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A B S T R A C T

At ~3500 m above sea level in the Eastern Andean Cordillera, Quebrada Honda Basin exposes more than 300 m
of middle Miocene sedimentary strata, developed on distal alluvial fan sediments interstratified with volcano-
clastic deposits, overlying Paleozoic basement. These deposits are rich in exotic vertebrate fauna adapted to a
wetter and warmer climate at lower paleoelevation, as contrasted with the present high-elevation cold and dry
Andean conditions. This study provides new magnetostratigraphic and 40Ar/39Ar age control of the Quebrada
Honda, Río Rosario and Huayllajara fossiliferous areas, demonstrating that they are 13.1–12.4 Ma. Part of the
succession evidences cyclical deposition of calcretes and reddish mudstones which may be a response to pre-
cessional orbital-forcing climatic processes. Paleomagnetic measurements show a significant clockwise tectonic
rotation related to postdepositional tectonism, associated with evidence of an important uplift after the de-
position of Quebrada Honda sediments. This uplift of the Andean Eastern Cordillera was associated with the
formation of the Subandean fold-thrust belt and the development of the Amazon and La Plata drainage basins.
Proposed uplift rates of> 200 m/Ma are compatible with well-established rates of uplift recorded in con-
temporaneous alpine sections.

1. Introduction

Quebrada Honda (“deep gorge”) is a small village located at 22°
south latitude in the Eastern Cordillera of the Tarija region of southern
Bolivia. The village is at the bottom of a valley (3500 m asl), sur-
rounded by mountains> 4400 m in elevation (Fig. 1). The Quebrada
Honda Basin (QHB) was filled with>300 m of Miocene detrital sedi-
ments and tuffs on a basement of Paleozoic metamorphic rocks
(MacFadden et al., 1990). The sedimentary strata are mainly fine-
grained (claystone and siltstone), with occasional sandstone and con-
glomerate interbeds. They preserve abundant fossilized vertebrate re-
mains, principally terrestrial mammals (Hoffstetter, 1977; MacFadden
and Wolff, 1990; Croft, 2007), and constitute some of the most pro-
ductive middle Miocene fossil mammal localities in South America
(Croft, 2009, 2016). The strata have yet to receive a formal

stratigraphic designation, but are mapped as the Honda Group by the
Servicio Geológico de Bolivia (MacFadden et al., 1990).

Quebrada Honda has been the focus of paleontological investiga-
tions since the late 1970s (e.g., Hoffstetter, 1977; MacFadden and
Wolff, 1981), though it has been studied most intensively during the
last 15 years (Croft and Anaya 2006; Croft, 2007; Croft et al., 2011;
Engelman and Croft, 2014; Garzione et al., 2014; Engelman et al., 2015,
2017, 2018; Brandoni et al., 2017; McGrath et al., 2018, 2020; Catena
and Croft, 2020). Relatively little is known of fossil ecosystems from
tropical latitudes of South America due to a relatively sparse fossil re-
cord (MacFadden, 2006; Croft et al., 2016). Together with la Venta site
in Colombia (Kay and Madden, 1997) and maybe the Fitzcarrald site, in
Peruvian Amazonia (Tejada-Lara et al., 2015), Quebrada Honda is one
of only three well-documented mammal sites from the late middle
Miocene (Serravallian Age, Laventan South American Land Mammal
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“Age”; Croft et al., 2016). Well over 30 species of mammals have been
recorded from Quebrada Honda, in addition to two species of turtle, a
snake, and at least one species of bird (Croft et al., 2013; Cadena et al.,
2015; Croft, 2016). Its mammals represent nine orders and at least 20
families, with relatively even species representation among metather-
ians (marsupials), xenarthrans (sloths and armadillos), rodents, and
native South American ungulates (Croft, 2007). Mammal fossils are
moderately abundant at Quebrada Honda, and preservation is generally
good to excellent; many species are represented by partial skulls or
skeletons (e.g., Sánchez-Villagra et al., 2000; Forasiepi et al. 2006; Croft
and Anaya 2006; Croft et al., 2011; Brandoni et al., 2017; McGrath
et al., 2018).

Although all sedimentary strata in the Quebrada Honda region are
potentially fossiliferous, four areas have produced large concentrations
of vertebrate fossils. These are referred to as ‘local areas’ (LAs) of the
Quebrada Honda paleontological site and are named Quebrada Honda
(QH), Rio Rosario (RR), Huayllajara (HU), and Papachacra (PA)
(Catena et al., 2017). The LAs that have received the most attention
paleontologically and geologically are QH and RR (MacFadden and
Wolff, 1981; MacFadden et al., 1990; Sánchez-Villagra et al., 2000;
Goin et al., 2003; Croft, 2007; Croft et al., 2011; Engelman and Croft,
2014; Garzione et al., 2014; Engelman et al., 2015, 2017, 2018;
Brandoni et al., 2017; McGrath et al., 2018, 2020). The occurrence of
fossils throughout a thick stratigraphic sequence that is dominated by
reddish siltstones with interstratified tuffs represents a favorable geo-
logical context to obtain precise geochronological constrains using
magnetostratigraphy and radiometric dating. In addition, paleosols
(Catena et al., 2017) and other sedimentological properties can be used
to reconstruct the paleoenvironment.

Among Bolivian mammal faunas sites, Quebrada Honda is tempo-
rally interposed between the early middle Miocene sites of Cerdas and
Nazareno, and the late Miocene sites of Quehua, Micaña and Achiri
(Marshall et al., 1983; MacFadden et al., 1990, 1995; Croft et al., 2009,
2016; Garzione et al., 2014). Cerdas records mammals from the end of
the Middle Miocene Climatic Optimum (MMCO), a warm and wet
period of Earth's Cenozoic history. The mammals of Quebrada Honda
lived during the Middle Miocene Climatic Transition (MMCT), a period
of general cooling of global climate, whereas Quehua and Micaña re-
present a period close to the Late Miocene Glaciation (LMG) that oc-
curred around 6 Ma (Hodell et al., 2001; Zachos et al., 2001), Achiri site
occurs above a dated tuff 8 Ma (Marshall et al., 1983). Studies at these
and other Bolivian sites provide a unique opportunity to assess the ef-
fects of the MMCO, MMCT, and LMG on South American habitats and

mammal communities in the southern tropics of South America.
The main objective of this study is to refine the ages of the three

local areas of Quebrada Honda (QH, RR, and HU) using new 40Ar/39Ar
ages and magnetostratigraphy. We compare our results with those of
previous studies (MacFadden et al., 1990) and with the Geomagnetic
Polarity Time Scale (GPTS) to yield an improved chronostratigraphic
framework and to constrain the sedimentary history of the QHB. In
addition, we investigate the frequency and origin of paleosol cycles
from a specific stratigraphic interval. Finally, we compare the new
chronostratigraphy and paleoclimatic inferences to the regional geolo-
gical and paleontological context to assess paleoelevation changes of
the QHB.

