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ABSTRACT

The Pipanaco Basin, in the southern margin of the Andean Puna plateau at ca. 28°SL., is one of the
largest and highest intermontane basins within the northernmost Argentine broken foreland. With a

surface elevation >1000 m above sea level, this basin represents a strategic location to understand the

subsidence and subsequent uplift history of high-elevation depositional surfaces within the distal

Andean foreland. However, the stratigraphic record of the Pipanaco Basin is almost entirely within

the subsurface, and no geophysical surveys have been conducted in the region. A high-resolution

gravity study has been designed to understand the subsurface basin geometry. This study, together

with stratigraphic correlations and flexural and backstripping analysis, suggests that the region was

dominated by a regional subsidence episode of ca. 2 km during the Miocene-Pliocene, followed by

basement thrusting and ca. 1-1.5 km of sediment filling within restricted intermontane basin

between the Pliocene-Pleistocene. Based on the present-day position of the basement top as well as

the Neogene-Present sediment thicknesses across the Sierras Pampeanas, which show slight varia-

tions along strike, sediment aggradation is not the most suitable process to account for the increase in
the topographic level of the high-elevation, close-drainage basins of Argentina. The close correlation
between the depth to basement and the mean surface elevations recorded in different swaths indi-
cates that deep-seated geodynamic process affected the northern Sierras Pampeanas. Seismic tomog-
raphy, as well as a preliminary comparison between the isostatic and seismic Moho, suggests a
buoyant lithosphere beneath the northern Sierras Pampeanas, which might have driven the
long-wavelength rise of this part of the broken foreland after the major phase of deposition in these

Andean basins.

INTRODUCTION

The Pipananco Basin is one of the largest endorheic basins
in South America, developed in the northern part of the
Argentine broken foreland province (Fig. 1). Today, the
Pipanaco Basin is a flat, high-elevation (¢ca. 1000 m a.s.l.)
perched alluvial depocenter. Regional correlations suggest
that Mio-Pliocene strata underlie the modern landscape
(Bossi & Muruaga, 2009), which would have overstepped
the present-day boundaries of the basin. Recent studies
have proposed that these Mio-Pliocene sedimentary depo-
centers were fed from the Puna Plateau (e.g. Fiambala
basin, Carrapa et al., 2006, 2008) or from the Main Cor-
dillera (Tripaldi e al., 2001) during the major pulse of
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Andean deformation between ca. 10 and 6 Ma, constitut-
ing a typical foreland basin system (e.g. Decelles & Giles,
1996). From the Pliocene to present-day, the entire region
must have risen in elevation by a combination of sediment
accumulation in closed-drainage basins and deep-seated
geodynamic processes (Strecker ez al., 2009). The Pipana-
co Basin currently shows a significant step in the long-
wavelength topography (Fig. 1) between the depressed
southern Sierras Pampeanas to the South and the high
Puna plateau to the North (Whitman ez al., 1996; Allmen-
dinger et al., 1997; Davila et al., 2005).

The rise of basin elevation and sediment accumulation
in the broken foreland, including in the Pipanaco basin,
might, in part, be generated by sedimentary aggradation
within closed-drainage basins (e.g. Strecker et al., 2009,
and references therein). No flexural quantifications, how-
ever, have tested the influence of shortening and tectonic
loading in the generation of accommodation space. The
aggradation hypothesis does not predict a strong correla-
tion between the sedimentary thicknesses and the coeval
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Fig. 1. (a) Geological map of the Pipanaco basin and locations of simplified stratigraphic columns shown in Fig. 3, identified by num-
bers (after Bossi & Muruaga, 2009). (b) Elevation contour line map of the study area, (c) Digital elevation model (DEM) of the study

area and morphotectonic domains of the Central Andes.

tectonic loads, especially in intermontane basins. If the
mountain barriers (ranges) were effective and not defeated
by fluvial incision, an endorheic system has developed;
the depocenter might have accumulated sediments with-
out any flexural subsidence.

Unfortunately, the Pipanaco basin lacks well-exposed
stratigraphic records (Bossi ez al., 1999), as the strata have
not been deformed and hence, occur only within the sub-
surface. Associated exposures have been intensely studied
in the surrounding regions (Jordan & Allmendinger,
1986; Strecker er al., 1989; Bossi et al., 2000; Fisher
et al., 2002; Ramos et al., 2002; Sobel & Strecker, 2003;
Davila & Astini, 2003, 2007; Davila ez al., 2005; Carrapa
et al., 2008; Mortimer e al., 2007; Bossi & Muruaga,
2009; Nobile & Davila, 2011; among others). In addition,
we have access to geophysical subsurface data from nearby
areas (e.g. Febrer et al., 1982; Fisher ez al., 2002; Cristal-
lini ez al., 2004; Mortimer et al., 2007; Mcglashan et al.,
2008; Gimenez et al., 2009) that support and complement
our field and gravity observations.

The aim of this contribution was to integrate the
available geological and geophysical information from

surrounding regions with new information from the
Pipanaco basin to interpret the basin’s evolution as well
as to provide an alternative explanation for the forma-
tion of the high-elevation basins that developed in the
northern part of the Argentine broken foreland. Our
geophysical observations are based on an analysis of
gravity anomalies. We also analyse and compare the
long-wavelength topography between the northern and
southern Sierras Pampeanas broken foreland (Whitman
et al., 1996; Davila et al., 2005) including the timing
and likely causes of these elevation changes along
strike, which will contribute to the recent debate on
plateau uplift in the Andes (see Barnes & Ehlers,
2009).

GEOLOGICAL SETTING

The studied region is located between 27°30'-28°30'S
and 66°30'-67°W, in the northern part of the Sierras
Pampeanas broken foreland (Fig. 1), which at these
latitudes, represents the easternmost topography of the
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Andean orogen. To the west, it binds the Fiambala-Fam-
atina basement thrust belt (Davila & Astini, 2007)
(Fig. 1), which is considered to be the main topographic
load at these latitudes (Davila, 2003).

Within the broken foreland, the Pipanaco basin is a
high-elevation active basin (ca. 1000 m a.s.1.), surrounded
by ca. 2000 m high mountain peaks that expose basement
rocks (Fig. 1). The basin is clearly distinguished as a
topographically high feature when compared with the La
Rioja basin (Fisher ez al., 2002), immediately to the south,
and the Tucuman Basin (Cristallini ez al., 2004) to the
east, both of which lie below 350 m a.s.l. (Fig. 1). Large-
scale mapping surveys partly cover the studied region
(e.g. Gonzalez Bonorino, 1950, 1972; Socic, 1972, 1973),
but few modern and detailed studies have been undertaken.

The mountain system surrounding the basin is formed
by doubly vergent basement ranges (Ramos ez al., 2002,
Cristallini ez al., 2004), which are limited by high-angle
thrusts, with offsets between 200 and 4000 m. The
accommodation space within the intervening basins
(intermontane basins) has been explained by a combina-
tion of flexural loading, topographic barriers and dynamic
topography (Davila et al., 2005, 2007, 2010). However,
the precise mechanism is still a topic of debate.

Miocene to Pleistocene strata deposited on top of the
Proterozoic-Paleozoic crystalline basement forms the
basin fill (Fig. 1), which is described in the following
section.

STRATIGRAPHY
Crystalline basement substrate

The basement of the Pipanaco basin exhibits upper Prote-
rozoic-Paleozoic schists, gneises, amphibolites, migma-
tites, granulites and granites (see Hockenreiner et al.,
2003; Dabhlquist et al., 2006; Verdecchia et al., 2007,
Biittner, 2009; among others). The basement is widely
exposed along and across strike (Figs 1-3) and controls

Tamberias Fn&

(miocene)
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the thrusting style and Andean deformation of the region
(Ramos ez al., 2002).

According to published seismic sections, the top of the
basement underlying the basins occurs at depths between
ca. 2000 m. a.s.l. to the north (Campo del Arenal, Morti-
mer et al., 2007) and ca. 3000 below sea level to the south
(La Rioja Basin, Fisher et al., 2002) (Fig. 4).

