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The northernmost outcrops of the Triassic extensional Cuyo basin inwestern Argentina reveal a basal coarse con-
glomerate overlain by a thinning-fining upward siliciclastic red-bedded section with subordinated tuffs and
microbial-rich carbonates (Cerro Puntudo Formation), unconformably covered by a second coarse conglomerate
(El Relincho Formation), which were previously interpreted as two rifting events. An integrated analysis of facies
associations, stacking patterns, paleocurrent and provenance was carried out in order to reveal the rift sedimen-
tation using a source-to-sink approach. Besides the traditional controls in continental basins (e.g., sedimentation,
tectonics and climate), this study considers possible drainage pattern evolution in order to differentiate isolated
versus integrated depocenter stages. U-Pb zircon data corroborate our analysis and reveal a volcanic basement
source of 256.8 ± 3.5 Ma (Permian/Lopingian) and a sedimentation age of 249.8 ± 2.5 Ma (Early Triassic) for
a tuff interbeddedwithin the Cerro Puntudo Formation, complementing previous age of 243.8 ± 1.9Ma (Middle
Triassic) at the top of this unit. Stratigraphic stacking allows the interpretation of three evolutionary stages. A first
stage, represented by thick massive boulder-volcanic-rich conglomerates characterizing alluvial fan deposition,
indicates strong tectonic activity of border faults (first rifting event). These features suggest high surface gradient
and high available space controlling accommodation and dispersal of gravity and debris-flow deposits.
Paleocurrents to the east reveal largely north-south normal faults located to the west and sediment supply
from a proximal volcanic source area. A second stage, represented by a notable fining-thinning upward facies, in-
cluding fluvial and palustrine (stromatolites with pedogenetic features) deposits, indicates a transition to tec-
tonic quiescence. These facies associations developed in a context of low sedimentation rate, limited tectonic
relief and low accommodation space. A third stage is represented by greenish well-rounded coarse-grained
polymictic conglomerates of El Relincho Formation that unconformably truncate the Cerro Puntudo Formation.
These conglomerates are interpreted as perennial braided fluvial systems (with paleocurrents to the northwest)
indicating drainage reorganization primarily influenced by climate change and combined tectonic reactivation,
previously considered the second rifting event. Climate change affected sediment delivery and allowed regionally
connectivity and overfilling of the depocenters. In this last stage, northwest axial transport from variable sources
within the Precordillera (to the southeast) is inferred from provenance analysis indicating open linked-
depocenters. This study suggests a new stratigraphic correlation for the northern part of the Cuyo basin, implying
that during the first rifting event a semi-arid climate prevailed with development of isolated and independent
depocenters (first and second stages), whereas above the unconformity initiating the second rifting event
(third stage) depocenters were interconnected. In the light of our source-to-sink analysis, such paleogeographic
change allowed overfilling and laterally linkage of separate half-grabens along the Cuyo basin.Whereas tectonic
reactivation may better explain renewed conglomerate deposition, climate change toward more humid condi-
tions allowed previously separated depocenters to be connected through axial drainages.
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1. Introduction

Traditional work dealing with the study of continental rift basins
and linked graben evolution typically focuses on structural framework
and facies trends filling accommodation space (Lambiase and Morley,
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1999; Gawthorpe and Leeder, 2000; Martins-Neto and Catuneanu,
2010). Furthermore, a source-to-sink approach (Allen, 2008; Armitage
et al., 2011; Smith et al., 2013) has changed our way of visualizing
basin evolution and stratigraphic fill through the understanding of
drainage patterns and the role of climate change, which are two vari-
ables that are not strictly related. Together with the more traditional
controls, it may allow further understanding of continental rifts and
their infilling.

Triassic rift basins in west Argentina, along the Andes and its
foreland, have long been known for their oil importance (Kokogián
and Mancilla, 1989; Zencich et al., 2008). From a historical viewpoint,
they help understand the evolution of thewesternmargin of Gondwana
during its breakup (Uliana and Biddle, 1988; Ramos and Kay, 1991;
Charrier et al., 2007). Although limited work has been published on
the stratigraphy and paleoenvironments within this back-arc trending
rifts (Kokogián and Mancilla, 1989; Kokogián et al., 1993; López-
Gamundí and Astini, 2004; Barredo and Ramos, 2010), paleontological
work (Spalletti, 1999; Stipanicic, 2002; Benavente et al., 2012) and
recent radiometric dating (Ávila et al., 2006; Spalletti et al., 2008;
Mancuso et al., 2010; Barredo et al., 2012) have allowed reasonable
time-space framework and stratigraphic correlations to be carried out
(Spalletti, 1999; Benavente et al., 2015).