2. Geological setting

2.1. Quebrada Honda Basin

The QHB study area is situated in the eastern Andean Orogen
(Fig. 1). The Andes Mountains were created through the subduction of
Nazca Plate beneath the western margin of the South American Plate.
The present-day mountain belt developed mainly during the Mesozoic
and Cenozoic, with deformation continuing into the Recent. This tec-
tonic process has generated a > 5000 km long orogenic belt, with
mountains> 6000 m asl east of the subduction zone (−6000 m bsl),
comprised of four regions: the Western Cordillera, Altiplano, Eastern
Cordillera, and sub-Andean (Fig. 1). The Western Cordillera is mainly
formed by the volcanic arc associated with the plate-convergence zone,
while the Eastern Cordillera is formed by a series of mountain ranges
associated with a fold-and-thrust structures that includes middle to late
Miocene intermontane and late Eocene-Oligocene foredeep Basins
(Horton, 2005). The Bolivian Altiplano (plateau) is an endorheic region
delimited by the Eastern and Western cordilleras, second only to the
Tibetan plateau in elevation and extent. To the east, the Sub-Andean
region consists of a series of basins and ranges (parallel lower-elevation
mountains and valleys) associated with the Miocene to Recent back-arc
compression that occurred between the Eastern Cordillera and the
Foreland Basin. Upper-crustal shortening and paleoelevation of the
studied Andean region evolved from west to east (Gubbels and Isacks,
1993; Horton, 2005).

The QHB lies in southernmost Bolivia at an elevation of> 3500 m,
in the Eastern Cordillera, about 100 km east of the Bolivian Altiplano
(Figs. 1, 2), (Tojo Sheet, Hoja 6528, 1:50,000 topographic series). This
region features elongate basins that are generally oriented N-S and

Fig. 1. 1A: Digital elevation model showing the location of the QHB in the central Andes (left) and in the Eastern Cordillera (right). Source: NASA http://
photojournal.jpl.nasa.gov/catalog/PIA03388.
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situated within a compressional back-arch zone characterized by folds
(synclines and anticlines) and thrust faults. Some of these basins are
rich in fossils, such as the Nazareno Basin (~60 km northwest from
Quebrada Honda; Oiso, 1991; Croft et al., 2016; Catena and Croft,
2020). The QHB has a surface area of more than 800 km2 and is filled
with> 300 m of subhorizontal Miocene sedimentary strata that un-
conformably onlap deformed Paleozoic basement. The strata are incised
(> 300 m) by the Honda River, and modern erosion is dominated by
large-scale landslides on the margins of the Basin (Fig. 3).

2.2. Previous geochronological studies

MacFadden et al. (1990) examined the geochronology of the Mio-
cene sediments of the QHB, incorporating both magnetostratigraphic
analyses and two 40K/40Ar dates on intercalated tuffs. One of these

dates was obtained from sanidine phenocrysts and produced an age of
12.83 ± 0.07 Ma. The same tuff was also dated using biotite, which
produced a much older age of 15.38 ± 0.10 Ma. This older age was
rejected because the authors assumed that biotite was redeposited. A
third 40K/40Ar date (11.96 ± 0.11 Ma) on biotite was obtained from a
stratigraphically higher tuff bed.

MacFadden et al. (1990) obtained paleomagnetic samples from the
entire section (300 m) at the QH and RR local areas and constrained QH
to 13.0–11.9 Ma (Serravallian Age) by correlating the local magnetic
polarity sequence with polarity chrons presently assigned to C5AA and
C5A of the GPTS (Ogg, 2012). They also tentatively correlated the RR
section to that of QH, placing the former in the lower and middle part of
C5A. The most fossiliferous layers at QH and RR are in the lower part of
the section, below the tuff dated at 12.83 ± 0.07 Ma (MacFadden
et al., 1990), and the fossil mammals from both localities are presently

Fig. 2. Geological map of the study area (rectangle in Fig.1A), showing
the QHB in the Eastern Cordillera delimited by folds and thrust sheets
with N-S orientation. Legend: Cretaceous (green colour), Paleozoic and
Proterozoic (violet), Neogene-Quaternary (yellow). Neogene deposits
consist of detrital sedimentary strata (conglomerate to claystones) with
intercalated volcanic deposits (tuffs and lava flows). Data modified
from Mapa Geológico de Bolivia 1:1,000,000 SERGEOMIN-YPFB 2001.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Satellite view of the QHB (dashed line) showing the four studied sections along the Honda River valley (left) and the large-scale landslides (ellipses) that
dominate the present-day erosional processes in the Basin (right) (Google Earth). HU: Huayllajara, PI: Pisa, QH: Quebrada Honda, RR: Rio Rosario.
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considered to represent contemporaneous fauna (Croft and Anaya
2006; Croft, 2007; Croft et al., 2011). From a tectonic perspective, the
paleomagnetic measurements of MacFadden et al. (1990) indicate a
clockwise rotation about the vertical axis for the QH and RR sections
that were postulated to be related to the Andean oroclinal bending
process (MacFadden et al., 1990, 1995).

2.3. Studied sections

The QHB strata investigated here are limited to the lower and
middle part of the sequence described by MacFadden et al., 1990,
where the majority of fossils have been collected. The lowest alluvial
strata that of the QHB onlap Paleozoic basement at the base of the RR

Fig. 4. Views of Quebrada Honda and Río Rosario sections (see Fig. 3 for location) with yellow dashed lines showing the line of section. Quebrada Honda East (QHE,
upper left), as viewed looking south, and Quebrada Honda West (QHW, upper right) as viewed looking west. The arrow shows the tuff dated at 12.83 ± 0.07 Ma
(MacFadden et al., 1990). The Río Rosario (RR) section, as viewed looking south (lower left), including a detail of the lower part of the section (lower right) looking
north. The arrow shows the locatuon of the dated tuff. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 5. View of Pisa (PI) section (see Fig. 2 for location). Note the sedimentary cycles, with alternating siltstones and carbonate-rich layers (calcretes) in the upper
part of the section (left). Cycles thickness is ranging between 2 and 3 m. Right picture shows view looking to the west; left picture shows view looking to the east.
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section at elevation 3530-3540 m (GPS/barometric altimeter). Base-
ment does not crop out at the QH section, but can be observed at 50-
60 m lower elevation than at RR section in exposures along the Honda
River at 3460 m (Google Earth) by the town of Quebrada Honda. The
north part of the basin is occupied today by a modern endorheic lake
with the highest Miocene sediments below 3800 m (Figs. 2, 3). Five
sections in the QHB were measured and sampled for 40Ar/39Ar dating,
while four were sampled for magnetostratigraphy (Fig. 2, supplemen-
tary material). The northernmost section (RR) is located at 210 54′
54´´S, 650 9′ 3´´W; the measured interval is ~100 m thick and includes
vertebrate fossils. A tuff sample was collected and dated from 25 m
above the top of the measured section. QH, 5–6 km south of RR, is a
135-m thick section with its base at 210 57′ 41´´S, 650 8′ 14´´W; a
subsection, QH-West (QHW; 50-m thick) was measured in the lower
strata, ~500 m west of QHE at 210 57′ 44´´S, 650 8′ 22´´W. The lower

