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Evaluating the role of tectonics and climate as possible triggering mechanisms of landscape reconfigurations is
essential for paleoenvironmental and paleoclimatic reconstructions. In this study an exceptional receptive closed
Quaternary system of Patagonia (the Gastre Basin) is described, and examined in order to analyze factors trigger-
ing base-level drops. Based on a geomorphological approach, which includes new tectonic geomorphology inves-
tigations combined with sedimentological and stratigraphic analysis, three large-scale geomorphological
systems were identified, described and linked to two major lake-level highstands preserved in the basin. The re-
sults indicate magnitudes of base-level drops that are several orders of magnitude greater than present-day
water-level fluctuations, suggesting a triggering mechanism not observed in recent times. Direct observations in-
dicating the occurrence of Quaternary faults were not recorded in the region. In addition, morphometric analyses
that included mountain front sinuosity, valley width-height ratio, and fan apex position dismiss tectonic fault ac-
tivity in the Gastre Basin during the middle Pleistocene-Holocene. Therefore, we suggest here that upper Pleis-
tocene climate changes may have been the main triggering mechanism of base-level falls in the Gastre Basin as
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it is observed in other closed basins of central Patagonia (i.e., Carri Laufquen Basin).

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Understanding Earth's history and predicting the response of surface
systems to global changes are at the heart of current research in Earth
Science. In particular, the documentation of tectonic and climatic signals
in source-areas is crucial to understanding their propagation within en-
tire sediment routing systems and their eventual deposition in sedi-
mentary basins (Castelltort and Van Den Driessche, 2003; Allen, 2008;
Simpson and Castelltort, 2012; Whittaker, 2012).

Internally drained basins, also known as endorheic basins, are very
sensitive to external factors such as climate change and tectonic activity
because these factors have a direct impact on base-level changes and
their geomorphic and sedimentary response within the basin.

The sensitiveness to tectonics and climate has made endorheic ba-
sins ideal laboratories for studying the history and role of tectonic and
climate changes preserved in the Earth's geological record over ancient
timescales (e.g., Carroll and Bohacs, 1999; Pochat et al., 2005) but also
during the Quaternary (Garcia-Castellanos, 2006; Ariztegui et al.,
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2008; Mon and Gutiérrez, 2009; Howarth et al., 2012; Whittaker,
2012; Dorsaz et al., 2013). However, even in endorheic basins,
distinguishing between tectonic and climate signals is not always an
easy task. A same base level marker (e.g., ancient lake shorelines of a
lake highstand) could be related either to climate variations (e.g.,
change from a wet to dry period; Gilli et al., 2005; Wiinnemann et al.,
2015) or to tectonic activity (e.g., drainage reorganization in response
to tectonic uplift; Mon and Gutiérrez, 2009). Only a detailed base-level
change documentation, combined with a paleoclimatic/tectonic under-
standing of the local systems, will provide the integrated overview nec-
essary to either validate or reject the different possible scenarios.

The Patagonian Broken Foreland exhibits several closed lows that
are filled with Neogene-Quaternary clastic and volcanic deposits
(Fig. 1). At the latitude of the study area, these endorheic basins were
unaffected by Andean glaciers during the last glaciation (Rabassa and
Clapperton, 1990). The origin of these lows is related to active mountain
fault block reconfiguration during the middle Miocene Andean orogeny.
Inside these basins, major Quaternary base-level drops, indicated by flu-
vial incisions and terraces, or lake-level fluctuations, have been de-
scribed since the pioneering works of Volkheimer (1965, 1973) and
Proserpio (1978). However, the origin of these Quaternary base-level
drops remains controversial even within individual topographic lows
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Fig. 1. The Gastre Basin as part of the Patagonian Broken Foreland. Simplified map of the North Patagonian Andes and the adjacent foreland where the Gastre Basin is located, showing main
structures and distribution of Neogene to Quaternary endorheic basins (white areas). Base hillshade map constructed from an SRTM30 PLUS data set at 30 arc-second resolution. Global
bathymetry data and SRTM elevation data at 3 arc-second resolution. GB: Gastre Basin; CB: Carri Laufquen Basin; GGB: Gan Gan Basin. LOFZ: Liquifie-Ofqui fault zone.