In the frame of extensional basins, recent work has outlined the im-
portance of time-constrained drainage pattern evolution as features
that control the nature and composition of the stratigraphic fill. Rift
basins can evolve from compartmentalized stages (separate grabens/
half-grabens with local base level) into non-compartmentalized stages
with linked depocenters associated with a regional base level and
open drainage patterns. Thus, it seems important to consider 3D and
4D evolution of paleocurrents as well as sediment composition in
order to unravel connectivity through the basin fill.

In this study, we show how in a geochronologically constrained
framework, through systematic facies analysis, provenance and
paleocurrentmeasurements,we can discriminate stages of truly distinct
and isolated depocenters from stages with signatures indicating linked
systems within the Triassic extensional basins. This in turn may allow
discussing stacking patterns, tectonic framework and basin evolution
encompassing not only tectonics but also climate change and evolution
of drainage patterns. This paper shows the data and interpretation
reached through a source-to-sink approach in contrast to more tradi-
tional integrated tectonostratigraphic work.

2. Geological setting

The Triassic sediments of Cuyo basin belong to the western
Precordillera geologic province, which is a thrust and fold belt located
east of the southern Central Andes, formed during the Cenozoic Andes
Orogeny (Charrier et al., 2007) (Fig. 1). This province had a complex
evolution of accreted terranes at the margins of southern Gondwana
from the Lower Ordovician to Lower Devonian (Ramos, 1994; Astini
and Thomas, 1999). During the neo-Permian to neo-Triassic an exten-
sional regime prevailed and resulted in a swarm of en echelon grabens,
oriented NNW-SSE, in the South American continent, encompassing
Chile and west of Argentina (Uliana and Biddle, 1988; Charrier et al.,
2007; Giambiagi et al., 2011).

The Triassic troughs are related to the Choiyoi magmatic province of
neo-Permian to eo-Triassic age,which outcrops in Frontal Cordillera and
Western Precordillera (Fig. 1). Volcanic and volcaniclastic rocks of this
province occur as basement or interbedded in the Triassic sediments
(Uliana and Biddle, 1988; Ramos and Kay, 1991). Granitoids of themag-
matic province have a post-collisional character (Mpodozis and Kay,
1992), which indicates that the extensional regime originated from a
gravitational collapse (Uliana and Biddle, 1988; Mpodozis and Kay,
1992; Spalletti, 1999).

In Argentina, the extension was not enough to connect the Triassic
grabens to the sea, hence the Cuyo basin is dominated by continental
sedimentation (Stipanicic, 2002). It is considered the largest Triassic
graben system of Argentina, with 30.000 km2 along Mendoza and
San Juan provinces (Zencich et al., 2008). At least seven sub-basins
have been recognized (Stipanicic, 2002), limited by master faults with
opposite polarities (Criado Roqué et al., 1981), typical of rift environ-
ments. The depocenters are detached from each other by transfer
zones (Ramos and Kay, 1991; Barredo, 2012).

The Tupungato depocenter is over 3500 m deep, located in the
Mendoza region (Fig. 1) and has hydrocarbon accumulations that
promoted the acquisition of seismic and well data (Kokogián and
Mancilla, 1989; Zencich et al., 2008). A master fault located to the
west and dipping to the east borders the Tupungato depocenter. In
the San Juan region to the north, the Rincón Blanco depocenter is par-
tially exposed in outcrops which reveal a master fault located to the
east and dipping to the west, with a maximum infilling thickness of
3000 m (Barredo and Ramos, 2010). Previous studies suggest sediment
infilling reaching 1800m thickness toward Rincón Blanco flexural mar-
gin to the west (López-Gamundí and Astini, 1992). This depocenter is
the nearest known to the study area.

2.1. Study area

The outcrops of Cerro Puntudo area (Lat: 30°55′49.60″S, Long:
69°16′55.77″W) are located west of San Juan Province, western
Argentina, 62 km from the town of Calingasta. They are the northern-
most part of Cuyo basin, 50 km from the Rincón Blanco depocenter
(Fig. 1). The Triassic sediments of this region occur to the east of Cerro
Puntudo hill where they are bordered by inverse faults located to the
east/northeast and to the west/northwest. These faults, related to the
Andes compressive tectonics (Figs. 1, 2), are oriented N-NE and dip to
the west, resulting in low angle strata dipping (15–25°) to the west.

Ordovician sedimentary/metamorphic rocks outcrop in Sierra del
Tigre ridge (Cardó and Dias, 2005), located to the east/southeast of the
Triassic sediments. Similar Ordovician deposits (sandstones) are ex-
posed as basement of the Triassic units in the northeast of the study
area. They occur in the core of an open anticline associated with the
eastern inverse fault (Figs. 1, 2). Devonian sedimentary rocks are in tec-
tonic contact (Sessarego, 1988) with Triassic sediments to the north
and west, near Cerro Puntudo hill (Fig. 1). They occur as basement of
the Triassic sediments in the northernmost part of the studied area,
also related to the eastern open anticline (Fig. 2). On a regional scale,
Devonian and Carboniferous sedimentary rocks also outcrop to the
south/southeast in the San Juan river region (Fig. 1). An angular uncon-
formity separates the Permian-Triassic andesite rocks of the Choiyoi
Group from the Triassic sediments to the south (Sessarego, 1988)
which are exposed by open anticline (Fig. 2). In this region, younger
Triassic strata occur directly in contact with the volcanic basement,
suggesting an onlap over the basement (Fig. 3).