portion of both sections have produced fossils (Fig. 4, supplementary
material). PI (100 m thick) is located ~4 km south of QH at 210 57′
41´´S, 650 8′ 14´´W. It includes several continuous carbonate-rich layers
(calcretes) that alternate with siltstone beds in its middle-upper part
(Fig. 5, supplementary material). PI was not sampled for magnetos-
tratigraphy due to logistical constraints, but one tuff horizon was
sampled and studied. The southernmost section, sampled for both pa-
leomagnetism and 40Ar/39Ar dating is the>250 m thick section of HU.
The lower part is not well exposed and faulted (22° 0′25.09“S, 65°
7’27.04”O). Sampling was done only the middle part along a 65 m-thick
stratigraphic interval located ~1.3 km south of PI between 220 0′26.
79´´S, 650 7′10 ´´W and 22° 0′21.96“S, 65° 7’1.50”O. This section in-
cludes vertebrate fossils and, like the PI section, HU is dated here for the
first time. The uppermost ~100 m below the top of the section (22°
0′42.82“S, 65° 6’51.68”O), consist of massive reddish mudstones that

Table 1
Summary 40Ar/39Ar age results.

Sample Run ID Latitude °S Longitude °W Mean plateau age

Ca/K (±1σ) Age (Ma ± 1σ)† n/ntot

BOL16/HU-2 27,513 −22.01224 −65.12167 0.0120 ±0.0002 12.643 ±0.014 5/6
BOL16/HU-3 27,510 −22.01224 −65.12167 0.0119 ±0.0007 12.628 ±0.038 3/12
BOL16/PA-4 27,509 −21.99516 −65.12350 0.0146 ±0.0010 12.519 ±0.073 2/28
BOL16/QH-10 27,514 −21.96413 −65.13605 0.0081 ±0.0001 12.416 ±0.017 7/7
BOL16/QH-7 27,508 −21.96348 −65.13452 0.0145 ±0.0001 12.423 ±0.012 6/6
BOL16/QH-9 27,505 −21.96413 −65.13605 0.0093 ±0.0001 12.416 ±0.011 6/6
BOL16/RR-2 27,512 −21.91738 −65.15320 0.0209 ±0.0012 12.004 ±0.037 8/9

† Includes error in J, the neutron fluence parameter.

Fig. 6. Age-probability density spectra of the incremental heating re-
lease age plateaus from the single-grain 40Ar/39Ar experiments. A)
Weighted-mean Ca/K ratio of the plateau steps. Colors and symbols are
keyed to specific samples as shown in the legend in plot C. Open
symbols in purple in plots A and B represent omitted analyses as per the
protocol described in the methods section. B) Rank-order plot of the
plateau ages on a per-sample basis, with 1σ analytical error bar. C) Age-
probability density spectrum of the included plateau ages for each
sample (sample names provided to the left). The weighted-mean age of
these analyses is plotted with a 1 σ error bar, and stated numerically. ‘n’
is the included number of analyses. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version
of this article.)
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were not sampled in this study (see supplementary material).

3. Methods

3.1. Overview

Two methodologies were employed to refine the age of the studied
sections: magnetostratigraphy to generate local magnetic polarity se-
quences, and 40Ar/39Ar single-crystal dating of tuffs. These radiometric
ages facilitated correlation of the local polarity sequences to the GPTS,
thus yielding boundary ages for the magnetozones. These results permit
sedimentation rates to be calculated to elucidate the basin infill history,
and provide age control of the paleontological localities.

3.2. 40Ar/39Ar methods

Siliceous tuff beds are fairly common in the Quebrada Honda suc-
cession and can be laterally continuous over more than several kilo-
meters. This section describes the single-crystal, sanidine phenocryst
40Ar/39Ar dating of tuff samples collected from the study area. Tuff
thicknesses vary from several centimeters to several meters. These de-
posits are likely fallout from late Miocene ignimbrite and related
eruptions documented elsewhere in the region (Brandmeier and
Wörner, 2016). A total of seven sanidine-bearing samples were dated,
from the Quebrada Honda (n = 3), Rio Rosario (n = 1), Pisa (n = 1)
and Huayllajara (n = 2) sections. Following standard mineral pur-
ification procedures, sanidine separates (~0.3–1.0 mm grain size) were
irradiated in the Cd-lined CLICIT position of the Oregon State Uni-
versity TRIGA reactor for 20 h (a single aluminum-disk level of BGC
irradiation number 466). Sanidine from the Fish Canyon Tuff of Col-
orado was employed as the neutron fluence monitor mineral (orbitally
referenced age of 28.201 ± 0.023 1σ Ma (Kuiper et al., 2008).

Reactor-induced isotopic production ratios for these irradiations were:
(36Ar/37Ar)Ca = 2.65 ± 0.02 × 10−4,
(38Ar/37Ar)Ca = 1.96 ± 0.08 × 10−5, (39Ar/37Ar) Ca = 6.95 ±
0.09 × 10−4, (37Ar/39Ar) K = 2.24 ± 0.16 × 10−4, (38Ar/39Ar)

K = 1.220 ± 0.003 × 10−2, (40Ar/39Ar) K = 2.5 ± 0.9 × 10−4.
Atmospheric 40Ar/36Ar = 298.56 ± 0.31 (Lee et al., 2006) and decay
constants follow (Min et al., 2000). Previously published 40Ar/39Ar ages
referenced herein were recalculated for consistency using the decay
constants and Fish Canyon sanidine age stated above. Further details of
irradiation procedure, argon analysis, and data reduction are provided
in Deino et al. (2019).