Pre-Andean cover

Upper Paleozoic and Mesozoic records are poorly repre-
sented in the northern Sierras Pampeanas. A very thin
Upper Paleozoic succession (Gonzalez Diaz, 1970; Bossi
& Muruaga, 2009) crops out at the Cébila gorge, south-
east of the Pipanaco basin. These exposures are related to
late-stage accumulations within glacial paleovalleys
(Astini, 2009), which are capped by the more extensive
Permian red beds of the Paganzo Basin (Salfity & Goru-
stovich, 1983). No Mesozoic rocks have been described
along the exposed rims of the basin. One hundred kilome-
tres to the south, in the central Sierras Pampeanas, Creta-
ceous strata locally lap onto basement rocks (Caminos,
1979); these have been interpreted as rift-related deposits
(Fisher ez al., 2002). The nearest strata within the Velas-
co range are tens of metres thick and are composed of
calcareous sandstones, which bear dinosaur eggs (Tauber,

2007).

Miocene and Pliocene Andean strata

The clearest stratigraphic manifestation in the region,
which constitutes a marker for subsurface correlation in
this work, is the occurrence of thick synorogenic coarse-
grained successions lapping onto the basement (Figs 1-3).
These are thick alluvial strata (ca. 2000 m), mainly of
Miocene to Pliocene age, that developed on an ancient
flattened planation surface that formed on a crystalline
basement (Figs 1 and 2) and is known as the ‘Pampean
peneplain’ (Jordan ez al., 1989). Figure 3 synthesizes the

Aconquija Fm
(miocene)

Fig. 2. Basement (Pampean peneplain) in the western (a) and eastern (b) Sierras Pampeanas broken foreland. Notice that the pene-

plain surface is overlain by a thick regolith layer and that the Miocene units rest subparallel on the paleosurface.
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Fig. 3. Neogene stratigraphy along and across the northern Sierras Pampeanas broken foreland, between the Famatina and the Am-
batos ranges (see location of columns and ranges in Fig. 1). Note the Mio-Pliocene in the more distal foreland is around 2 km thick. 1
Carrapa et al., 2008; 2 Tabbutt, 1986; 3 Reynolds, 1987; 4 Bossi ez al., 2009; 5 Tauber, 2005; 6 Strecker ez al., 1989; 7 Strecker et al.,
1984; 8 Marshall ez al., 1979; 9 Latorre et al., 1997; 10 Caelles et al., 1971; 11 Spagnuolo et al., 2010; 12 Gavriloff & Bossi, 1992; 13
Duarte, 1997; 14 Nasif er al., 2007; 15 Bossi et al., 1997; 16 Strecker, 1987. ZFT, zircon fission track, pgm: magnetostratigraphy,
U-PDb geochronology. The rest of the ages are Ar-Ar and K-Ar dates.

likely correlations between the units; Table 1 shows the
ages and most accurate constraints.

(1) The intermontane Fiambala Basin, NW of the Pipa-
naco basin, contains ca. 2—4 km of Neogene strata. Mio-
cene and Pliocene fluvial-alluvial successions are known
as the Tamberias and Guanchin Formations (Carrapa
et al., 2006; Vazquez, 2010). These are unconformably
covered by the Plio-Pleistocene Punaschotter Conglomer-
ates (Penk, 1920) (columns 1 and 2 in Fig. 3). The
Mio-Pliocene units have been interpreted as a proximal
foreland depozone, and are related to the uplift and load-
ing of the Famatina range (Davila & Astini, 2007).

(2) To the south, exposed Neogene strata cover an area
of ca. 1 km® in the northernmost Velasco Range. These
strata (ca. 1.1 km thick) have been described as the fluvial
Salicas Formation and the proximal alluvial conglomer-
ates of Las Cumbres Formation (Socic, 1972; Bossi ¢t al.,
2007, 2009) (column 3 in Fig. 3).

(3) To the north, the Mio-Pliocene crops out in two
basins: The Cajon-Campo del Arenal and the intermon-
tane Santa Maria Basins. The Hualfin (Muruaga, 1998,
2001a, b; Bossi et al., 1999), San José, Las Arcas, Chiqui-
mil, Andalhuala, Corral Quemado and Yasamayo Forma-
tions comprise the local stratigraphy (Galvan & Ruiz
Huidobro, 1965; Bossi & Palma, 1982) (column 4 and 6 in
Fig. 3). These were also interpreted as alluvial deposits.

(4) On the eastern slope of the Aconquija range, 5 km
north from the Agua de Las Palomas village (Fig. 1),
Mio-Pliocene deposits are ca. 1600 m thick. These are

known as the Aconquija Formation (Gonzalez Bonorino,
1950; Nasif ez al., 2007) (column 5 in Fig. 3) and repre-
sent an upward progression of the sedimentation from
distal to proximal alluvial fans. Quaternary conglomer-
ates lapping unconformably onto these strata represent
the first records of intermontane sedimentation in the
region.

This contribution will refer to these units exposed in
the northern Sierras Pampeanas as Miocene-Pliocene,
thus avoiding their local formational names.

Industry seismic reflection sections across the nearby
intermontane valleys (Campo del Arenal and La Rioja
basins, Fig. 1) have shown ‘Cenozoic’ strata that are ca.
2000-3000 m thick (Fisher ez al., 2002; Davila et al.,
2007; Mortimer et al., 2007; Bossi & Muruaga, 2009).
Only the subsurface Campo del Arenal reflectors can be
correlated with stratigraphic exposures. To the south, in
the Velasco and Brava ranges, thin (<200 m) Middle
Miocene paleosoil horizons (Ezpeleta et al., 2006; Davila
et al., 2007) extend uncorformably over basement rocks
or Paleozoic-Mesozoic cover.

Neogene volcanism

The formation of the broken foreland has been largely
related to slab shallowing (Ramos ez al., 2002). Retroarc
volcanic broadening affected the Sierras Pampeanas dur-
ing the Miocene and continued through the Pliocene
(Kay er al., 1988; Sasso & Clark, 1998; Kay & Mpodozis,

© 2012 The Authors
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(this work) and by Fisher ez a/. (2002) in the La Rioja Basin. Note the error bars estimated from gravity inversion models in the Pipa-
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basement top position, in contrast, shows a strong correlation with the topographic curves. (ii) Regionals Bouguer and isostacy anoma-
lies along the northern Sierras Pampeanas. The bottom curves show the moho depth and lithosphere thickness. Note the uncompensa-

tion area that results from the comparison between the gravity and

seismic (Whitman ez al., 1996; Mcglashan ez al., 2008) crustal

thicknesses. The extrapolation in the seismic moho follows the Whitman ez al. (1996) crustal structure. The northward mantle-lid
thinning (from Whitman ez a/., 1996) agrees with the development of the Puna plateau and the high altitude of the N borken foreland.

2002; Ramos et al., 2002; Davila et al., 2004; Davila,
2010). The Farallon Negro Complex, north of the Pipana-
co basin in the Sierra de Belén (Fig. 1), is probabaly the
largest volcanic field within the Argentine foreland. It has
an area of >250 km? and is located ca. 1500 m above the
Pipanaco basin level. Basalts, rhyolites and associated
volcanoclastic successions, intruded by world-class por-
phyry copper-gold bearing bodies, form the complex.
The complex was originally emplaced at shallow depths
(2.5-3.5 km), intruding basement rocks (LLlambias, 1970;
Sasso & Clark, 1998; Bain, 2001). The ca. 12.5 Ma age of
the complex (Sasso & Clark, 1998; Halter et al., 2004) is
contemponeous, with the oldest synorogenic strata
described above. As Pliocene alluvial conglomerates over-
lay the Farallon Negro rocks, the denudation of the sub-
volcanic field would have occurred between the volcanic
crystallization and sedimentation ages (Mio-Pliocene).
This interpretation is consistent with apatite fission-track
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ages of ca. 7.6-4.2 Ma (Coughlin, 2000) in the Sierra de
Capillitas, located a few kilometres east of Farallon Negro
and at approximately the same elevation.

