imbrication
Guandacay 958.7 74 Axis trough cross-stratification
Guandacay 960.1 102 Axis trough cross-stratification
Guandacay 961.6 129 Clast imbrication
Guandacay 961.6 111 Clast imbrication
Guandacay 961.6 149 Clast imbrication
Guandacay 961.6 112 Clast imbrication

Guandacay 963.0 157 Axis trough cross-stratification
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Trend (°, already

Latitude Longitude Stratigraphic rotated for bedding
Section ©S) (°W) Formation Position (mabs)" dip) Sedimentary Structure
Guandacay 1005.0 220 Tabular cross-stratification
Guandacay 1005.0 176 Tabular cross-stratification
Guandacay 1005.0 155 Tabular cross-stratification
Guandacay 1005.0 181 Tabular cross-stratification
Guandacay 1005.0 114 Tabular cross-stratification
Guandacay 1005.0 167 Axis trough cross-stratification
Guandacay 1008.0 222 Tabular cross-stratification
Guandacay 1008.0 131 Tabular cross-stratification
Guandacay 1008.0 150 Tabular cross-stratification
Guandacay 1008.0 159 Tabular cross-stratification
Guandacay 1008.0 93 Tabular cross-stratification
Guandacay 1018.8 145 Tabular cross-stratification
Guandacay 1018.8 34 Tabular cross-stratification
Guandacay 1018.8 123 Tabular cross-stratification
Guandacay 1021.6 113 Tabular cross-stratification
Guandacay 1021.6 75 Tabular cross-stratification
Guandacay 1044.4 329 Tabular cross-stratification
Guandacay 1044.4 356 Tabular cross-stratification
Guandacay 1044.4 212 Tabular cross-stratification
Guandacay 1044.4 20 Tabular cross-stratification
Guandacay 1082.7 178 Tabular cross-stratification
Guandacay 1082.7 20 Tabular cross-stratification
Guandacay 1082.7 266 Axis trough cross-stratification
Guandacay 1083.5 198 Axis trough cross-stratification
Guandacay 1084.0 36 Axis trough cross-stratification
Guandacay 1086.2 23 Tabular cross-stratification
Guandacay 1086.2 45 Tabular cross-stratification
Guandacay 1086.2 35 Tabular cross-stratification
Guandacay 1086.2 53 Tabular cross-stratification
Guandacay 1086.2 147 Tabular cross-stratification
Guandacay 1086.2 132 Tabular cross-stratification
Guandacay 1087.9 209 Axis trough cross-stratification
Guandacay 1087.9 174 Axis trough cross-stratification
Guandacay 1087.9 215 Axis trough cross-stratification
Guandacay 1089.9 194 Axis trough cross-stratification
Guandacay 1089.9 32 Axis trough cross-stratification
Guandacay 1089.9 171 Axis trough cross-stratification
Guandacay 1089.9 229 Axis trough cross-stratification
Guandacay 1089.9 209 Axis trough cross-stratification
Guandacay 1092.6 148 Tabular cross-stratification
Guandacay 1092.6 143 Tabular cross-stratification
Guandacay 1092.6 90 Tabular cross-stratification
Guandacay 1092.6 110 Tabular cross-stratification
Guandacay 1092.6 87 Tabular cross-stratification
Guandacay 1092.6 99 Tabular cross-stratification
Guandacay 1099.7 145 Tabular cross-stratification
Guandacay 1099.7 92 Tabular cross-stratification
Guandacay 1099.7 135 Tabular cross-stratification
Guandacay 1102.3 114 Tabular cross-stratification
Guandacay 1102.3 123 Tabular cross-stratification
Guandacay 1106.0 142 Tabular cross-stratification
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Trend (°, already