(e.g., Gastre Basin or Carri Laufquen Basin) where evidence suggests
neotectonic activity (e.g. fractures associated to a Quaternary volcanic
field or basin asymmetry; Volkheimer, 1965, 1972; Regairaz and
Suivres, 1984; Massaferro et al., 2006) and Quaternary climate changes
(Galloway et al., 1988; Bradbury et al., 2001; Ariztegui et al., 2008;
Cartwright et al., 2011). This paper examines several base-level drops
recorded in the Patagonian Broken Foreland within the Gastre Basin in
a variety of geomorphic and sedimentary archives and explores their
link with Quaternary climate change and neotectonic activity in the
area. The main goals of this study are to reconstruct and analyse the be-
haviour of the Gastre Basin during the Quaternary and to establish the
relative role of climate and tectonics in the Quaternary evolution of
this closed basin. Understanding the origin of the Quaternary base-
level drops is critical in any attempt to elucidate neotectonic activity
in the Patagonian Broken Foreland. In addition, as many Quaternary
base levels of this region were used to support global climate change re-
constructions (e.g., Galloway et al., 1988; Bradbury et al., 2001;
Cartwright et al., 2011), this work will provide helpful data for the Qua-
ternary paleoclimate reconstruction of South America.

2. Geological and environmental setting: the Gastre Basin as part of
the Patagonian Broken Foreland

The present landscape of the Patagonian Broken Foreland is charac-
terized by several endorheic depressions filled with Quaternary de-
posits that are surrounded and separated by mountain blocks with
elevations of up to 1900 m asl (e.g., Gastre Basin, Carri Laufquen Basin,
Gan Gan Basin; Fig. 1). The spatial configuration of this intraplate setting
is linked to the tectonic history of the region, defined by regional pre-
Neogene, NW- and NNE-trending lineaments (Coira et al., 1975; Figari
et al., 1996; Allard et al., 2011; Folguera and Ramos, 2011), that were
reactivated or inverted during the main stage of Andean contraction in
the middle Miocene (Bilmes et al., 2013). Since the late Miocene, the
Patagonian Foreland is subjected to a regional uplift at a rate of
~0.14 m/ka (Guillaume et al.,, 2009; Pedoja et al., 2011; Folguera et al.,
2015).

The Gastre Basin (Dalla Salda and Franzese, 1987) is one of the larg-
est internally drained basins of the Patagonian Broken Foreland (Fig. 2).
It has a NW-SE main trend, oblique to the Andean chain, and extends
over an area of 4200 km?. It was originated in the middle Miocene
(16.1-14.86 Ma) by reverse faulting and inversion of pre existing

normal faults (Bilmes et al., 2013). Paleozoic-Lower Miocene igneous
and sedimentary rocks constitute the basin basement. The heights of
the NE-bounding mountains (~1800 m asl) are higher than the ones
in the SW (~1200 m). The basin floor (at ~840 m asl) is broken by inter-
nal basement highs (e.g., Sierra del Medio, Cerro Bota, and Loma Alta
hills; Fig. 2) that delineate four depressed areas, each of which has a
playa lake fed by NE-E ephemeral streams (e.g., Calcatapul River system
or the Gastre River system; Fig. 2).

The basin infill comprises a middle Miocene to Quaternary succes-
sion that includes continental deposits and volcanic rocks (Bilmes et
al.,, 2014). The Neogene deposits —La Pava Formation (Nullo, 1978),
Collén Cura Formation (Yrigoyen, 1969), and Rio Negro Formation
(Volkheimer, 1973)— are mainly in the subsurface and crop out essen-
tially in areas where important fluvial incision occurred (e.g., east
bank of the Rio Chico; Fig. 3). In contrast, Quaternary deposits are dis-
tributed all over the Gastre Basin where they crop out in the piedmont
slope and in the basin floor (Fig. 3). The Quaternary sedimentary record
is composed of a 10 to 150-m-thick succession that includes sedimenta-
ry deposits of the Choiquepal Formation (Volkheimer, 1964), volcanic
basaltic rocks of the Moreniyeu and Crater formations (Ravazzoli and
Sesana, 1977; Proserpio, 1978), and alluvial and fluvial deposits that
have not yet been attributed to a formal lithostratigraphic unit
(Ravazzoli and Sesana, 1977; Nullo, 1978; Proserpio, 1978;
Volkheimer and Lage, 1981; Regairaz and Suivres, 1984; Bilmes, 2012).

Modern climate around the Gastre Basin is arid with a mean annual
temperature of 18 °C and a mean annual rainfall of 150 mm, dominated
by winter rainfall patterns (CNEA, 1990). Terrain and river network ge-
ometry analyses suggest a certain degree of topographic and drainage
asymmetry for the Gastre Basin (Regairaz and Suivres, 1984; Bilmes,
2012). Higher mountain fronts and larger drainage basin areas are locat-
ed in the NE border, whereas lower mountain fronts and smaller drain-
age basin areas dominate the SW border (Fig. 2).