Quaternary

Pleistocene deposits are evidence of a strong west-east
asymmetry in the sedimentary environments. They are
represented by coarse alluvial fans, exposed in piedmont
terraces adjacent to the uplifted ranges, and eolian sand
dunes (Tripaldi et al., 2005) at the NW edge, ephemeral
fluvial deposits in the central part and saltpans and playa-
lakes, known in the local literature as the ‘Salar de Pipana-
co’ along the eastern border. To the east, the base of the
Quaternary lies within the subsurface, whereas along the
west and southwest border of the basin, it is exhumed and
slightly tilted. At the base of the Ambato range, bounding
the Pipanaco basin to the east, colluvial sediments affected
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Table 1. Chronological constraints of Neogene and Quaternary strata

Section Age Method Author Fm.

Fiambald 3.7+0.1 Ma U/Pb Carrapa et al., 2008; Punaschotter Fm.
(Carrapa 3.6 £0.8 Ma Zircon fission-track ages Tabbutt, 1986; Guanchin Fm.
et al., 2008) 8.2+ 0.3 Ma U/Pb Carrapa et al., 2008; Guanchin Fm.

5.7+ 0.8 Ma Zircon fission-track ages Tabbutt, 1986; Tamberias Fm.
59 +£1.2 Ma Zircon fission-track ages Tabbutt, 1986; Tamberias Fm.
~9 Ma Paleomagnetic (pmg) data Reynolds, 1987, Tamberias Fm.

North Velasco, Upper Pleistocene Pampean peneplain Bossi et al., 2009; Las Cumbres Fm.
south Pipanaco Upper Miocene Vertebrate’s record Tauber, 2005; Salicas Fm.
(Bossi et al., 2009)

Santa Maria 297 £ 0.6 Ma Fission-track age Strecker et al., 1989; Corral Quemado Fm.
(Kleinert and 2.97 Ma—3.4 Ma Fission-track age Strecker et al., 1984, 1989; Corral Quemado Fm.
Strecker, 2001) 6.02 Ma Marshall ez al., 1979; Andalhuala Fm.

Between 7.4 Based on K-Ar ages and Bossi et al., 1997, Chimiguil Fm.
and ~9.3 Ma magnetostratigraphic data

obtained by Butler ¢z al.

(1984) and complemeted

by Latorre et al., 1997,
10.7 £ 0.3 Ma Andesitic volcanic rocks Caelles et al.,1971; Las Arcas Fm.
~ 13-12 Ma Biostratigraphic data Gavriloff & Bossi, 1992; San Fosé¢ Fm.

Bossi er al., 1997,

Agua de las Upper Pleistocene Vertebrate’s record Duarte, 1997; Quaternary deposits
Palomas North Upper Miocene- Vertebrate’s record Nasif et al., 2007, Aconguija Fm.
Ambato (this work) Pliocene

El Cajon-Campo Totoral Fm.

Arenal (Mortimer 571 £ 0.4 Ma Bossi et al., 1997 Playa del Zorro Fm.
et al., 2007) 10.7 £ 1.7 Ma Strecker, 1987 Peiias Azules Fm.

by historical and recent earthquake ruptures (Eremchuck,
1984) are locally observed. The depositional asymmetry
may be related to regional gradients due to eastward allu-
vial progradation (as suggested by the drainage systems),
although a subsidence control cannot be discarded (see
below).

Within the Ambato range, upper Pleistocene loess-rich
successions and mudstone deposits bearing glyptodonts
(Duarte, 1997) rest subhorizontally, lapping onto Mio-
Pliocene sediments, basement rocks (Fig. 6) and cataclas-
tic zones, providing an important constraint on the major
deformation and uplift stage in this region.

METHODS

This study employed three main approaches: (1) gravity
analysis to determine the subsurface basin geometry and
structural controls in the Pipanaco basin, (2) stratigraphic
correlation along and across strike to understand the sedi-
mentary fill and to recognize depositional sequences to be
tested by (3) backstripping and flexural modelling to
quantify the accommodation by compaction and tectonic
loading. A complementary topographic analysis of the
surface and substrate of the Pipanaco basin and of the
nearby basins complements these basin studies, to analyse
the likely controls on the development of high-altitude
basins of the northern Sierras Pampeanas.

The gravity analysis was designed to separate and ana-
lyse anomalies and anomaly signals, as well as to construct
a three-dimensional subsurface model of the basin. The
raw data was corrected using traditional approaches to iso-
late the Bouguer anomaly. Spectral, Euler deconvolution
and analytical signal analysis (see Appendix) provide
information about the density variations that can be asso-
ciated with lateral changes in rock composition, intru-
sions, faults, etc. The errors involved in the depth
calculations are shown as a function of the gravity effect
and density variations (Appendix). Note that the largest
error in the basement depth within the central part of the
basin is £800 m. Gravity studies in the Rioja basin (Gime-
nez et al., 2009), south of the Pipanaco basin, assisted us
in evaluating input parameters for the gravity model of
the Pipanaco basin and in correcting the preferred densi-
ties and interpretations. Seismic data from La Rioja Basin
serve to correct and correlate gravity information (Gime-
nez et al., 2009). Seismic refraction reports gathered by
YPF (Yacimientos Petroliferos Fiscales, Argentina,
released unpublished report, 1982) in the Pipanaco basin
were also used to estimate sedimentary velocities at ca.
2800 m/s for the upper layers, roughly corresponding to
ca. 2300 m of sedimentary fill. Velocities of ca. 5500 m/s
were proposed for the crystalline basement. These veloci-
ties were transformed into densities using a correlation
with the Brocher (2005) approach, and support the esti-
mations obtained from the gravity analysis.

© 2012 The Authors
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Fig. 5. Quaternary strata on the eastern flank of the Ambato
range lying subhorizontally on a tilted surface of basement
(Pampean peneplain). Considering the Mio-Pliocene strata were
rotated together with the peneplain, and this relation suggests
that major basement deformation and exhumation occurred
between Pliocene and Late Pleistocene times.

The densities used to construct a 2D gravity model
were estimated from seismic refraction data and the
surface geology. A three-layer basin model was
adopted, including (a) a low-density sediment layer
(Quaternary) with a density of ca. 2.2 g/cm’, (2) an
underlying sedimentary layer of <2.6 g/cm’, and (3)
crystalline basement with a density of >2.6 g/ cm®. The
gravity influence of the basement was filtered to
estimate the geometry of the basin substrate and the
maximum sedimentary thickness, i.e. by extracting the
signals with densities <2.6 g/cm’. Note that the errors
in estimating the layer depths are directly associated
with the density chosen for each layer. A difference of
ca. 0.1 g/cm?® reproduces depth differences in the order
of ca. 800 m.

© 2012 The Authors
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The gravity results were compared with the exposed
stratigraphy (from geological compilations and fieldwork
performed in the Pipanaco basin and the surrounding
Fiambala/Zapata, Velasco, Ambato and Belén/Capillitas
ranges, see Fig. 1). Given that the local stratigraphy is
essentially Neogene over basement, the top of basement
would basically be depicting the Neogene depocenter
geometry.

Backstripping and flexural modelling were conducted
using the free-access programmes of Nestor Cardozo
(homepage.mac.com/nfcd/work/programs.html). Input
data and constants used are shown and explained in the
Appendix. These results have been compared with the
sedimentary thicknesses recorded by gravity data to detect
likely anomalies in accommodation.