Latitude Longitude Stratigraphic rotated for bedding
Section ©S) (°W) Formation Position (mabs)" dip) Sedimentary Structure
Guandacay 1106.0 90 Tabular cross-stratification
Guandacay 1106.0 97 Tabular cross-stratification
Guandacay 1106.0 114 Tabular cross-stratification
Guandacay 1106.0 138 Axis trough cross-stratification
Guandacay 1106.0 112 Tabular cross-stratification
Guandacay 1106.0 109 Tabular cross-stratification
Guandacay 1106.0 55 Tabular cross-stratification
Guandacay 1106.0 75 Tabular cross-stratification
Guandacay 1106.0 115 Tabular cross-stratification
Guandacay 1106.0 107 Tabular cross-stratification
Guandacay 1106.0 121 Tabular cross-stratification
Guandacay 1106.5 123 Tabular cross-stratification
Guandacay 1108.0 135 Tabular cross-stratification
Guandacay 11114 121 Tabular cross-stratification
Guandacay 1111.4 100 Tabular cross-stratification
Guandacay 1111.4 120 Tabular cross-stratification
Guandacay 1111.4 125 Tabular cross-stratification
Guandacay 1111.4 131 Tabular cross-stratification
Guandacay 1111.4 120 Tabular cross-stratification
Guandacay 1111.4 100 Tabular cross-stratification
Guandacay 1111.4 120 Tabular cross-stratification
Guandacay 1111.4 140 Tabular cross-stratification
Guandacay 1166.3 268 Axis trough cross-stratification
Guandacay 1234.4 205 Tabular cross-stratification
Guandacay 1234.4 115 Tabular cross-stratification
Guandacay 1234.4 133 Tabular cross-stratification
Guandacay 1234.4 158 Tabular cross-stratification
Guandacay 1234.4 114 Tabular cross-stratification
Guandacay 1234.4 104 Tabular cross-stratification
Guandacay 1234.4 110 Tabular cross-stratification
Guandacay 1234.4 121 Tabular cross-stratification
Guandacay 1305.8 23 Tabular cross-stratification
Guandacay 1305.8 233 Tabular cross-stratification
Guandacay 1305.8 213 Tabular cross-stratification
Guandacay 1305.8 214 Tabular cross-stratification
Guandacay 1307.9 236 Tabular cross-stratification
Guandacay 1307.9 242 Tabular cross-stratification
Guandacay 1307.9 264 Tabular cross-stratification
Guandacay 1307.9 317 Tabular cross-stratification
Guandacay 1307.9 259 Tabular cross-stratification
Guandacay 1309.5 275 Tabular cross-stratification
Guandacay 1309.5 132 Tabular cross-stratification
Guandacay 1309.5 214 Tabular cross-stratification
Guandacay 1309.5 230 Tabular cross-stratification
Guandacay 1309.5 226 Tabular cross-stratification
Guandacay 1326.1 221 Tabular cross-stratification
Guandacay 1326.1 228 Tabular cross-stratification
Guandacay 1326.1 222 Tabular cross-stratification
Guandacay 1326.1 153 Tabular cross-stratification
Guandacay 1326.1 199 Tabular cross-stratification

Guandacay 1326.1 207 Tabular cross-stratification
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Latitude Longitude Stratigraphic rotated for bedding
Section ©S) (°W) Formation Position (mabs)" dip) Sedimentary Structure

Emborozu 22.33 64.5 Tariquia 976.0 68 Scour Axis
Guandacay 1708.0 45 Clast imbrication
Guandacay 1798.0 275 Clast imbrication
Guandacay 1832.0 201 Clast imbrication
Guandacay 1857.0 40 Clast imbrication
Guandacay 2158.0 120 Scour Axis
Guandacay 2158.0 67 Scour Axis
Guandacay 2188.0 17 Clast imbrication
Guandacay 2215.0 186 Clast imbrication
Guandacay 2295.0 28 Clast imbrication
Guandacay 2325.0 183 Clast imbrication
Guandacay 2337.0 10 Clast imbrication
Guandacay 2345.0 10 Clast imbrication
Guandacay 2416.0 62 Clast imbrication
Guandacay 2445.0 205 Clast imbrication
Guandacay 2457.0 26 Clast imbrication
Guandacay 2501.0 5 Clast imbrication
Guandacay 2691.0 181 Clast imbrication
Guandacay 2778.0 357 Clast imbrication

'mabs = meters above base section.
*Data already rotated 90° in direction of paleocurrent.