3. Methodology

This work includes an exhaustive tectonic geomorphology analysis
of the region (Fig. 4), the construction of a geomorphological-sedimen-
tological map of the Gastre Basin (Fig. 5), and paleohydrological recon-
structions associated with the Quaternary units. These issues were
performed by assessment and mapping using map and imagery labora-
tory data and detail field work.
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Fig. 2. (A) Hillshade map of the Gastre Basin showing major rivers, topographic heights and geographic locations referred to in the text. (B) Topographic profile across the Gastre Basin.
Note the topographic and drainage basin asymmetry observed in both figures. Base hillshade map and topographic profile constructed from SRTM elevation data, 3 arc-second resolution
(90 m).

15km 20km 25km 30km 35km
Basin basement |
A " Basin infill
! (Paleozoic-Lower Miocene) Middle Miccene—Quaternary)

REFERENCES ™~

Quaternary structure:

+ Volcanic % Volcanic g
centers fracture

Neogene structures

)X( Anticline }%( Syncline

Reverse Y Inferred Inverted e
fault ‘\' reverse fault normal fault

Undifferentiated clastic deposits.

2

5
Crater-Moreniyeu Formations >
(volcanic deposits) E
2

3

=]

Cheiquepal Formation (clastic deposits)

Neogene deposits

Basin basement
(Paleozoic to Paleocene rocks)
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Fig. 4. Morphometric data set used in the tectonic geomorphology analysis of this study. (A) Location map. (B) Mountain front sinuosity index (Smf): mathematical derivation and
measurement procedure. (C) The valley width/height ratio (Vf): mathematical derivation and measurement procedure. (D) Morphology of segmented fans and bajadas: (I) Inactive
mountain front type, (II) active mountain fronts type, modified from (Bull, 1977). Lmf: length of mountain front along the mountain-piedmont junction; Ls: straight-line length of the
front; Vfw: width of valley floor; Eld and Erd: respective elevations of the left and right valley divides; Esc: elevation of the valley floor.
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Fig. 5. Quaternary deposits of the Gastre Basin. (A) Geomorphological units and systems defined in this work. (B) Location map of geomorphologic and sedimentologic-pedogenetic
sections.



106 A. Bilmes et al. / Geomorphology 283 (2017) 102-113

3.1. Base mapping and geomorphological analysis

The ALOS-AVNIR images (spatial resolution of 10 m), ALOS PRISM
images (spatial resolution of 2.5 m), and SRTM-3 DEM data (spatial res-
olution of 90 m) were used and analysed with ArcGIS© and SAGA GIS©
softwares in order to construct a base map of the region. Field observa-
tions were performed at different scales including a total of 191 individ-
ual locations (see Fig. 5B). Observations on these stations focused on the
relative degree of surface erosion of Quaternary units (i.e., presence
gravels with desert varnish and ventifacts) and on documenting evi-
dence of neotectonic fault scarps. To provide a hierarchical classification
of the main landforms, an adaptation of Peterson’s method (1981) was
used. Morphology of the landforms were combined with genetic rela-
tionships and sedimentological data. Following this scheme, the Quater-
nary fill of the Gastre Basin was grouped into three major
geomorphological systems that are composed of an arrangement of
smaller elements defined as geomorphological units (Fig. 5).

3.2. Sedimentological analysis and paleohydrological reconstructions

In order to determine the main depositional characteristics of the
Quaternary units, 16 sedimentologic-pedogenetic sections (Fig. 5B)
were performed. These sections were concentrated on the description,
sampling, and facies analysis of 100-180 cm deep pits and cores.

Paleohydraulic reconstructions of the basin were established using
the geomorphological maps constructed in this work, combined with
the sedimentological analysis, SRTM-3 DEM data, satellite images of
the past 30 years (available from the USGS Center for Earth Resources
Observation and Science; see http://earthexplorer.usgs.gov), and
ArcGISOtoolbox. Elevation of the landforms was determined using the
SRTM-3 DEM that has, in the study area, a relative height error of
<5.5 m and an absolute geolocation error of <9 m (Rodriguez et al.,
2006).

3.3. Tectonic geomorphology analysis

In order to analyse potential neotectonic activity in the region and in
addition to field observations, different tectonic geomorphic indices
were assessed using a base map data set, including (i) mountain front
sinuosity index, (ii) valley width-height ratios, and (iii) alluvial/fluvial
fan apex position (Fig. 4).

The Mountain front sinuosity index (Smf; Bull and McFadden, 1977) is
defined as the ratio between the curvilinear length of the mountain
piedmont front (Lmf) and its straight-line length (Ls; Fig. 4B). Range
fronts associated with active tectonics are usually relatively straight
with low Smf values. Instead, slightly active or inactive mountain fronts
have embayed range fronts with Smf values >1.8 (Bull and McFadden,
1977; Bull, 2007; El Hamdouni et al., 2008; Rockwell et al., 1984; Silva
et al.,, 2003). In order to carry out the Smf analysis of the study area,
the surrounding mountain fronts of the Gastre Basin were subdivided
into 57 discrete segments following the overall criteria proposed by
Wells et al. (1988) (Fig. 4A).