At the scale of the entire Sierras Pampeanas province,
topography was analysed using Digital Elevation Models
(DEM) of the shuttle radar topography mission (SRTM).
A 70-km width swath-topographic profile was constructed
at ca. 66°W, from the southern edge of the Puna to the
Rioja basin (crossing the Campo del Arenal and Pipanaco
basin, Figs. 1, 4), which shows maximum, minimum and
mean elevations as well as relief (Note that the term relief
refers to a difference in height, whereas elevation and alti-
tude refer to height above a datum, normally mean sea
level). Along this swath, the location of the basement top
beneath the intermontane basins and the Neogene sedi-
mentary thicknesses were estimated and extrapolated to
evaluate relationship between topography and basin sub-
strate and how the sedimentary aggradation drives topog-
raphy (elevation of the basin level) within intermontane
basins similar to Pipanaco (Fig. 4). Three west—east 40-
km width topographic swaths were also constructed along
latitudes ca. 27°, 28° and 29° S (Fig. 5) to complement
the regional north—south swath. Note that the 28° S swath
covers the Pipanaco basin. These W—E swaths depict the
relationships between the ridgelines relative to the eleva-
tion of the basin floors, the topographic variation from
north to south and the dimensions and geometry of the
intermontane basins. A set of available reflection seismic
sections from nearby regions, e.g. La Rioja Basin (Fisher
et al., 2002; Davila et al., 2007), Campo del Arenal basin
(Cristallini et al., 2004; Mortimer et al., 2007; Bossi &
Muruaga, 2009) and the Tucuman valley (Cristallini
et al., 2004) were used to evaluate the subsurface geology
north and south of the Pipanaco basin.

RESULTS AND INTERPRETATIONS
Gravity

The residual bouguer anomaly map (Fig. 7) shows the
largest negative values in the SE part of the Pipanaco
basin; these values correspond to the deepest sedimentary
bodies (i.e. with densities <2.4 g/cm3) (Fig. 8). High-
density bodies (>2.7 g/cm®) with positive gravity signals
(using 2.7 g/cm? filters) are observed in the western and
easternmost parts of the basin. Given the short- to med-
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Tilted basement
(paleo) peneplain

Loessoid flat beds

(Upper pleistocene)

Fig. 6. West-East topographic swaths along (a) 27°SL (from
27°00'28"S/67°43'47"W to 26°57'40"S/65°09'44"W), (b) 28°SL.
(from 28°00"10"S/67°42'60"W to 27°57'20"S/65°10'31"W) and
(c) 29°SL (from 29°01'35"S/67°42"21"W to 28°58'40"S/65°10’
4"W), 40 km width. Z [m] is the altitude with respect to sea level
in metres. d [m] is the distance along the swaths. Thick solid
lines are relief and maximum (Max)/minimum (Min) topogra-
phy. The 1000-m level is shown as reference. Note that topogra-
phy increases remarkably northward and the basin floors are
close to 1000 m above sea level in a and b, whereas they are
below to the south in c¢. The DEM (view to the north) shows the
location of the swaths and analysed basins.

ium-wavelength (10 s of kilometres) signals, these bodies
would be located within the uppermost crust (see below).
To calculate the depths to the top of basement and the
location of dense bodies within the upper crust (Fig. 8), a
three-dimensional gravity inversion was performed on the
residual Bouguer anomalies. This inversion shows that
the maximum thickness of the sedimentary fill is about
3000-3500 m. Results from a radial power spectrum anal-
ysis corroborate the 3D gravity inversion estimation. This
analysis calculates the depth to the sources by the slope of
the logarithm of the power spectrum as a function of the
logarithm of the wave number (see Fig. 9 and Appendix
‘Gravity corrections’) (B in Fig. 8). Results show a maxi-
mum sedimentary signal depth between 2500 and 3000 m
(consistent with the results obtained by the 2D model
described below). The western edge of the basin, how-
ever, shows thicknesses of <1000 m (Fig. 8). Notice that
the errors involved in the calculations are in the order of
+800 m (see further details in the methodology). The dif-
ferences in thickness between the east and west are consis-
tent with unpublished refraction tests (National Oil
Company YPF home reports) conducted in the central
part of the Pipanaco basin, which predicted ca. 2300 m of
Cenozoic fill. Values also agree with estimations for the
Campo del Arenal, to the north, and to the Rioja basins to

=28"

Pipanaco

Velasco

=29*

-68" -67"

e
)
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| 2
Fig. 7. Residual Bouguer anomaly map
overlain on a DEM of the study region.
- '3 The curve values are in mgals. A—A"
] *  shows the location of the profile depicted
-66° in Fig. 10.
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Fig. 9. Radial spectrum curves of the circles shown in Fig. 8 as B and C. The curve B allows estimating the maximum depth of the
Pipanaco basin, whereas C calculates the depths of the dense bodies (positive Bouguer anomalies).

the south, where the maximum sedimentary thicknesses
are ca. 3000 m (similar to Pipanaco). In addition, this
model shows that the high-density bodies would be
located at ca. 5000 m depth (Fig. 9b).

Figure 10 shows the Euler deconvolution solutions
used to calculate the variations of the gravity gradient sig-
nal. Note that the changes in gravity gradients and posi-
tive anomalies practically overlap geographically, and the
anomalous density depth values vary between 4 and 8 km

© 2012 The Authors

below the surface (Fig. 10). These variations are due to
abrupt changes in the composition of the substrate, com-
monly caused by faults or intrusions with densities differ-
ent from the country rock.

A 2D gravity model (Fig. 11) verifies the residual Bou-
guer anomaly, the gravity inversion model (Fig. 8) and
the Euler deconvolution results (Fig. 10). To better
match the gravity model with the measured residual
Bouguer anomaly, it was necessary to incorporate dense

Basin Research © 2012 Blackwell Publishing I.td, European Association of Geoscientists & Engineers and International Association of Sedimentologists 9



F.M. Davila et al.

Vinquis )
range Pipanaco Ambato range
Pl .
= 1600} A SN A
’ * e
= 1200 e s “, ===+ Elevation
L . s
800F i Ry il

— Vertical gradient

—— Horizontal gradient
- - - Residual bouguer anomaly

Joowmp 5.0
£ £EEO.
B3 00010k .25 0.0010
§L0.0000 5 EE 0.0000
SE £k
T ~0.0010 =0.0010
2 -0.0020
-4000F » ~
% -6000F e
-8000} ﬁ J‘ <
-10000L L 1 S, , . | + Solutions
-1983 50 000 100 000 1 50 000 200 257
Distance (m)

Fig. 10. 2D Euler deconvolution achieved on the residual Bouguer anomaly signal along A—A" (see location in Fig.
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bodies of ca. 2.9 g/cm?®. Their location was chosen on the
basis of the position of the solutions of the Euler deconvo-
lution and the analytic signal method (Fig. 10 and
Appendix). The 2D model is also consistent with the field
geology and stratigraphy of the region.

The dense bodies were correlated and modelled as An-
dean subvolcanic intrusions, analogous to the Farallon
Negro complex, which is exposed a few kilometres to the
north. According to the Euler deconvolution and the ana-
lytical signal (Fig. 10), these bodies would today be
located at ca. 5 km depth and would have a diameter of
ca. 10-20 km. As older intrusions (e.g. Late Paleozoic)
have not shown clear density contrasts in surface gravity
surveys (Martinez et al., 2008), we interpret the dense
bodies as being similar to the Cenozoic igneous intrusions
exposed to the north (see Fig. 1), which have yielded
strong positive gravity signals. A structural alternative
similar to that proposed by Alvarado & Ramos (2011) in
the southernmost Pipanaco basin, with thrusts in the mid-
dle crust, cannot be discarded. However, it is important

10

Fig. 11. Upper crustal gravity model
along the profile A—A" (see location

in Fig. 6). This proposal agrees with the
Bouguer anomalies and the geological
observations.

km

to notice that this hypothesis requires that the buried
thrusts displace high-density (>2.9 g/cm?®) country rocks,
which it is not supported by the regional gravity analysis
(Fig. 4).

Stratigraphy correlation, backstripping
analysis and flexural model

Consistent with the regional geology (see stratigraphy sec-
tion above), the entire basin fill (i.e. rock densities
<2.6 g/cm’) is interpreted as Miocene or younger.