The irradiated sanidine phenocrysts were analyzed individually by
the 40Ar/39Ar technique using single-crystal incremental heating
(SCIH), where individual grains are incrementally heated in 4–11 steps
(depending on grain size and gas yield) at progressively increasing
power to fusion, to examine the argon systematics of an individual
grain. Analyses were conducted on a Nu Instruments Noblesse noble-gas
mass spectrometer, featuring a high-efficiency ionization source and
simultaneous multi-isotope measurement using all ion-counting elec-
tron multiplier detection systems. The single-grain argon release
spectra were examined for consistency in age as a function of the
fraction of 39Ar released. Grains that have a near-uniform release pat-
tern (‘apparent age plateau’) were deemed more geologically reliable
than those with irregular age patterns. The plateau identification al-
gorithm used here (following Fleck et al., 1977), delineates the set of
contiguous steps encompassing the greatest percent of 39Ar release that
exhibit an acceptable MSWD (‘mean square of weighted deviates,’ with
a threshold probability> 95% that the observed scatter is caused by
analytical error alone and that geological scatter is not demonstrated).
A plateau must comprise at least 50% of the total 39Ar release and
consist of at least three consecutive steps. The age and uncertainty as-
signed to the plateau are weighted means (weighted by the inverse

Fig. 7. Stereographic projection of the characteristic
remnant magnetization (ChRM) directions for each
section (above) and all sections combined (below)
and their associated normal and reversed mean di-
rections as determined by means of Fisherian statis-
tics. Note the clockwise rotation in the Río Rosario
(RR) and Quebrada Honda (QH) sections. This rota-
tion is not evident in the Huayllajara (HU) section
perhaps due to more poor-quality samples producing
scattered mean directions.
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variance of each step) and modified standard error (standard error
expanded by root MSWD if MSWD>1), (Table 1).

The suite of plateau ages from individual grains of a single sample,
as is typical of tephra deposits, exhibits old age outliers (here, likely
detrital contaminants) and low-radiogenic, subtly altered material that
must be culled from the data set to yield a geologically reliable eruption
age. We used a sequential approach, where old age outliers were
identified using an analysis of the gap between the anomalously old
ages and the younger, presumed primary age population (gap
level = 7; Deino et al., 2019). Secondly, we removed outliers based on
their deviation from the mean (nMad = 3; Deino et al., 2019). A
weighted-mean age was calculated for the remaining population.

3.3. Magnetostratigraphic methods

The magnetostratigraphy was assessed at a total of 62 sampling
stations from four stratigraphic sections (26 levels at QHE, 2 at QHW,
18 at RR and 16 at HU). Material was obtained from fresh outcrop after
removal of weathered superficial material. Only fine-grained reddish
lithologies (claystone, siltstone) were sampled. Block samples of 500
cm3 were cut using manual tools, and one flat face was oriented using a
Brunton compass. In the laboratory, each sample was sawn, sanded and
cleaned with compressed air, and at least three cubic specimens were
obtained (8 cm3). Measurements were performed with a three-axis
cryogenic magnetometer at the Laboratory of Paleomagnetism in the
Institute of Earth Sciences Jaume Almera (CCiTUB-ICTJA-CSIC). The
Natural Remanent Magnetisation (NRM) was measured on a DC SQUID
superconducting rock magnetometer (2G Enterprises Ltd). For thermal
demagnetization, specimens were heated in stepwise thermal incre-
ments of 50 °C in a non-inductive furnace (< 10nT) until the

unblocking temperature was reached. Magnetic susceptibility was
measured with a KLY-2 susceptibility bridge (Agico) at each de-
magnetization step in order to monitor possible mineralogical changes
during the heating process.

4. Results

4.1. 40Ar/39Ar results

A summary of 40Ar/39Ar dates are provided in Table 1; additional
analytical data are provided in Supplementary Table 1. Incremental
heating release spectra of all individual grains is shown in supple-
mentary Fig. 1. A total of 75 individual grains were dated, and all but
one (from sample BOL16/QH-1) yielded an apparent-age plateau
(supplementary Table 2). One other grain yielded a highly imprecise
plateau and was likely altered; this result was omitted from further
analysis (BOL16/RR-2, aliquot 27,512–09). The plateau age results are
assembled on a per-sample basis as age-probability density spectra in
Fig. 6. Of the seven dated samples, six yielded reasonable population
statistics (n ≥ 3, relative uncertainties< 0.3%) and provide identifi-
cation of what is considered a geologically reliable eruption age. One
sample (BOL16/PA-4) was heavily contaminated with older grains, and
only the youngest two analyses may mark the true eruption age. This
result is not supportable on its own, but in light of the physical strati-
graphy established by tracing outcrop exposure of beds from Quebrada
Honda north to the Pisa section, this age is reasonable and helps es-
tablish the Pisa section as a bridge between Quebrada Honda and sec-
tions further south.

Fig. 8. Selection of characteristic orthogonal vector diagrams (Zijderveld diagrams), showing the stepwise demagnetization process. These diagrams show both
normal and reverse polarity directions, most of them presenting the regional 10–20° clockwise rotation. Closed symbols indicate declination and open symbols
inclination values. Intensity units are 10−3 A/m.
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4.2. Magnetostratigraphic results

In general, samples revealed an unambiguous characteristic direc-
tion, with all three specimens from each station showing consistent VGP
(Virtual Geomagnetic Pole) orientations, and thus normal or reverse
directions (Class A). In a limited number of specimens, the secondary
magnetization was not completely removed, resulting in ambiguous
directions (Class B or C). Samples show high magnetic susceptibility at
room temperature, and no major changes are recorded until the last
demagnetization steps> 550 °C, both in susceptibility and magnetic
intensity. Overall the samples yielded unblocking temperatures

of< 600 °C, indicating magnetite as the main carrier of magnetization,
although the last steps of the characteristic magnetization up to 650 °C
suggest that hematite may also be significant.

Paleomagnetic directions were calculated by means of principal
component analysis (Kirschvink, 1980) using the Paldir software. The
calculated primary directions (declination and inclination) are sum-
marized in supplementary material Table 3 and portrayed in Figs. 7 and
8. VGPs were calculated using the measured declination and inclination
values using the paleomagnetism.org software (Koymans et al., 2016).
Normal and reverse polarities were recognized in all the sections. A
local polarity sequence was identified for each studied section, and

Fig. 9. Magnetostratigraphic directions expressed as the Virtual Geomagnetic Pole (VGP) from QHE and QHW, correlated to the lower part of the 300 m section of
MacFadden and Wolff (1981) and MacFadden et al. (1990), reproduced here.

L. Gibert, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 560 (2020) 110013

8

http://paleomagnetism.org


guided by 40Ar/39Ar ages, correlations between local sections and to the
GPTS were determined. In general, magnetostratigrahic polarities and
40Ar/39Ar ages are concordant with the GPTS, which is especially no-
teworthy considering that this time interval is fairly complex, with
many reversals and polarity zones shorter than 0.1 Ma.