The Valley width/height ratio (Vf, Bull and McFadden, 1977) is de-
fined as the ratio of the width of the valley floor to its average height
(Fig. 4C). Where Vj, is the width of the valley floor, and Ey, Eyq, and E,.
are the elevations of the left and right valley divides and the elevation
of the valley bottom, respectively. Low Vfvalues are typically associated
to V-shaped valleys created by prolonged incision and uplift, generally
indicative of active mountain fronts. Instead, high values of Vf are asso-
ciated with U-shaped valleys generated in inactive mountain fronts by
valley widening and ridge-crest lowering. Notably, the surrounding
mountain fronts of the Gastre Basin have been unaffected by Andean
glaciers during the last glaciation (Rabassa and Clapperton, 1990) ruling
out U-shaped glacial valleys. In order to carry out a Vf analysis, 44 sites
were measured and analysed (Fig. 4A)

Alluvial/fluvial fan apex position in the piedmont zone are comple-
mentary markers that can be used to evaluate tectonic stability of a
mountain front (Bull and McFadden, 1977; Burbank and Anderson,
2005; Bull, 2007). Active mountain fronts typically have sediment depo-
sition close to the front in response to high accommodation created
along the mountain fault blocks at the proximity of the topographic
break, topographic loading, and fault-induced subsidence (Simpson,
2014).In these cases, a pattern of fan-head positions close to the moun-
tain front-piedmont junction is expected because high rates of subsi-
dence induce headward back fill of feeder valleys (Fig. 4DI). In
contrast, inactive mountain fronts have streams that bypass the moun-
tain front in response to low accommodation near it and typically incise
fan heads (Fig. 4DII). In this case, the locus of deposition is displaced
downslope and the streams dissect the pediments of the piedmont
zone. In this study 81 alluvial/fluvial fan apex positions (telescopic
fans sensu Bowman, 1978; Colombo, 2005) were identified and
analysed in the piedmont zone of the Gastre Basin (Fig. 4A)

4. Results

4.1. Geomorphology, sedimentology and stratigraphy of the Gastre Basin
during the Quaternary

Based on multiple geomorphological and sedimentological observa-
tions and on stratigraphic relationships, the Quaternary deposits of the
Gastre Basin are interpreted to represent the superimposition of three
large-scale geomorphological systems (i.e., GS-1, GS-2, GS-3; Fig. 5).

4.1.1. GS-1 remnant sedimentary basin infill

System GS-1 consists primarily of epiclastic deposits of the
Choiquepal Formation (Volkheimer, 1964). It rests unconformably
above Neogene deposits (Bilmes et al., 2014), is interbedded with volca-
nic units of the GS-2 (see description below), and it is covered by a com-
plex mosaic of geomorphologic units of the GS-3 (Fig. 5). We subdivided
this alluvial-lacustrine system into two units: remnant fans/bajadas and
shorelines.

In the piedmont area, the GS-1 is characterized by remnant fans/
bajadas that are incised by the modern streams (Fig. 5). These remnant
fans/bajadas are characterized by the development of mature soils that
include Bt/Btk horizons (Soil Survey Staff, 1999) >1.2 m thick (Fig. 6).
The slopes of the remnant fans and bajadas range between 1° and 3°.
At the surface, this unit presents ventifacts and varnished gravels. The
deposits of these units are partially unsorted pebble- to cobble-grade,
matrix-supported conglomerates with abundant fine- to coarse-grained
sandy matrix (Fig. 6). Locally, the conglomerates show better sorting
with some imbricated pebbles and a clast-supported texture. The
coarse-grained nature and texture of these successions, together with
their piedmont situation, suggest dominance of hyperconcentrated
flow deposits (Blair and McPherson, 1994; Nichols, 2009), with minor
occurrences of streamflow deposits.

In the more distal areas, closer to the basin floor, the GS-1 is defined
by shorelines developed exclusively on top of the remnant fans and
bajadas (Fig. 5). This unit displays the maximum heights of the basin
floor zone at 864-867 m asl. The shoreline deposits consist of pebble-
grade, moderately sorted, clast-supported conglomerates typical of
gravelly lake-beach facies (Gilli et al., 2005; Fig. 5).