As suggested by the gravity studies, the largest sedi-
mentary accumulation (ca. 3500 m) develops to the E,
towards the foothills of the Ambato ranges (Figs. 8, 11,
12). This thickness represents the maximum difference
between the mean modern basin elevation and the high-
est position of the basement top (i.e. rock densities
>2.6 g/cm®). The values, in turn, agree with estimations
in La Rioja Basin, where the Miocene to Quaternary is ca.
3000 m thick (Fisher et al., 2002; Davila et al., 2007,

© 2012 The Authors
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Fig. 12. Evolution of the Pipanaco basin since the Miocene, when the region was an eastward-migrating foreland, to the Plio-Pleisto-
cene, when the uplifting of basement ranges occurred and created isolated and endorreic basin systems, like Zapata and Pipanaco. The
block diagram on top shows the Modern scenario, constructed from a northward DEM view, structural interpretations from Mortimer
et al. (2007), Alvarado & Ramos (2011) and this work. The location of the volcanic bodies is based on correlations and our gravity
inversion analyses. T'S is the topographic step shown in Fig. 4a. FNVC = Farallon Negro Volcanic Complex, CF'V = Cerro Fraile
Volcanites. The Miocene and Pliocene reconstructions are based on Davila & Astini (2007).

Gimenez er al., 2009). Nevertheless, note that the estima-
tion of the basement top location by gravity studies has
errors in the order of 800 m.

Given that knowledge of the Pipanaco basin stratigra-
phy is severely limited by the lack of outcrop, the sedi-
mentary fill was divided into two major sequences
(Sobel & Strecker, 2003): the Neogene and the Quater-
nary. This subdivision is clear and marked by an angular
discordance (see Fig. 6), and represented in the expo-
sures by tilted Mio-Pliocene rocks covered by subhori-
zontal Pleistocene beds. This relationship suggests that
the major uplift of the Ambato range would have
occurred in the Plio-Pleistocene (Fig. 12). On the basis
of the exposed stratigraphy, it is assumed that the Neo-
gene in this part of the northern Sierras Pampeanas has
a more or less constant thickness of ca. 2000 m. The
remaining ca. 1000 m in the Pipanaco fill consequently
may be Quaternary (Fig. 12). We cannot rule out, at
this stage, that part of the deepest sedimentary fill of the

© 2012 The Authors

Pipanaco basin is formed by thin Upper Paleozoic and/
or Cretaceous strata, as evidenced in nearby regions (see
above).

If the assumption of a regionally constant thickness of
Neogene strata is correct, the comparatively thin strata
of the western part of the basin suggests that exhuma-
tion removed ca. 1000 m of the stratigraphy after the
Neogene sedimentation (Fig. 12), preventing Quater-
nary sediment accumulation on this side of the basin.
Along the eastern side, the exact opposite occurred; a
significantly larger accommodation space developed,
where a remarkable thickness of Quaternary sediments
was deposited. This stratigraphic analysis provides the
boundary conditions for the basin modelling (discussed
below).

Three alternatives were tested to explain the basin sur-
face elevation and sedimentary accommodation across
strike: (1) differential sediment compaction, (2) deforma-
tion affecting the western sector of the basin, or (3)
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Fig. 13. Decompaction analysis (using OSXBackstrip by Card-
0z0, N.) that performs a 1D Airy backstripping with exponential
reduction of porosity (Allen & Allen, 1990). Note the compacted
(Comp) and decompacted (Decomp) curves are imperceptible
and overlapped, suggesting no accommodation by compaction of
older units during the subsidence history. Stratigraphic and
sedimentological data were supplied from surface studies (see
stratigraphy chapter). Petrophysical properties (porosity and
grain densities) were taken from Allen & Allen (1990).
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Fig. 14. Flexural model across the Ambato range to estimate
the subsidence driven by shortening. We use the infinite-plate
analysis in Flex2d (Cardozo & Jordan, 2001). Input parameters
were: Young’s modulus 70 Gpa, Poisson’s ratio (.25, and effec-
tive elastic thickness 40 km. Densities are 3300 kg m > for the
asthenosphere and 2400 kg m for the tectonic and sedimen-
tary loads. The load heights were restored from DEM and struc-
tural reconstructions. Note that the foredeep has depth of

1200 m and the forebulge is at 230 km from the leading edge of
the load and has maximum amplitude of ca. 58 m.

flexural subsidence driven by the topographic load located
to the east, e.g. the Ambato range.

(1) Our backstripping calculations (Fig. 13) predict
compaction of a few metres across the basin (<10 m),
whereas the surface relief is ca. 200 m (Fig. 1) and the
variation of sediment thickness is even larger (Fig. 10).
This indicates that the thickness and relief differences

between the W and E sectors of the Pipanaco basin (see
Fig. 5, 28° SI. swath) cannot be attributed to differential
compaction across the basin.

(2) The gravity analysis (e.g. Euler deconvolution, see
the Appendix) supports the existence of a basement thrust
to the west (cluster of sources around 50 km in Fig. 10),
which not only explains the regional surface slope toward
the east and eastward telescoping of alluvial fans on this
side of the basin but also the exhumation and unroofing of
the Neogene and lower Quaternary sediments with
respect to the eastern side. However, the loading associ-
ated with such thrust faulting is not sufficient to produce
flexural subsidence in the range of ¢a. 1000 m to account
for the Quaternary sediment thickness recorded along the
east part of the basin.

(3) The accommodation of the ca. 1000 m of Quater-
nary sediments in the eastern part of the Pipanaco basin
was modelled using flexural model (see Fig. 14 and
Appendix). The topographic loading by the Ambato
range reproduces ca. 1 km of flexural accommodation
along the eastern border of the Pipanaco basin, consistent
with the estimated Quaternary deposits preserved in the
subsurface (Fig. 8, elastic parameters used in the flexural
model are discussed in the Appendix).

Topography

The N-S swath profile (I'ig. 4), as well as the three W-E
swaths located at the Puna-Sierras Pampeanas boundary,
the Pipanaco basin, and southern Sierras Pampeanas,
clearly depicts a remarkable southward reduction in the
maximum and minimum altitudes and in the relief (dif-
ference between maximum and minimum topography).
Towards the north of the profile, a zone with steep slopes
divides two wide zones of low relief (at 50 km and
100 km along the profile of Fig. 4). This zone is associ-
ated with a clear step in minimum altitudes from ca.
2000 m to ca. 500 m. The average elevation curve also
shows a sharp step to the north of the Pipanaco basin (Av
in Fig. 4), with altitudes between 3500 m to the N and
400 m to the S (Av in Fig. 4). Note that this step is
>100 km south of the southernmost Andean plateau
boundary (Puna in Fig. 1). The relief (Ah) is ca. 4000 m
(Fig. 4), which probably represents the largest relief along
the foreland. This topographic step in the Sierras Pampe-
anas is located at the same spot where low-temperature
thermochronology yielded the youngest cooling ages in
the broken foreland, <8 Ma (Coughlin, 2000).

Two additional curves were plotted in Fig. 4 to
compare the topography with the sedimentary thickness
variations and the depth of basement along strike. The
sedimentary thicknesses vary between ca. 1 and 3 km,
whereas the top of the crystalline basement occurs at ca.
2000 m above sea level (a.s.l.) in the Campo del Arenal to
the north, ca. 2700 m below sea level (b.s.l.) in La Rioja
basin to the south and ca. 3000 m b.s.l. in the Tucuman
basin to the east (Fig. 4), i.e. a difference of ca. 5700 m
between N and S.

© 2012 The Authors
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DISCUSSION

Geological and geophysical observations suggest that the
Pipanaco basin experienced two major filling stages dur-
ing the Neogene and the late Pleistocene. A significant
basement-thrusting episode separates the depositional
stages, which differ substantially. Although the Neogene
basin fill would have overstepped the modern landscape
of the Sierras Pampeanas to the E (as evidenced by Mio-
cene successions exposed on the east flank of the Ambato
range and further east, in the subsurface of the Tucuman
Valley), Quaternary sediments were clearly deposited in
restricted intermontane depocenters associated with base-
ment deformation (e.g. Pipanaco basin, Fig. 12). It is
important to note that, in contrast to the southern Puna
and the Eastern Cordillera of NW Argentina (Kraemer
et al., 1999; Hongn ez al., 2007), no Paleogene deforma-
tion/sedimentation has been reported in the Sierras
Pampeanas.