4.3. Magnetostratigraphy and relationship to previous work

The QHE section has seven magnetic zones (N1-R1-N2-R2-N3-R3-
N4) (Fig.9). The lower normal zone (N1) is about 18 m thick (n = 6)
and includes one sample at 8 m that shows a reverse direction not
identified in the previous study (MacFadden et al., 1990). This single
station is anomalous, as based on the GPTS, an additional reverse zone
would require a much lower sedimentation rate than the rest of the
section (see below). This reverse sample could be due to an error in
recording the sample orientation, or to a short magnetic excursion not

described in the GPTS.; in any case, this station is omitted from further
consideration in this study. The correlation of this section with
MacFadden et al. (1990) helps assess the validity of the local polarity
zones. Although they did not specify exactly where they sampled at
Quebrada Honda, a coauthor (F. Anaya) confirmed that it was near the
QH sections measured in the present study. To correlate both studies,
we used the fossiliferous sites, dominant lithology, and tuff beds.
However, the tuff horizons are laterally discontinuous, so some of the
layers described in our stratigraphy may differ from MacFadden et al.
(1990). One of the key beds for establishing the correlation at QH is a
tuff from which MacFadden et al. (1990) obtained a KeAr age of
12.83 Ma on sanidine phenocrysts; we believe we can confidently
identify this tuff, where it occurs a few meters above a prominent
sandstone unit in QHW and QHE. Fig. 9 combines the lower part of the
QH section from MacFadden and Wolff (1981), which specifies sample
locations, with the section of MacFadden et al. (1990), and the

Fig. 10. Paleomagnetic directions (VGP) at RR correlated to the lower part of the 300 m-section of MacFadden and Wolff (1981) and MacFadden et al. (1990). The
section has been redrawn from MacFadden and Wolff (1981).
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magnetostratigraphic results of the present study.
The magnetostratigraphic results of MacFadden et al. (1990) and

this study are generally in good agreement for QH section. Similar local
magnetic zones were identified previously and validated here with
additional samples.

At RR, 5 km north of QH (Fig. 2), eighteen magnetostratigraphic
stations were measured in the basal 92 m of the stratigraphic succesion.

In addition, one tuff located at elevation 122 m was sampled and dated
by the 40Ar/39Ar method. Like in previous study (MacFadden et al.,
1990), the local polarity sequence is comprised of six magnetic zones
(R1-N1-R2-N2-R3-N3). To correlate our RR section with MacFadden
et al. (1990), we compare the upper tuff layers described previously and
the position of the fossiliferous zones (Fig. 10, suplementary material).
As in the QH sections, some of the magnetic zones are defined by a low

Fig. 11. Magnetostratigraphic correlation of the studied sections with the GPTS (Ogg, 2012), including the stratigraphic location of radiometric ages. See supple-
mentary material for discussion on alternative correlations.
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number of samples in both studies. However, the agreement between
magnetostratigraphies reinforces the validity of the local polarity se-
quence for the RR section.

HU, not sampled in previous studies, is located 5 km south of QH
(Fig. 2). We focused on the fossiliferous 65 m interval toward the
middle part of the long HU section. Two tuffs yielded precise 40Ar/39Ar
ages toward the bottom of the section, and 15 stratigraphic layers were
sampled for paleomagnetism. Our results show four magnetic zones
(R1-N1-R2-N2) (Fig.11).

From a tectonic perspective, the paleomagnetic directions in this
study present a significant clockwise rotation (~10°) along the vertical
axis for QH and RR, as identified previously (MacFadden et al., 1990,
1995). The lack of a rotation at HU is related to the larger dispersion of
the primary paleomagnetic directions and limited number of samples
(Fig. 7). However, in HU most samples cluster around a mean depicting
a vertical axis rotation similar to those of RR and QH.

4.4. Correlation with the GPTS and sedimentation rates

The radiometric age determinations were used as a framework to
correlate the local polarity sequences to the global GPTS (Fig. 11). Nine
magnetozones (five normal, four reverse) are represented from the base
of QHE and QHW to uppermost HU, spanning subchrons C5AAn (upper
boundary at 13.032 Ma) to subchron C5An1n (upper boundary at
12.049 Ma) (Ogg, 2012). Thus, the lower ~150 m of the sedimentary
infill of the QHB encompasses ~1 Ma (Fig. 11) within the Serravallian
Age (13.82–11.61 Ma).

The PI section is 93 m thick and located between QH and HU
(Fig. 2). It exhibits continuous indurated siltstones and carbonate beds
(calcretes) alternating with reddish mudstones, resulting in a pro-
nounced lithostratigraphic cyclicity in its middle part (Fig. 5). No
magnetostratigraphy has been established for this section, but one tuff
bed yielded a provisional 40Ar/39Ar age of 12.519 ± 0.073 Ma
(BOL16/PA-4) (Fig. 11).

The new chronostratigraphy shows that the youngest strata at HU
section shows the lowest sedimentation rates (Figs. 12, 13). Over short
stratigraphic intervals, the intercalation of stochastic event deposits
such as fallout tuffs, combined with limited chronostratigraphic data
can result in local irregularities in sediment accumulation rate. How-
ever, when comparing overall sedimentation rates for the correlated
interval between RR and QH section (between base of C5Ar2n to base of

C5An2n), we obtain equivalent rates of 14.5 cm/ka vs 15.2 cm/ka for
a > 400 ka interval (Fig. 13). The HU section has ~30 m of normal
polarity strata above this interval with the equivalent sedimentation
rate of 14.5 cm/ka. If we consider the lower part of HU section, the
sedimentation rate decrease slightly to 12.7 cm/ka (Fig.12).

4.5. Paleosol cycles

The QHB strata consist of alternating sandstones, tuffs and reddish
mudstones, variably overprinted by pedogenic processes. Paleosol
profiles have been described in Catena et al., 2017. In the stratigraphic
intervals studied here, mudstones show cycles of increasing upward
abundance of pedogenic carbonate nodules, terminating in a horizon
with variable proportion of nodular carbonate and indurated siltstones.
These more resistant carbonate-rich deposits are interpreted as a pet-
rocalcic horizon of calcisols, in which calcic horizons are prominent
pedogenic features (Mack et al., 1993). Catena et al. (2017) classify
these soils as calciustepts, which are inceptisols (poorly develop soils)
with calcic horizons. These calcisols can be described as poorly devel-
oped pedogenic calcretes (Wright and Tucker, 1991). Some of those
carbonate-rich nodules shows ichnofossils (see supplementary material,
Catena et al., 2017).