4.1.2. GS-2 basaltic lava field

This geomorphological system is predominantly composed of volca-
nic and volcaniclastic rocks of the Crater and Moreniyeu formations
(Ravazzoli and Sesana, 1977; Proserpio, 1978). It is developed on top
and interbedded with the sedimentary deposits of the GS-1, and it is
partially covered by the younger units of the GS-3 (Fig. 5). The basaltic
lava field of the GS-2 is composed of two sub units: basaltic lava flows
and spatter cones (sensu Sigurdsson et al., 2000; Fig. 7). Lava flows are
mainly pahoehoe type (Sigurdsson et al., 2000) showing regional slopes
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of <3°. The spatter cones (at least 25) were identified on the field and in
satellite images and digital elevation models (Fig. 5). Field observations
indicate that they are composed of spatter fragments and bombs with
minor scoriaceous lapilli (Fig. 7). Their slopes range between 18° for
the well-preserved cones and <1° for the eroded ones. Several vents
are aligned, indicating the existence of subsurface fractures that

-2: BASALTIC LAVA FIELD
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determined the orientation of the feeder dykes (Massaferro et al.,
2006; Bilmes et al., 2013). The association of lava flows and spatter
cones points to the development of an ~600 km? basaltic lava field with-
in the Gastre Basin (Fig. 5).

4.1.3. GS-3 modern infill

The GS-3 is represented by the younger sedimentary infill of the
Gastre Basin (Fig. 4). It includes all the deposits that are not grouped
within a formal lithostratigraphic unit and that were informally de-
scribed by previous authors as depdsitos modernos (Ravazzoli and
Sesana, 1977; Nullo, 1978; Proserpio, 1978; Volkheimer and Lage,
1981; Regairaz and Suivres, 1984; Bilmes, 2012). The deposits of the
GS-3 are usually confined within remnants of the GS-1 and are linked
to drainage systems that incise the older successions (i.e., GS-1 and
GS-2).In some cases, the incisions associated to GS-3 caused topograph-
ic ridges up to 50 m high near the mountain front (Fig. 5). Deposits as-
sociated with GS-3 also appear to cover, at least partially, the volcanic
rocks of the GS-2. Based on geomorphic characteristics, this geomor-
phological system was divided into four geomorphological units:
small- to mid-scale distributive fluvial systems, shorelines, alluvial
flats and playa lakes/salinas (Figs. 5, 8).

Small- to mid-scale distributive fluvial systems (radial size <30 km)
are located in the piedmont (Bilmes and Veiga, 2016). Each distributive
fluvial system (DFS; Hartley et al., 2010) has an ephemeral feeder chan-
nel that ends in alluvial flats and playa lakes/salinas units. The feeder
channels are active only near the mountain front during wet seasons
(usually winter or spring), whereas the distal part of these ephemeral
streams could be inactive for several years. Only during some extraordi-
nary winter storms (at least in the past 30 years, see methodology),
small amounts of water are carried by the rivers from the mountain
front to the distal playa lakes (Fig. 5). These DFS units have slopes be-
tween 0.1° and 1°, development of immature soil and lack of in situ ven-
tifacts and varnished gravels at their tops. The DFS deposits consist of
relatively well-sorted, pebble- to cobble-grade conglomerates with
fine- to coarse-grained sandy matrix. Clast- and matrix-supported tex-
tures show planar cross-bedding, trough cross-bedding, horizontal
stratification, and clast imbrication structures (Fig. 8). The overall geo-
morphological and sedimentological characteristics of these units sug-
gest recurrence of streamflow processes (Smith, 1986; Blair and
McPherson, 1994; Moscariello, 2005)

Closer to the basin floor, the geomorphological units of GS-3 are
represented by the alluvial flats, beach ridges, and playa lakes/salinas
(Fig. 5). The alluvial flat is the most extensive landform of the basin
floor. It constitutes a nearly level vegetated surface (i.e., slopes <0.13°),
<4 km? in extent, with small-scale topographic roughness. It consists
predominately of massive sands associated with streamflow processes
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Fig. 7. Basaltic lava field of the Gastre Basin (GS-2). Sedimentary logs and field photographs of (A) spatter cones and (B) basaltic lava flows.



108

A. Bilmes et al. / Geomorphology 283 (2017) 102-113

GS-3: MODERN INFILL

@) SMALL TO MID-SCALE DFS

o 5
Sand ©,Gravel
g |

TR

=

REFERENCES

® ALLUVIAL PLAIN

() PLAYA LAKE

matrix-supported texture & l:l " d
planar cross-bedding fnasiie sance
matrix-supported texture &
horizontal stratification

clast-supported texture & masive and
horizontal stratification

laminated
sands

=

*\ normal grading

laminated mud
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(Fig. 8). To a lesser extent, laminated silts and muds, related to lacus-
trine and floodplain processes (lake plain deposits sensu stricto
Peterson, 1981) are also present and partially cover the underlying
streamflow deposits (Fig. 8).