The Neogene accumulation would have been associ-
ated, to the west, with loading by the basement thrust sys-
tem of the Famatina belt (Davila & Astini, 2007; Carrapa
et al., 2010; Davila, 2010). However, given that the tec-
tonic shortening along the Famatina and related ranges is
low (<20%; Davila, 2003), whereas the depocenters are
thick and extend several hundred kilometres away from
the topographic loads, Davila et /. (2005, 2007, 2010)
concluded that sublithospheric forces might have accom-
panied the flexural subsidence to accommodate the entire
sedimentary filling. To synthesize, the Neogene was essen-
tially a stage of short- and long-wavelength subsidence.

After a major episode of deformation in the Pliocene,
which rotated and exhumed the Neogene strata (Figs 1
and 2), Quaternary conglomerates and mudflow deposits
accumulated along the Ambato range (Fig. 6) and nearby
regions, constituting intermontane and closed-drainage
basins. Our interpretation implies that ca. 1 km of Qua-
ternary strata would have accumulated along the eastern
margin of the Pipanaco basin, assuming the Neogene
stratigraphic thickness was relatively constant across the
northern Sierras Pampeanas. Although the accommoda-
tion space for this accumulation might have been gener-
ated by different mechanisms (compaction, thrusting,
flexural subsidence and/or forced aggradation within an
endorheic basin), flexural isostasy seems to be the most
viable explanation (see below).

The subsurface basement thrusts along the western
side of the basin (Fig. 11), deduced from gravity decon-
volutions (Figs 10 and 11), are probably the main cause of
uplift along the western border of the Pipanaco depocen-
ter (Fig. 12). Regionally, this thrust system can be corre-
lated to the east-verging thrust front of the Velasco range
to the S (see also Alvarado & Ramos, 2011), and the fault
systems of the Capillitas and Belen ranges to the N
(Fig. 1). Such a thrust system would also explain the
development of syntectonic and progressive unconfomi-
ties along the SW border of the basin (Bossi et al., 2009).
It is important to note that the coarse conglomerates of

© 2012 The Authors
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the Las Cumbres Formation (and correlatives) would
have been deposited during this tectonic episode (Bossi &
Muruaga, 2009; Bossi ez al., 2009). This basement defor-
mation correlates chronologically with the apatite fission-
track cooling ages between ca. 7.6 and 3 Ma recorded at
the southern flank of the Capillitas ranges, along the
northern margin of the Pipanaco basin (Coughlin, 2000).

Although the local relief and sedimentary accommoda-
tion space in the Pipanaco basin can be associated with
basement thrusting (see above), the long-wavelength
(>300 km) and high-elevation of the northern Sierras
Pampeanas depocenters (Fig. 4) require an alternative
explanation (see also Davila ez al., 2005). Note that the
major topographic change is not located at the southern-
most Andean plateau boundary, as has been largely stated
in the literature, but rather in the Sierras Pampeanas bro-
ken foreland (Fig. 4).

In the Sierras Pampeanas, the main basement thrust-
ing event occurred between ca. 5 and 3 Ma (Strecker
et al., 2009). The amount of shortening associated with
this deformation, estimated at different latitudes and
across different ranges (e.g. Jordan & Allmendinger,
1986; Kley er al., 1999; Hilley & Coutand, 2010), seems
insufficient to explain the strong variation in large-scale
topography (see Davila ez al., 2005) or to explain the
changes in crustal thickness (Mcglashan ez al., 2008;
Fig. 4). Some recent studies have proposed that high-
elevation basins could have been generated by sedimen-
tary filling (forced aggradation) of closed-drainage and
intermontane basins dominated by arid climates (e.g.
Sobel e al., 2003), which favour the preservation of
thousands of metres of alluvial deposits. However, the
sedimentary thicknesses extrapolated along strike (i.e.
N-S) in the Sierras Pampeanas do not show significant
variation (Fig. 4) to support a regional high-elevated
surface controlled by sediment aggradation. The north-
ernmost Sierras Pampeanas is higher in altitude, but
preserves less or approximately the same amount of sed-
iments with respect to the southern part (Fig. 4). It is
difficult to find a clear correlation between the geometry
of the basins along strike, sediment source area and the
aggradation-controlled basin elevation (see W—E swaths
in Fig. 5). For example, the Rioja Basin is smaller than
Pipanaco; however, the accumulation is similar in both
depocenters. Our flexural analysis reproduces the space
to accommodate the stratal thicknesses recorded across
strike. Recently, Strecker ez al. (2009) also discarded the
aggradation hypothesis for the formation of high-eleva-
tion basins based on diachronous sediment accumulation
along and across strike, as well as on the degree of com-
pensation of the topography, which implies that the
long-wavelength signal of the landscape is more plausi-
bly explained by geodynamic processes.

The topographic changes along strike can also be anal-
ysed by correlating the surface and subsurface topogra-
phies. The top of basement below the intermontane
basins shows a remarkable step of ca. 5700 m between
the northern and southern Sierras Pampeanas. This step
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correlates with the position of a ca. 2-km step in the sur-
face topography (see Figs 4, 5 and 12) recorded along
strike in the regional swath profile. Notice that errors
associated with the gravity inversions are +800 m and
therefore do not greatly influence the magnitude of this
step (Fig. 4 and Appendix). The removal of the sediment
load by a flexural correction (using a loading width of
50 km, a sediment column height of 3 km in the Pipana-
co basin and 2 km in Campo de Arenal and a density ca.
2.4 g/cm’) decreases the depth to the top of basement
between the Campo del Arenal and Pipanaco basins by
ca. 260 m. The positive correlation between the basement
depth and the regional topography appears to be more
than a coincidence.

Several lines of evidence (e.g. thermochronology) sug-
gest that uplift was accompanied by strong exhumation
along the northern Sierras Pampeanas, comparable in
magnitude to the uplift, which occurred in the Puna pla-
teau during the Late Miocene (Carrapa et al., 2006).
Accepting our correlation of the dense subsurface bodies
(igneous intrusions detected by gravity filtering) with the
volcanic complex exposed in the sierra de Belén (Farallon
Negro), as well as with others exposed in the Zapata range
further west (see Fig. 12), a minimum exhumation of
ca.7.5 km would be expected since the Late Miocene
along the northern margin of the Pipanaco basin. This
estimation is supported by low-temperature thermochro-
nology and burial studies (Coughlin, 2000; Collo ez al.,
2011), which yields Miocene cooling ages of <8 Ma (the
youngest record in the Sierras Pampeanas), preserved
under very low geotherms <17°C/km (Collo ef al., 2011).
Such thermal conditions would require 5—7 km of exhu-
mation to exhume rocks from below the apatite fission-
track closure temperature (between 120°C and 90°C,
Reiners ez al., 2005).

If the long-wavelength topography is compared with
regional gravity data (Fig. 4), several interesting features
can be observed. The less negative values of Bouguer and
isostatic anomalies to the south can be associated with the
gradual reduction of the topographic load, as evidenced
by the overall reduction of altitude in that direction.
However, there is little change in Moho depths (from
49 km to 46 km, Whitman ez al., 1996; Mcglashan ¢r al.,
2008; Fig. 4). This crustal thickness variation can only
explain ca. 0.5 km of topography differences (using the
simple buoyancy equation). However, the recorded topo-
graphic changes are larger. As suggested by seismic wave
attenuation studies (Whitman ez a/., 1996) and magneto-
telluric soundings (Febrer ¢r al., 1982), the negative grav-
ity anomalies could be related to the presence of a shallow
asthenosphere below the northern Sierras Pampeanas and
Puna. Thus, the higher elevation might be related to iso-
static uplift driven by a thinner, lighter and more buoyant
lithosphere.