The amount of carbonate in the calcretes is variable; in some areas,
for example at PI section, the deposit loses its nodular fabric and gives
way to more continuous beds of pink indurated (silty) limestones that
alternating with soft reddish mudstones (Fig. 5). This could occur in
areas with a water table lying closer to the surface, favoring the over-
print of phreatic processes (cementation, replacement/displacement of
the sediment) on the previously formed paleosols (Alonso-Zarza, 2003).

Pedogenic carbonates, and by inference calcisols, require a certain
degree of landscape stability to form. These surfaces were subject to
periodic rapid sedimentation events that buried previous soils and fa-
cilitate a new soil generation (Fig.14). The calcisols developed on a
distal alluvial floodplain in a seasonal, humid/sub-humid to semiarid
wooded grassland-like vegetative community with periods of increased
aridity and high degrees of seasonality and temporal landscape stability
(Catena et al., 2017; Catena and Croft, 2020). Calcrete distribution
seems to be favored by mean annual precipitation (MAP) <
500–600 mm, although they may also form under humid conditions,
for example in the modern Pampas and Chaco plain of South America
(MAP ~1200 mm; Goudie, 1973, Alonso-Zarza, 2003).

Fig. 12. Correlation of the local magnetic polarity at Rio Rosario
(upper), Quebrada Honda (middle) with the GPTS (Ogg, 2012). Sedi-
mentation rates are calculated based on GPTS boundary ages and
radiometric dates. Notice the similarity in sedimentation rates for the
interval (between base of C5Ar2n to base of C5An2n) correlated in
Fig. 11 between RR and QH sections.
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A cyclical interval of 2–3 m thick paleosols can be defined in the
lower part of subchron C5An2n and below it. This> 20 m interval
includes between 9 and 11 cycles that can be tentatively correlated
between sections (Fig. 15). Mean sedimentation rates for the cyclic
stratigraphic interval are 15.2 cm/ka at QH, 14.5 cm/ka at RR, and
12.7 cm/ka at HU (Fig. 12-13) suggesting that the frequency of the
cycles is in the order of orbital precessional insolation variability with a
periodicity of ~19–23 ka (Hinnov and Hilgen, 2012).

5. Discussion

5.1. Correlation between RR and QH sections

The new radiometric age at the top of the RR section provides a
minimum age for the underlying strata. This result suggests two pos-
sible correlations of the RR and QH measured sections: (1) a younger
correlation spanning C5Ar.3r-C5An.2n (> 0.4 million years); or (2) an
older correlation, restricted to C5Ar.3r and C5Ar.2n (< 0.2 million
years), as proposed by MacFadden et al. (1990). The new radiometric
age at the top of the RR section provides a minimum age for the un-
derlying strata. Assuming uninterrupted sedimentation between the
measured section at RR and the new overlying radiometric date, this
result suggests that the local N1 zone at RR correlates to the N2 zone
from QH and C5Ar.2n. This younger correlation of RR is presented here
because it is fully consistent with the modern GPTS, which lacks the
additional N zones suggested by the MacFadden et al. (1990) correla-
tion in this time interval. It is also compatible with location of the
basement at RR at a higher elevation than at QH, and implies similar
mean sedimentation rates (14.5 cm/ka vs 15.2 cm/ka) for the corre-
lated interval between RR and QH (fig. 13 and supplementary material
for discussion on RR-QH correlation). Thus, this younger correlation of
RR is favored here. An alternative interpretation is to infer a sedi-
mentary hiatus between the measured section and the overlying
radiometric date and to correlate the local N3 zone at RR to N2 at QH,
following MacFadden et al. (1990). Although there is no direct evidence
for such an unconformity, this older correlation of RR could be con-
sistent with the overall stratigraphy of the basin, which consists of three
main lithostratigraphic units (B. Saylor personal comment).

5.2. Astronomical forcing of sedimentary cycles

The global climate record shows the imprint of precessional forcing
as the dominant basic cycle during the middle to late Miocene (i.e.
Hüsing et al., 2007), specially at low latitudes (Zeeden et al., 2013). In
East Africa during the Neogene precession insolation minima corre-
spond to intervals of increased precipitation, resulting in sapropel de-
position in the Mediterranean Basin (Hilgen, 1991). Precessional cy-
clicity expressed in the last 50 ka of the sedimentary record Salar of
Uyuni (Bolivian Altiplano), shows that lacustrine sediments that occur
prior to the evaporitic deposits of the present salt pan were deposited
during wet periods in phase with summer insolation maxima during the
Last Glacial Maximum (Baker et al., 2001). In the QHB, periods of in-
solation maxima may be associated with humid episodes (MAP>
1000 mm) that favored increased erosion leading to higher rates of
deposition and diminished soil development (immature paleosols). In
the same precessional cycle, dryer periods may be a response to solar
insolation minima with MAP<1000 mm (500-900 mm, according to
Catena et al., 2017). These conditions favor landscape surfaces that
minimize soil erosion and detrital input, fostering stable soils that had
the time and conditions to form carbonate horizons (Fig.14). Near
contemporaneous examples of paleosol cycles triggered by processional
forces occurs in the middle Miocene Armantes section in the Calatayud
Basin (NE Spain) similar to cycles observed in the PI section, (Krijgsman
et al., 1997). In the Calatayud Basin, the Orera section exposes sedi-
mentary strata largely contemporaneous with QH deposited in an al-
luvial environment exhibiting a long sequence of precessionally medi-
ated sedimentary cycles (Abdul-Aziz et al., 2000) (supplementary
Fig. 16). In the marine realm, the QHB contemporaneous marine suc-
cession of Monte di Corvi, Italy also exhibits prominent precessional
cycles, with such regularity that it has been used to astronomically tune
part of the GPTS (Hüsing et al., 2007). One of the important advantages
of Quebrada Honda in respect to these other contemporaneous cyclical
successions is the presence of tephra, occasionally with sanidine phe-
nocrysts, at Quebrada Honda that permit accurate and precise
40Ar/39Ar dating.