Shorelines are characterized by several flat terraces located on the
eastern side of the playa lakes/alluvial flats at different heights. In con-
trast to the shorelines of the GS-1, the shorelines of this geomorpholog-
ical system developed even over GS-3 deposits (e.g., alluvial flat or DFS
units) at heights below 861 m asl (Fig. 5). These units are made of grav-
elly lake-beach facies (Gilli et al., 2005) composed of pebble-grade,
moderately sorted, clast-supported conglomerates (Fig. 8).

The fourth geomorphological unit of this system is the playa lakes/
salinas. They are characterized by uniform flat areas (slope < 0.02°)
where the water table generally is near the surface. They constitute
shallow ephemeral lakes or salinas up to 60 km? in extent (e.g., Salina
del Molle, Laguna Taquetrén; Figs. 2, 5). These units are composed of
laminated muds and silts, interbedded with fine- to medium-grained
sands (Fig. 7). Notably, ephemeral water bodies of the playa lakes

show very important fluctuations of volume, at least during the last
30 years. Maximum level of water of these water bodies occurs during
austral winter months, when evapotranspiration is at its minimum.

4.2. Age of the geomorphological-depositional systems

Most of the ages proposed in the literature for the Quaternary units
of the Gastre Basin are relative ages based on stratigraphic relationships,
which leads to discrepancy between authors. Only radiometric ages of
basaltic lavas of the GS-2 gives some absolute constraint. Available
ages in rocks of this system are comprised between 1.9 4+ 0.4 and
0.23 + 0.1 Ma (Mena et al., 2006; Pécskay et al., 2007; Haller et al.,
2009), which constrain the GS-2 succession to the upper Gelasian to
middle Pleistocene. The older deposits of the GS-1 (remnant sedimenta-
ry basin infill) are cover or interbedded with the basaltic lavas of the GS-
2, constraining the age of GS-1 between Gelasian (or older) to the mid-
dle Pleistocene (>1.9 to ~0.23). Finally, the stratigraphic relationship of
the modern infill (GS-3) with the well-dated GS-2 and the presence of
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immature soils in this system usually attributed to Holocene deposits
(Peterson, 1981; Dunkerley and Brown, 1997) allow us to constrain
the age of the GS-3 geomorphological system to the late middle Pleisto-
cene-Holocene (<0.23 Ma to present).

4.3. Base-level evolution and paleohydrological reconstruction of the Gastre
Basin

The relationship between the three geomorphological systems iden-
tified in the Gastre Basin suggests substantial base-level changes during
its Quaternary evolution. Based on geomorphological, sedimentological,
and stratigraphic evidence, three base-level stages have been deter-
mined (Fig. 9). In addition, for each of these stages, the water volume
of the major lakes was calculated (Fig. 10).

The oldest and highest base-level of the Gastre Basin is indicated by
the remnant fans/bajadas and shorelines of GS-1 (Figs. 5, 9A, B). Shore-
lines of this stage (stage 1) developed up to 867 m asl near the
Taquetrén lake (426 m above the current lake level) and up to 864 m
asl near the Salina del Molle locality (4 19 m above the current lake
level; Figs. 5, 9, 10). Paleohydrological reconstruction of this stage indi-
cates water volumes up to two orders of magnitude higher than the
highest present-day values (i.e., 1347.9 km® for the Salina del Molle sys-
tem and 1338.5 km? for the Laguna Taquetrén system; Fig. 10).

The small- to mid-scale DFSs and beach ridges of the GS-3 mark a
second base-level stage of the Gastre Basin (stage 2). The fluvial net-
work of this stage incised the remnant fan and bajadas of GS-1 by
more than 50 m in the piedmont zone. At the basin floor, shorelines de-
veloped up to 861 m asl near the Laguna Taquetrén (i.e., +19 m above
the current lake) and up to 856 m asl near the Salina del Molle (414 m
above the current lake; Figs. 5, 9A, C). Water-volume reconstructions for
this stage are one order of magnitude higher than the highest present-
day values (i.e., 368.2 km> for the Salina del Molle system and
675.1 km® for the Laguna Taquetrén system; Fig. 10).

Finally, the present-day base-level of the Gastre Basin is marked by
the lowest topographic sector of the basin floor, the playa lake (Fig.
9D, E). Water bodies developed in this region (at least during the past

Gastre Basin lakes/salinas
1347.9 13385
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E
- - Salina del Molle System
— I Laguna Taguetrén System
£
=
[=] 675.1
>
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2
g 368.2
I 206 387
Stage 1 Stage 2 Stage 3

Present-day base level

Fig. 10. Water volume reconstruction of major shallow lakes/salinas of the Gastre Basin.