Appendix 6

Categories for sandstone point count analyses for
45 samples from the western sub-Andean basin

Symbol Grain Categories Recalculated parameters
Qm Monocrystalline quartz Q-F-L

Qp Polycrystalline quartz Q=0m+Qp+Qpt+C

Qpt Polycrystalline quartz with tectonic fabric F=P+K

K Potassium feldspar L=Lv+Ls+Lm

P Plagioclase feldspar Lv = Lvf + Lum + Log

Lvf Felsitic lithic fragment Ls = Lmu + Lzls

Lvm Microlitic lithic fragment Lm = Lmzls + Lmm + Lmgqf

Lvg Vitric lithic fragment

Lmu Mudrock lithic fragment Om-F-Lt

Lzls Siltstone lithic fragment Qm=Qm

C Chert sedimentary lithic fragment F=P+K

Lmzls Metasiltstone lithic fragment Lt=Lv+Ls+Lm+Qp+Qpt+C
Lmm Mica-dominated lithic fragment

Lmgf Quartz-foliated lithic fragment Lm-Lv-Ls

A Accesory minerals (heavy minerals and micas)  Lm = Lmzls + Lmm + Lmgqf

Lv = Lvf + Lom + Log
Ls =Lmu + Lzls + C

Qm-P-K
Qm=Qm
P=pr
K=K
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Recalculated modal point-count data for 45

samples from the western sub-Andean basin

Level QFL (%) QmFLt (%) QmPK (%) LmLvLs (%)

eve

Section Formation  Sample (mabs*) Q F L Qm F Lt Qm P K Lm Ly Ls

El Rosal Petaca VLC18PG 6.0 893 53 53 876 53 70 943 42 15 583 208 208
Petaca VLC04 30.0 931 23 46 911 23 66 976 00 24 522 174 304
Petaca MKO02 65.0 923 31 46 912 31 57 967 24 09 750 5.0 20.0
Petaca MKO01DZ  102.0 94.0 4.0 20 930 40 30 99 00 41 273 273 455
Tariquia MKO06 245.0 862 08 130 89 08 133 990 03 07 739 217 43
Tariquia MKO08 280.0 876 2.8 96 870 28 102 99 06 25 750 167 8.3
Tariquia MKO09 480.0 8.1 25 113 88 25 116 971 19 10 732 9.8 171
Tariquia MK10 610.0 764 57 179 761 57 182 931 6.6 03 651 127 222
Tariquia MK11 900.0 81.7 17 166 811 17 171 979 14 07 655 293 52
Tariquia MK12 935.0 794 28 178 794 28 178 966 21 14 762 48 19.0
Tariquia MK13 1100.0 784 63 153 781 63 156 925 38 38 852 56 9.3
Tariquia MK14 1220.0 88.6 1.7 9.7 883 17 100 981 16 03 676 294 29
Tariquia RAO01 1500.0 8§72 1.7 111 863 17 120 981 0.0 19 500 400 10.0
Tariquia RA04 1600.0 863 7.1 6.6 863 7.1 66 924 03 73 522 261 217

Entre Rios Petaca RSA10 7.5 84.6 10.3 51 843 103 54 8.1 60 48 100.0 0.0 0.0
Tariquia ERSO1 47.6 706 54 240 700 54 246 928 19 53 329 1.2 659
Tariquia ERS02 113.0 808 63 129 805 63 132 927 08 65 900 2.5 7.5
Tariquia ERS03 317.0 689 97 214 689 97 214 876 25 98 680 0.0 320
Tariquia ERS06 515.8 689 63 249 689 63 249 916 34 49 736 0.0 264
Tariquia ERS10 748.3 757 6.0 183 754 60 186 926 11 63 523 0.0 477
Guandacay ERS11 911.0 662 85 254 656 85 259 86 27 87 500 22 478
Guandacay ERS15 1040.1 646 74 280 643 74 283 897 87 16 780 20 20.0
Guandacay ERS16 1113.9 746 68 185 744 68 188 916 04 81 446 62 492
Guandacay ERS19 1255.7 715 51 234 712 51 236 933 15 52 602 36 361
Guandacay ERS20 1340.8 763 42 195 755 42 203 948 00 52 616 14 370
Guandacay ERS22 1397.3 721 80 199 709 80 211 89 00 101 803 42 155