Fig. 13. Correlation of the local magnetic polarity at Huayllajara (HU) with the
GPTS (Ogg, 2012). Sedimentation rates are calculated based on GPTS boundary
ages and radiometric dates.
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5.3. Tectonic rotation and uplift of the QHB

Between the late Oligocene and prior to 12–10 Ma, an early phase of
uplift occurred in response to crustal deformation between the Andean
Western and Eastern Cordillera. This phase is recorded by the con-
tinental Petaca Formation, marking the onset of Neogene foreland se-
dimentation in the Subandean Zone and Chaco Plain (Uba et al., 2005;
Moretti et al., 1996). Isostatic uplift of 1.5–2.5 km is estimated to have
taken place in the Altiplano and Eastern Cordillera during this phase of
shortening (120–250 km), (Gubbels and Isacks, 1993). By the end
(14–13 Ma), the QHB had been formed and sedimentary infilling begun.
Regionally, the ages assigned to undeformed strata preclude significant
upper crustal shortening after 10 Ma in the Eastern Cordillera (Gubbels
and Isacks, 1993), and locally the chronostratigraphy of the QHB in-
dicates the absence of significant deformation in the Eastern Cordillera
after 13 Ma.

During a second stage of uplift after 12–10 Ma, the upper crust of
the Eastern Cordillera overthrust the Brazilian shield. At the beginning
of this phase, the foreland basin underwent a transition to a marine
setting (Yecua Fm.) in probable response to an initial Andean loading of
the Brazilian Shield (Uba et al., 2005). Synorogenic Mio-Pliocene
foreland strata were deformed and incorporated within the advancing
fold and thrust belt (Gubbels and Isacks, 1993). This shortening in sub-
Andean region was ~73 km in last 10 Ma (Barke and Lamb, 2006)
(Fig. 16). This interval was also accompanied by rotation of the Andes

about a vertical axis with a ~ 10° clockwise rotation of the Eastern
Cordillera and Altiplano south of the bend, and a ~ 10° anticlockwise
rotation north of the bend (Lamb et al., 1997). The marine deposits of
the Yecua Fm are preserved today at 600-800 m asl in the Subandean
zone, but the underling Mesozoic to Carboniferous rocks are uplifted
locally> 1800 m in the Aguarague mountain Range West of Villamonte
(Moretti et al., 1996) giving an indication of Neogene uplift in the
Subandes region after 10 Ma. Associated with this second stage of de-
formation, a 2–3 km uplift in the Bolivian Andes has been described
following analysis of present-day topography in the context of the
geology and patterns of erosion rates (Whipple and Gasparini, 2014).
Uplift of this order is also supported by paleobotany, indicating a
2–3.5Km of uplift of the Altiplano and Eastern Cordillera since 10 Ma
(Gregory-Wodzicki, 2000).

The late Neogene Andean uplift modified the configuration of the
Pan-Amazonia and sub-Andean rivers systems (Hoorn et al., 2010),
forming the giant Amazon drainage Basin and the onset of the Amazon
River deep fan between ~11.3 and 9 Ma (Figueiredo et al., 2009; Hoorn
et al., 2010, 2017). La Plata drainage Basin was also formed by 10 Ma
as in indicated by the transition from marine (Yecua Fm) to continental
deposits (Tariquia Fm) in the foreland after ~10 Ma (Gubbels and
Isacks, 1993; Uba et al., 2005; Moretti et al., 1996). The uplift of the
Eastern Cordillera, and the new configuration of La Plata drainage
Basin favored the formation of 1500 m deep canyons along the Pilco-
mayo and Rio Grande drainage system that cut the newly formed

Fig. 14. Representation of QHB during a relatively wet (humid) phase, with a MAP estimated> 1000 mm and during a relatively dry (sub-humid) phase with
MAP<1000 mm. The figure shows (right) the development of the observed calcrete/mudstone cycle. During the relatively dry phase, landscape and soils are stable
and sedimentation rates relatively low, time and dryer conditions favor the formation of an incipient petrocalcic horizon. During the wet phase, erosional processes
favor increased clastic input and thus higher sedimentation rates. Calcisols, formed during the dry phase, are covered during the wet phase by detrital sediments and
immature soils. No petrocalcic horizon is formed until more stable relatively dryer conditions return. The complete cycle is interpreted as a precession cycles with a
duration of ~20 ka. Vertebrate remains are buried during both phases.
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Subandean fold and thrust belt. The acceleration of sedimentation rates
of the Amazon deep fan since 6.8 Ma (Figueiredo et al., 2009) and in
the Subandean foreland (~7 Ma) (Uba et al., 2005) are also an evidence
of latest Miocene Andean uplift (Fig. 16).

Several indicators have been used to reconstruct the original ele-
vation of QHB with its uppermost sediments at> 3800 m a.s.l. The
paleoecological affinity of the fauna and paleosols in the lower part of
the section indicates an open but densely vegetated habitat with
marked seasonality, similar to a modern flooded grassland or savanna
with ~1000 mm annual precipitation, (Catena et al., 2017; Catena and
Croft, 2020). A minimum uplift of 2500 m based on the presence of
fossil turtles, snakes and other fauna that live today below 1000 m a.s.l.
has been proposed Cadena et al. (2015). Although the permanent upper
limit for tropical herpetofauna during the Late Miocene was probably
higher than today, due to global warmer temperatures (Fig. 16).

The paleosols identified at Quebrada Honda formed in more humid
and densely vegetated environments than the present landscape.
According to Catena et al., 2017, the Quebrada Honda paleosol asso-
ciation resembles the modern Caatinga ecoregion (NE Bazil) at mean
elevation< 500 m. Similar soil analogs to QHB occurs today in some
areas of the Chaco plain (Hartley et al., 2013) between Bolivia-Para-
guay and Argentina at< 500 m asl. The subsequent paleoecological
diversity analysis of Catena and Croft (2020) reached paleoenviron-
mental interpretations compatible with those of Catena et al. (2017).

In the QHB region, downstream projection of preserved paleo-
surfaces and associated paleodrainage systems have been used to esti-
mate 2–2.5 km of uplift since ~10 Ma (Kennan et al., 1997) and
1705 ± 695 m of uplift and 230 ± 90 m of erosion since 12–9 Ma
(Barke and Lamb, 2006). In contrast, other authors have suggested a
paleoelevation of Quebrada Honda of 2.6 ± 0.6 km, (and only about

~1000 m of uplift) on the basis of a soil temperature proxy (clumped
isotope paleothermometry of pedogenic carbonates; Garzione et al.,
2014). The discrepancy between these values could result from greater
depth of pedogenic carbonate formation, which could result in lower
apparent soil temperatures and therefore greater apparent elevation
estimates (Cadena et al., 2015; Garzione et al., 2014). The depth of soil
carbonate formation is related to the MAP (Retallack, 1994), were high
MAP (900–1000 mm) would produce a deep calcic horizon>150 cm
below surface.