30 years) mark the youngest base-level stage of the basin (stage 3).
This stage includes periods of total desiccation of the shallow lakes
(Fig. 9D) and high level periods when the ephemeral streams that
came out of the mountain front were active and drained into the playa
lakes (Fig. 9E). However, water-volume fluctuations during this stage
are minimum in comparison with the water volumes recorded during
previous stages (0 to 30.6 km? for the Salina del Molle system and 0 to
38.7 km? for the Laguna Taquetrén system; Fig. 10).

The three base-level stages recorded by geomorphic and sedimenta-
ry evidence in the study area imply at least two major base-level falls
during the Quaternary history of the Gastre Basin. These base-level
drops have magnitudes that do not match water level fluctuations ob-
served in the past 30 years. Thus, we infer that a trigger mechanism
not observed in recent times is needed to explain these base-level
falls. Neotectonic activity and climate changes have long been described
in the region (Gastre Basin and Carri Laufquen Basin; Volkheimer, 1965,
1972; Regairaz and Suivres, 1984; Galloway et al., 1988; Bradbury et al.,
2001; Massaferro et al., 2006; Ariztegui et al., 2008; Cartwright et al.,

B svace
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[ STAGE 3
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"\4
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- shorelines

Fig. 9. Base-level stages in the Quaternary evolution of the Gastre Basin. (A) Three-dimensional model showing the three stages. (B) Satellite image of the Salina del Molle region with the
reconstruction for stage 1. (C) Satellite image of the Salina del Molle region with the reconstruction of stage 2. (D) Satellite image of the Salina del Molle region with the reconstruction of

stage 3.(E) Dry period; (F) wet period.
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2011). Therefore, these seem to be the natural candidates for the mech-
anisms responsible of these base-level drops. In order to analyse if the
tectonic activity was responsible for these changes in the Gastre Basin,
a tectonic geomorphology analysis was carried out.

4.4. Tectonic geomorphology analysis

Direct observation indicating the occurrence of Quaternary faults
(e.g., piedmont fault scarps) were not found affecting neither the GS-
1, GS-2, nor the GS-3 deposits. In addition, regional tectonic uplift can
be ruled out as a trigger mechanism of base-level drops as it has been
described as a long wave-length phenomenon that cannot affect base
levels within a closed basin (Guillaume et al., 2009; Pedoja et al.,
2011; Folguera et al., 2015). However, the asymmetry of the Gastre
Basin (Fig. 2) and the presence of vent alignments in the lava field of
GS-2 (Fig. 3) are potential evidence of Quaternary basin-scale crustal
tectonics in the study area. To uncover possible patterns of neotectonic
activity in the Gastre Basin, different morphometric analyses were car-
ried out (see methodology) that included mountain front sinuosity indi-
ces (Smf), valley width-height ratios (Vf), and analysis of alluvial/fluvial
fan apex position in the piedmont slope.

The overall morphometric data of the surrounding mountain front
and piedmont zone of the Gastre Basin indicate moderate to high values
of Smf (1.21-3.36; with 67% of the data showing higher values than 1.8)
and high values of Vf (1.69-12.14; with 97.7% higher than 2.0; Fig. 11).
In addition, alluvial/fluvial fans apex positions are observed up to 12 km
away from the mountain front (Fig. 12). Notably, shifting fan heads and
fan incision can result from tectonic and climate changes (Lecce, 1990;
Gomez Villar, 1996; Burbank and Anderson, 2005), such that analysing
a suite of fans bordering a basin and not isolating fan apex positions are
important. On the other hand, increased variability among fans would
imply that tectonics is an important control on fan segmentation
(Burbank and Anderson, 2005). In the Gastre Basin the 81 alluvial/fluvi-
al fan apex positions are observed far away from the mountain front;

thus, fan incision is dismissing neotectonic activity at least in the basin
boundary.

The comparison of the Gastre data set with morphometric data of
tectonically active areas in other parts of the world (Bull and
McFadden, 1977; Rockwell et al., 1984; Silva et al., 2003; Bull, 2007; El
Hamdouni et al., 2008; Fig. 13) precludes the identification of
neotectonic activity in the Gastre Basin during the middle Pleisto-
cene-Holocene (i.e., minimal tectonic activity during the Quaternary
(sensu Bull, 2007) and inactive tectonic activity during the Quaternary
(sensu Bull and McFadden, 1977; Rockwell et al., 1984; Silva et al.,
2003; El Hamdouni et al., 2008).