Rio Azero Petaca BT-01PF 9.0 909 9.1 00 851 91 58 903 21 76 500 0.0 50.0
Petaca BT-02PF 21.8 759 241 00 759 241 00 759 13.6 10.5 0.0 0.0 0.0
Petaca BT-03PF 44.8 83.6 16.4 00 822 164 14 833 51 116 0.0 0.0 0.0
Tariquia BT-05PF 194.7 738 93 169 720 93 187 885 16 98 342 658 0.0
Tariquia BT-06PF 263.0 876 52 71 871 52 76 943 05 52 333 667 0.0
Tariquia BT-08PF 380.0 879 26 94 849 26 125 970 00 30 222 704 74
Tariquia BT-02 437.0 819 44 137 786 44 169 947 05 49 237 658 105
Tariquia BT-04 567.0 90.7 4.8 45 862 48 90 947 08 45 389 333 278
Tariquia BT-12PF 4914 93.0 37 34 96 37 57 9.1 00 39 0.0 9.1 909
Tariquia BT-17PF  1037.3 883 43 74 863 43 94 953 13 34 0.0 53 947
Tariquia BT-19PF  1198.7 89.7 8.0 23 840 80 80 913 08 79 0.0 250 75.0
Tariquia BT-21PF 14444 943 3.8 19 882 38 80 959 00 41 00 250 75.0
Tariquia BT-22PF  1595.0 972 25 04 9.1 25 25 975 00 25 0.0 0.0 100.0
Guandacay BT-24PF  1710.5 9%.4 1.1 25 939 11 50 989 00 11 00 286 714
Guandacay BT-25PF  1875.0 91.7 67 16 86 67 47 930 00 70 0.0 25.0 750
Guandacay BT-26PF  2060.1 77.0 15.8 73 703 158 139 817 04 179 458 42 50.0
Guandacay BT-27PF  2315.0 909 62 29 884 62 55 935 00 65 0.0 100.0 0.0
Guandacay BT-28PF  2564.9 86.6 3.6 9.7 8.6 36 108 960 00 40 606 212 182
Guandacay BT-29PF  2636.9 925 53 21 904 53 43 944 08 47 100 700 200
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Level QFL (%) QmFLt (%) QmPK (%) LmLvLs (%)

eve

Section Formation  Sample (mabs*) Q F L Qm F Lt Qm P K Lm Lo Ls

Petaca Average 88.0 93 27 8.3 93 44 904 42 54 605 11.7 278
Standard deviation 58 7.1 23 53 71 24 71 41 38 327 105 189

Tariquia Average 833 48 119 819 48 134 944 14 42 460 219 321
Standard deviation 78 23 68 70 23 59 29 15 27 299 228 322

Guandacay  Average 806 62 132 789 62 149 926 1.1 63 416 237 346
Standard deviation 103 35 93 98 35 83 43 23 43 281 293 223

*mabs = meters above base section.

Appendix 8

Clast compositional data and bedrock

age assignation

Provenance clast compositional data on 24 stations
from the Rio Azero, San Juan del Piray, and Entre
Rios sections. Lithologic identification and bedrock
age assignment was constrained by (1) brown yel-
low, brown gray, olive gray, and light gray quartzites
from Ordovician rocks; (2) greenish brown, greenish
gray, yellowish brown, and light yellow lithic sand-
stones derived from Silurian rocks (mainly Tarabuco
Formation); (3) micaceous, olive gray, very fine to
fine-grained, fair sorted with scarce lithic fragments,
and silica cement sandstones, with planar and cross-
lamination sourced from Devonian Formations
(Huamampampa, Los Monos, and Iquiri Formations);
(4) medium red, pale red, brown red, dark purple,
medium- to fine-grained, moderately to poorly
sorted with silica cement sandstones, medium gray,
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