The simplest explanation would be that the northern
Sierras Pampeanas is a transitional zone towards the high
Andean plateau (see Fig. 4). This zone matches with an
offset between the seismic and isostatic Mohos (Fig. 4)

(e.g. Whitman ez al., 1996), which is consistent with com-
pensation levels below the crust (lower lithosphere or
asthenosphere). The Puna plateau topography has been
related to lithospheric that would also drive volcanic
activity (Kay et al., 1994). Thus, an alternative explana-
tion supposes that these lithospheric removal deep-seated
processes (delamination, dynamic topography, etc.)
shifted to the south, embracing the closed-drainage basins
along the northern Argentine broken foreland. This
would have triggered the rise of the intermontane basins
to generate the plateau-like morphology, similar to the
Altiplano-Puna (Garzione ez al., 2008). This interpreta-
tion is also consistent with magnetotelluric studies, which
interpreted a thermal anomaly and mantle attenuation
along this transitional zone of NW Argentina (Febrer
et al., 1982). However, it is important to highlight that
the Sierras Pampeanas lack a volcanic signature younger
than the Late Miocene (Kay & Mpodozis, 2002).

Two end-member hypotheses for the rising of the An-
dean plateau are: (1) a rapid rise of ca. 2.5 km that
occurred between 10 and 6 Ma (Garzione et al., 2008)
and (2) a slow and steady rise since ca. 40 Ma (Barnes &
Ehlers, 2009). The filling and uplift history in the Pipana-
co basin is Mio-Pliocene or later. This inference, together
with the lack of Paleogene sedimentation along and across
strike, discredits the idea of a slow and steady rising
mechanism at least for the southern margin of the high
Andean plateau. In fact, there is not even any Early Mio-
cene sedimentation in the Pipanaco basin and surround-
ing regions to support uplift of the Puna Plateau prior to

ca. 12-10 Ma.

CONCLUSION

The Pipanaco basin experienced two major filling stages
during the Miocene and the late Pleistocene, separated
by basement deformation, which would have occurred in
the Plio-Pleistocene. The basin geometry was inter-
preted using stratigraphic correlations of outcrops and
gravity inversions. Although the ca. 2 km thick Neogene
deposits are probably related to long-wavelength fore-
land subsidence associated with loads located to the west
(High Andes and Famatina) complemented by dynamic
forces (e.g. Davila ez al., 2010), the Quaternary would
have been deposited within intermontane and closed-
drainage basin, driven by local topographic loads (similar
to the Present-day Sierras Pampeanas ranges). Approxi-
mately 1 km of Quaternary strata were interpreted from
gravity analysis along the eastern part of the Pipanaco
basin (assuming that Neogene deposits are distributed
homogenously along this part of the northern Sierras
Pampeanas), a thickness that can be entirely reproduced
by topographic loading of the Ambato range, located to
the East.

No clear relationship between sediment filling and
surface topography could be deduced along strike
between the Andean plateau and the Sierras Pampeanas.
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Accumulation in the Pipanaco basin was more substantial
than in other regions within the southern Andean pla-
teau, but the mean altitude of the basin is lower. The
incorporation of the broken foreland into the plateau belt
and the high-elevated basins in the Sierras Pampeanas
does not seem to have been produced by sediment aggra-
dation within closed-drainage depocenters (e.g. Sobel
et al., 2003). The good correlation between surface
topography and depth to basement suggests that differ-
ential surface uplift from S to N might be the main cause
of the long-wavelength topography in this part of the
Andes. As crustal thickness variations are limited, such
surface uplift is interpreted to result from deeper litho-
spheric processes. This conclusion is consistent with the
Strecker e al. (2009) model, which shows that the north-
ern Sierras Pampeanas topography was controlled by
deep-seated geodynamics. These mechanisms produced
a buoyant lithosphere to the North, which would be
responsible for the observed uplift.

APPENDIX
GRAVITY DATA COLLECTION

Figure Al shows the distribution of altimetry/gravity
measurements. A single-frequency topographic GPS
(Global Positioning System) was used to obtain reliable
positioning for all measurements, with a 0.3 m error in
each location. The altitude data for each station was
obtained from a digital elevation model from the Shuttle
Radar Topography Mission (SRTM, NASA) (Fig. Al).

A Scintrex CG-3 Autograv Gravity Meter was used in
the gravity survey, which consists of a number of daily
loops, and begin and end with readings at the same point
(the drift base), where consequently the drifts can be
monitored. To reduce the relative error of the gravity
anomaly to 5%, three measurements were taken per base
with an accuracy of 0.05 mgal.

Fig. Al. Distribution (white points) of the gravity survey along
the Pipanaco basin.

© 2012 The Authors
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GRAVITY CORRECTION
Calculation of gravity anomalies

The gravity anomalies were calculated using (Blakely,
1995):

FAA =g, — (yo — FAC) (A1)

BA =g, — (70 — FAC + BC + TC) (A42)

Where FAA is the Free-air anomaly (mGal), BA is the
Bouguer anomaly (mGal); g, is the observed gravity
(mGal) and 7o is the theoretical gravity, in the Geodetic
Reference System (1971); FAC is the free-air correction
(mGal); BC is Bouguer correction (mGal); TC is the
topographic correction (mGal), and masses up to a dis-
tance of about 167 km (Hayford zone O2) are considered.
These corrections are calculated as:

FAC = 0g/0z (A43)
BC = (27nGp,)h 4)
G is the gravitational constant (6.672 x

107" m? kg™' s or 6.672 x 107° m? kg~' mGal); p.
is the density of crustal rock (kg m); h is the elevation
above mean sea level (m); and 0g/0z is the vertical gradi-
ent of gravity.

A vertical gradient of 0.3086 mGal/m for the free-air
correction and a density of 2.67 g/cm® were used to cal-
culate the Bouguer correction (Hinze, 2003).

These data, together with additional information from
the Geofisico Sismologico Volponi Institute (San Juan,
Argentina) and the Fisica Institute (Rosario, Argentina),
was used to construct a regionally corrected Bouguer
anomaly map. The measured values were normalized by
the minimum curvature technique in a regular grid of
5 x 5 km.

Separation of gravity anomalies

Given that the Bouguer anomaly map (Fig. A2 and
Fig. 4 in the article) shows a long-wavelength (>200 km)
negative gradient and that gravity data stack the influ-
ence of a different scale gravity effect, we separated the
short-wavelength gravity anomaly along the regional
transect for a better visualization of the structure and
composition in the studied region (see Fig. 7 in the
manuscript).

A signal-processing filter was used to create as flat a fre-
quency response as possible in the passband. Among the
different filters (see Blakely, 1995; Torge, 2001), the But-
terworth filter was selected (a maximally flat magnitude
filter) in a 250-km window of order 8§ (Blakely, 1995), as it
was the most efficient in previous analysis of the Andean
crustal root (see Introcaso, 1999; Gotze & Krause, 2002)
to discern between short-wavelength anomalies.
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Fig. A2. Regional Bouguer anomaly
map between 27° and 29° SL, from the
High Andes to the Argentine broken
foreland. 70"

Three-dimensional gravity inversion model

We used the GMSYS-3D program (Popowski ef al.,
2006) to calculate the depth of two layers with known
densities. The layer densities were calculated from the
average velocities from seismic refraction tests conducted
by YPF in 1982 in the southern Pipanaco and La Rioja
basins. For the conversion from wave velocities into den-
sity, the Brocher (2005) approach was used, which
allowed us to estimate an average density for the sedimen-
tary fill as 2.37 g/cm’ and for the basement, 2.70 g/cm’.
With this model, the subsurface limits of the basement
top can be set, and the geometry of the sedimentary units
can be constrained.

Spectral analysis

Power spectrum analysis has been widely used in previ-
ous works to interpret gravity anomalies (Spector &
Grant, 1970; Gerard & Debeglia, 1975; Bhattacharyya,
1978; Dimri, 1992; Blakely, 1995). The logarithm of the
radial average of the energy spectrum (the square of the
Fourier amplitude spectrum) is plotted against the radial
frequency. The slopes of the linear segments of the spec-
trum correspond to separate depth ensembles and pro-
vide the parameters, which are used for the design of
numerous filters. The slope of each segment provides
information about the depth to the top of an ensemble of
magnetic or gravity bodies (for more details see Kivior &
Boyd, 1998).