5. Factors triggering Quaternary base-level drops in the Gastre Basin:
tectonic vs. climatic

The lack of neotectonic activity in the Gastre Basin during a period in
which significant base-level drops are recorded implies that these major
base-level reconfigurations were not triggered by tectonic activity. In
addition, the absence of natural dams or outburst flood evidence dis-
misses lake outlet erosion in the Gastre Basin during the Quaternary.
Paleohydraulic analyses for stages 1 and 2 indicate volumes of water
in the systems before base-level drops that do not match with pres-
ent-day climate of the region (Fig. 10). Therefore, climate conditions
during stages 1 and 2 were considerably wetter, suggesting that a pro-
gressive shift toward drier climates could have been the trigger mecha-
nism of the base-level falls.

The short to negligible transfer subsystems that feed the Gastre
Basin (Fig. 2) imply that base-level oscillations observed within the
basin represent geomorphic signals associated to climate changes that
occurred in the sedimentation subsystem and in the source area
(Castelltort and Van Den Driessche, 2003; Simpson and Castelltort,
2012).

Although paleoclimatic studies are absent in the Gastre Basin, in the
neighbouring Carri Laufquen Basin (only 80 km north; Fig. 1), previous
investigations correlate base-level reconfigurations during the
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Fig. 11. Hillshade map of the Gastre Basin showing mountain front sinuosity index (Smf) and valley width-height ratio (Vf) locations and values. Lmf: length of the mountain piedmont
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Fig. 12. (A) Slope map of the Gastre Basin with telescopic fans and dissected pediment locations (red arrows). (B), (C), and (D) Satellite images highlighting the relation between remnant
fans, pediments, and younger fans (for location see the slope map). Rf: Remnant fan; Yf: Younger fan; Pe: Pediment.

Quaternary with climate change (Galloway et al., 1988; Ariztegui et al.,
2001; Del Valle et al., 2007; Quade and Broecker, 2009; Cartwright et al.,
2011). Furthermore, as in the Gastre Basin, higher paleoshorlines are
visible in the Carri Laufquen Basin (e.g., in the Laguna Carri Laufquen
Grande; Figs. 14A, B). The most prominent ones are two groups of
shorelines that demonstrate high lake levels during the upper Pleisto-
cene. The older has infinite ages >40 ka, whereas the younger was
constrained to the Late Glacial Maximum (19 to 26 ka; Cartwright et
al.,, 2011). The strong similarities between these neighbouring basins
suggest a common evolution during the Quaternary, indicating that cli-
mate change could have been the main responsible mechanism of base-
level falls also in the Gastre Basin. In addition, given their timing, shore-
lines of stages 1 and 2 of the Gastre Basin (Fig. 14C) could be equivalent
to the two groups of shorelines identified in the Carri Laufquen Basin
(Fig. 14B), suggesting that base level drops were rapid regional re-
sponses to climate change. This implies that the closed Gastre Basin
can be viewed as a reactive landscape in the terminology of Allen
(2008), that is, a landscape for which geomorphic system response
was rapid with respect to the frequency of climatic perturbations. How-
ever, while it is suggested that climate change has been the main trigger
mechanism of base-level falls in the Gastre Basin, further investigations
are needed to understand the timing of lake-level fluctuations. Such an
approach will allow us to discuss the extent to which a common reactive
vs. buffered evolutionary model can be proposed. The latter is critical in
any attempt to reconstruct the late Pleistocene-Holocene landscape re-
sponse to climate change in the North Patagonian Foreland area.

TECTONIC CLASS

(defined by Bull and McFadden, 1977; Rockwell et al., 1985; Silva et al., 2003; El Hamdouni et al., 2008; Bull, 2007)
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Fig. 13. Comparison of the tectonic geomorphology of the Gastre Basin with tectonic
classes defined in previous neotectonic studies.
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6. Conclusions

Based on an extensive geomorphological survey, which includes
new sedimentological, stratigraphics and tectonic geomorphology
data of the Gastre Basin in the Patagonian Broken Foreland, base-level
changes during upper-Pleistocene-Holocene have been described and
interpreted. Three base-level stages were identified in a period during
which no evidence of tectonic activity was found. These different
stages document at least two major base-level drops in the upper
Pleistocene history of the Gastre Basin. The available evidence indi-
cates that these reconfigurations were rapid responses to climate
perturbations and not to tectonics. The last dismiss any middle Pleis-
tocene-Holocene tectonic fault activity for the Patagonian Broken
Foreland in the Gastre Basin area. Finally, based on the scale as well
as of the ages of the base level change recorded, we proposed that
one of the base-level changes identified in the Gastre Basin could
be correlated to climate variation after the last glacial maximum
(LGM ~19 to 26 ka).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.geomorph.2017.01.023.
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