A proposed uplift of 2500 m in 12 Ma (Cadena et al., 2015) re-
presents an average rate of 208 m/Ma, comparable to well-established
uplift rates from contemporaneous orogens. The Betic Cordillera, lo-
cated at the convergent boundary of the African and European plates,
experienced uplift contemporaneous with that of the QHB and offers a
useful comparison. Shallow late-Miocene marine sediments preserved
on local basement have been used to calculate uplift rates from the
Serravallian to the Pliocene (Sanz de Galdeano and López Garrido,
1999; Sanz de Galdeano and Alfaro, 2004; Braga et al., 2003) of
~200 m/Ma, with a maximum of 280 m/Ma (Braga et al., 2003). These
values are equivalent to those proposed by Cadena et al., 2015). Al-
though is not possible to accurately quantify the uplift, local paleoele-
vation data of the QHB region and the geological history of Easter and
Subandean Cordilleras suggest a minimum of 2000–2500 m of uplift of
the QHB post 12 Ma.

5.4. The beginning and the end of sedimentation in the QHB

The oldest sediments infilling the QHB sections are gravels onlap-
ping the Cambro-Ordovician Sama and Iscayachi Formations
(MacFadden et al., 1990). These gravels were deposited during the

Fig. 15. Correlation of a cyclic interval between sections. The photo-
graphs show the outcrop expression of calcrete/mudstone cycles at
different parts of the studied sections, with yellow arrows indicating
the carbonate-rich horizons. For scale in the upper–left picture, see
three paleontologists working in the middle-lower part of QH section.
Silts rich in nodular carbonate are represented in white colour. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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initial formation of the basin and are overlain by fine-grained sediments
with an edaphic overprint. These sediments were deposited during
chron C5AA, (MacFadden et al., 1990), so are not older that 13.183 Ma.
In the sampled RR section, fine-grained sediments directly onlap Pa-
leozoic basement, which occurs at 50 m higher elevation than at QH
section.

According to MacFadden et al. (1990), the youngest Miocene strata
in the QHB occur at 290 m above basement at QH, unconformably
below Quaternary alluvium and fluvioglacial deposits. A 40K/40Ar age
of 11.96 Ma is reported for a biotite tuff horizon ~30 m below this
unconformity (McFadden et al., 1990). So the age of QH sediments can
be constrained to 13.18–11.96 Ma.

The study area is drained by the Honda River, which is now a tri-
butary of Pilcomayo River and part of the La Plata catchment area. The
uppermost strata that fill the QHB lie at a similar elevation (~4000 m
asl) to the Paleozoic basement that delineates the western margin of the
basin, where the Honda river was captured by Pilcomayo drainage
system. We propose that erosional processes in the QHB began some-
time after 12 Ma, by paleo-Honda river stream capture. Capture could
occur when the elevation of sedimentary infilling of the basin was equal
to the lowest point of the Paleozoic barrier at the western margin of the
basin, allowing the paleo-Honda River to overflow into the topo-
graphically lower Pilcomayo drainage system. Stream capture could
also have occurred when the actively eroding lower Pilcomayo catch-
ment area encroached on the drainage of the nearby QH streams
flowing at a higher elevation. This second process of stream capture was
accentuated during the last 10 Ma in the Pilcomayo drainage system
due to Eastern Cordillera uplift.

6. Conclusions

The lower 160 m of the stratigraphic succession in the Quebrada
Honda region has been dated using the 40Ar/39Ar technique and mag-
netostratigraphy. Seven new 40Ar/39Ar dates in four stratigraphic sec-
tions spanning 12.643–12.004 Ma are reported here. A polarity strati-
graphy has been established at three of these sections. The polarity
sequences at QH and RR reproduce and complement the results of
MacFadden et al. (1990). The new radiometric ages facilitate correla-
tion of the local polarity sequences to the global GPTS, resulting in a
robust magnetostratigraphic framework.

Vertebrate fossils from QH and RR are dated between 13.1 and
12.7 Ma. Fossils at HU are slightly younger, between ~12.7–12.3 Ma.
The interval ~ 12.6–12.4 Ma is dominated by 2–3 m thick paleosol
cycles, with a recurrence interval of ~20 ka. This cyclicity is consistent
with a precessional forcing origin, here expressed as an alternation of
humid and sub-humid periods.

Our data are in agreement with local and regional paleomagnetic
measurements demonstrating a postdepositional clockwise rotation
along the vertical axis for Quebrada Honda due to oroclinal bending
during Subandean deformation (MacFadden et al., 1990; Lamb et al.,
1997). Apart from rotation, no other significant deformation affected
the QH region after 13 Ma, other than gradual uplift of QH and the
Eastern Cordillera. During the deposition of QH, the Subandean zone
was a foreland basin at sea level, today marine deposits of this basin are
exposed at 600–800 m asl in the Subandean zone. The folded Paleozoic
and Mesozoic basement of the foreland basin occurs today at> 1800 m
asl, giving an indication of Neogene uplift in some areas of the Sub-
andean region after 10 Ma. Estimated uplift rates for the QHB succes-
sion of 208 m/Ma are equivalent to rates reported in the con-
temporaneous Betic Basin in SE Spain. Based on paleoecological faunal

Fig. 16. Left: Miocene vertebrate sites from Bolivia in a global paleoclimatic context (from Zachos et al., 2001, (left). Temperature variation between QH time and
the Recent, related to global climate cooling, represents a decrease of ~6 °C. Black bar ‘A' indicates presence of North hemisphere ice-sheets, ‘B' the presence of
Antarctic Ice-sheets. Right: Evolution of the Eastern Andean Orogen during the last 20 Ma, showing two tectonic phases. During Phase A, before 20 Ma, when the
Eastern Cordillera was formed and the Subandean zone was a foreland Basin. By the end of this initial phase, the QHB was formed and filled with sediments at
paleoelevation ~1000–1500 m. During Phase B, the Subandean range was formed, at the beginning of this phase by ~10 Ma marine deposits were deposited in the
Foreland Basin, by the end of this phase the basement below these marine deposits were uplifted in some areas> 1800 m. The sediments of QH were not internally
deformed during this second phase but were uplifted>2000 m (after Gubbels et al., 1993, Moretti et al., 1996, Uba et al., 2005).
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affinities and geological information summarized here, we estimate that
during the middle Miocene (13-12 Ma) the QHB occupied a pa-
leoenvironmental setting ≥2000 m below the present altitude.

The oldest sediments in the QHB directly onlap Paleozoic basement,
thus are linked to the initial development of the basin at 13.2 Ma. The
termination of the basin's sedimentary history is likely linked to capture
of the paleo-Honda river by the Pilcomayo drainage system sometime
after 11.9 Ma. This process was favored by Late Miocene-Pliocene
vertical movement in the Eastern Cordillera accelerating the fluvial
incision and stream capture processes of the Pilcomayo drainage
system.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2020.110013.
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