This analysis, however, provides limited information
about the geometry of the sources. All values are calcu-
lated for point-shaped sources (spheres) and thus are
maximum source depths, due to the principle of equiva-
lence in the wave number domain. The depth to the
source bodies is related to the slope of the logarithm of
the power spectrum as a function of the logarithm of the
wave number. These depths represent statistical estimates
of the interfaces, which allow for an evaluation of an aver-
age structural model (LLim & Malik, 1981; Guspi & In-
trocaso, 2000).

The location where the average depths were evaluated
is listed as B and C in Fig. 8 (in the manuscript). Circle B
shows the depths of the sedimentary units, whereas C

-68* -66*

represents the average depth of the anomalous density
bodies. Figure 8a (in the manuscript) shows the average
radial power spectrum and Fig. 9b (in the manuscript)
the estimated depth. The maximum depth of the sedi-
mentary units is ¢a.2500-3000 metres (see Fig 9b in the
manuscript), which confirms the 3D basement-top model.
The average depth to the roof of the anomalous density
bodies is ca.5000 metres.

Euler deconvolution

This technique provides estimates of the source location
and depth. Therefore, Fuler deconvolution is both a
boundary finder and depth estimator. Conventional Euler
deconvolution (Reid ez al., 1990) estimates the spatial
position and shape type of sources by assuming interpre-
tation models of one singular point (Stavrev & Reid,
2010). One-point sources have their position described
by a single spatial location, e.g. the sphere centre, the
thin rod top or sheet edge, the axis of an infinite circular
cylinder or the infinite contact top corner. The source
coordinates and the shape index, known as “structural
index (N) (after Thompson, 1982), are coefficients in
Euler’s differential equation for homogeneous functions
of degree n = —N. This equation enables practical inver-
sions of massive data sets. The most useful results of Eul-
er deconvolution are the delineation of trends and
depths. The Fuler deconvolution method (Thompson,
1982; Reid et al., 1990; Keating, 1998; Zhang et al.,
2000; Stavrev & Reid, 2010) tracks anomalous gravity
gradients on profiles or maps. Thompson (1982) based
this technique upon Euler’s homogeneity equation,
whereas Reid ez al. (1990) developed the 3-D forms of
Euler’s equation to analyse magnetic data. The obtained
gradients are usually associated with a density variation
due to, for example intrusions, tectonic structures, facies
changes, etc. The solutions are a set of points (usually x,
y, z) that also estimate the depth of the geological struc-
tures which cause the gravity anomalies. This method
requires an understanding of a critical parameter, the
structural index S1, which characterizes the source
geometry. In gravity, this index is 0.5 and 2 (Reid et al.,
1990; Keating, 1998; Barbosa et al., 1999; Roy et al.,
2000; Silva et al., 2001). The 3-D form of the Euler’s
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Fig. A3. (a) Sensitivity of the gravimetric effect of the model by varying the density contrast between the sedimentary and basement.
(b) Variation in the depth of basin caused by variations in the density contrast between sediments and basement.

equation is easily applied to gridded data using a mobile
square window.

To determine the geometry of the anomalous bodies
and to get an idea of the three-dimensional form, an ana-
lytical signal was calculated (see below).

Analytic signal

This technique, known also as the total gradient method,
is based on the methodology developed by Nabiaghian
(1972, 1974)), which applies the concept of an analytic
signal to the potential field data in 2D. This enhances the
gravity anomalies produced by geologic discontinuities of
medium to short wave, revealing the edges of anomalous
bodies (Nabiaghian, 1972). Nabiaghian (1984), Roest
et al. (1992) and Salem & Smith (2005) developed this
method in 3D.

© 2012 The Authors

The absolute value of the analytic signal is defined as
follows:

[A(x.y)]

:\/<axFL(w)>2+(ayF?x,w)Z*(azF?x,y))Z
(45)

Where |A (x,y)| is the analytical signal modulus,
F (xy) is the gravity field and %F (x,7);
% F(x,y); %F (v, y) are directional derivates.

Our results show that the high-density masses are not
projected in map view as bands, compatible with deeper
and higher density basement blocks raised by tectonics. In
contrast, they have circular to elliptical shapes, which
suggest high-density body intrusions, at least higher in
density than the country rock (granodiorites).
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Two-dimensional gravity model

An E-W 2D gravity profile is depicted in Fig. 11 (A-A’,
in the manuscript) that was obtained using the software
pack developed by the Northwest Geophysical Associates,
Inc. (Webring, 1985). This model requires the aid of
additional data to constrain the observed and modelled
profile. We used the stratigraphy, as well as the geological
and geophysical data described previously.

Errors associated to depth estimations

If the estimated mean density of the sedimentary cover of
ca. 2.4 g/cm® is considered a representative value, then a
sensitivity adjustment analysis allows for an estimation of
the maximum difference in the basin depth estimation.
Figure A3 shows a maximum ca. 800 m depth difference
by changing densities +0.1 g/cm”.

BASIN AND TOPOGRAPHIC ANALYSIS
Backstripping

A 1D Airy backstripping programme developed by Card-
ozo (OSXBackstrip) was run to discern the influences of
the sedimentary loading and differential compaction
across the Pipanaco basin. This compaction-driven subsi-
dence analysis is based on the exponential reduction of
porosity, which creates accommodation space (cf. Allen &
Allen, 1990). Stratigraphic and sedimentological data
were supplied from the stratigraphic and sedimentological
information provided above and from previous work in
the region and nearby regions. We used the petrophysical
properties (porosity and grain densities) proposed by
Allen & Allen (1990).

Flexural model

The crustal bending of the Pipanaco basin was computed
using the 2D formulation of Cardozo & Jordan (2001) and
the 2D flexural model developed by Cardozo (OSX-
Flex2D). The density of the loads is Ojpaq = 2700 kg/m’,
given that the region is dominated by basement thrusts
(granitoids and gneises). This model assumes flexural
compensation with respect to the mantle (0,, = 3300 kg/
m?). A mean effective elastic thickness (Te) of 40 km was
used, consistent with recent geophysical approaches (Tas-
sara, 2005; Pérez Gussinyé et al., 2007; Tassara et al.,
2007). The influence of the compressive stress on distal
foreland lithosphere was not evaluated because GPS
intraplate velocity studies have demonstrated insignificant
displacement in the easternmost areas of the Sierras
Pampeanas (Brooks ez al., 2003).

Given that the Late Miocene strata along and across
the region suggest that the Pipanaco basin and its nearby
ranges were depositional areas, it can be assumed that
the shortening and the modern topographic area (vol-
ume) of the Sierras de Ambato (load, see Fig. 13 in the

article) represents the tectonic load that affected the
eastern margin of the basin. The topographic loading
profile (Ambato range) was built as discrete rectangles of
ca. 5 km in width, whereas the height of the rectangles
correspond to the modern topography, plus an extra area
required to fit the modelled topography with the
observed topography.

Morphotectonic profiles

To analyse the topography in the southern border of the
Andean plateau, between the Puna and the Sierras
Pampeanas, we first need to reduce the ‘noise’ generated
by sedimentation and to track the position of the basin
floor with respect to the modern mountain system.

Four N-S swath profiles were constructed (see Fig. 4
in the article): (1) mean, maximum and minimum topog-
raphies, (2) relief or differential topography (the differ-
ence between the highest and lowest topography), (3)
sedimentary accumulation profiles and (4) a profile to the
basement top. Profiles (1) and (2) were conducted using
DEM (SRTM 90 m), whereas (3) and (4) required the
analysis of geological and geophysical information (seis-
mic lines and gravity profiles). For the regions located in
the north and south (Campo del Arenal and La Rioja), the
interpretation of seismic sections was used (Cristallini
et al., 2004; Mortimer et al., 2007, Bossi & Muruaga,
2009). In the Pipanaco basin, the 2D gravity model gener-
ated in this work was applied. It is important to note that
the sedimentary thicknesses inferred from the seismic
data in La Rioja was contrasted with gravity (Gimenez
et al., 2009) to reduce the uncertainties in the Pipanaco
depocenter thickness estimations, where seismic sections
are not available. Three W-E swaths (Fig. 5 at 27°, 28°,
and 29° SL) depicting minimum, maximum and relief
were constructed to support the N-S swaths.
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