In summary, thewestern Precordillera basement of Cuyo basin in the
study area is composed of Ordovician low grade metamorphic rocks
and Carboniferous/Devonian sedimentary rocks in the east/southeast,
Devonian sedimentary rocks in the north and west, and Permian-
Triassic acid volcanic rocks in the south (Figs. 1, 2).

2.2. Stratigraphy

The Triassic lithostratigraphic sections of the Cerro Puntudo region
(Figs. 3, 4) are composed of Cerro Puntudo and El Relincho Formations
(Mombrú, 1974; Stipanicic, 2002), which are separated by an erosive
unconformity (Mombrú, 1974; Sessarego, 1988). The section has an ex-
posed thickness of approximately 400 m (Sessarego, 1988; López-
Gamundí and Astini, 2004). To the north, the basal section of the Cerro
Puntudo Formation overlays theOrdovician basement through an angu-
lar unconformity of 35°. It reaches a maximum thickness of 176 m and
is pinkish in color (Fig. 4, section B). The upper reddish section is up
to 138 m thick (Fig. 4, section C), although part of the section may be



Fig. 1.Generalized geologicmap of theWestern Precordillerawith the Triassic outcrops of northernCuyobasin (modified fromSessarego, 1988; Barredo, 2004; López-Gamundí andAstini,
2004; Cardó andDias, 2005) and the locationmap (lower left) ofwestern Argentina showing themainmorphotectonic units of the area (Ramos, 1994; Astini and Thomas, 1999; Giambiagi
et al., 2011).
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absent due to the erosive unconformity. The topmost El Relincho
Formation is a greenish unit 60 m thick truncated by a reverse fault
(Fig. 4, section C). Based on lithofacies, floral remains and stacking
analysis, the sediments of the Cerro Puntudo area were originally corre-
lated to other Triassic units of the Cuyo basin (Strelkov and Alvarez,
1984; Sessarego, 1988; López-Gamundí and Astini, 2004). An isotopic
igneous age of 243.8 ± 1.9 Ma (Mancuso et al., 2010) in a tuff interbed-
ded in the upper Cerro Puntudo Formation confirmed amid-Triassic age
(Anisian), allowing a new chronocorrelation along the Cuyo basin.

3. Materials and methods

About 4.5 km of outcrops were mapped in the Cerro Puntudo area
(Fig. 2). Two sections were described at 1:1000 and key intervals were
evaluated in detail at 1:50. The siliciclastic facies were named following
Miall (1977) considering particle size and sedimentary structure,
petrography classification of Pettijohn (1975) was used. The carbonate
facies of Cerro Puntudo area represent a particular group of terrestrial
carbonates with pedogenetic and diagenetic features (Argota et al.,
2014; Benavente et al., 2015; Teixeira, 2016); thus Alonso-Zarza and
Wright (2009) approach has been used. Microbial carbonates are also
a common lithofacies and are classified following Riding (2000). For
paleogeography, paleo-slope and streams reconstruction, all significant
sediment structuresweremeasured in order to provide a representative
vector of paleocurrent direction (Potter and Pettijohn, 1977). Themean
vector (Vm) was plotted in rose plots (Allmendinger et al., 2012;
Cardozo and Allmendinger, 2013) plus standard deviation (σ), consis-
tency factor (Fc) and number of measures (n) (Potter and Pettijohn,
1977). For measurements in conglomerates, “n” represents imbricated
clast within a station considering a pool of representative imbricated
clasts within a bed.

Additionally, provenance analysis allowed us to interpret source-to-
sink routes and sediment input. The method of detrital modes of sand-
stones was adopted following Gazzi (1966) and Dickinson (1970), by
counting 300 grains in each thin section. The particles were classified
as quartz (Q), including monocrystalline quartz (Qm), polycrystalline



Fig. 2.Geological map of Triassic deposits of the Cerro Puntudo areawith the distribution of themain facies associations, showing also themain structures. The lithostratigraphic described
sections are indicated by A, B, C and D; the four dated samples are pointed out as CP-58, CP-62, CP-64 and VC-02.
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quartz (Qp); feldspar (F), including plagioclase (P), K-feldspar (K); and
lithic fragments (L) of three types: volcanic (Lv), sedimentary (Ls) and
metamorphic (Lm). In ternary plots, total lithic (Lt) corresponds to the
sum of lithic and polycrystalline quartz. The thin sections were stained
with sodium cobaltinitrite to allow the distinction of K-feldspar from
plagioclase. However, when the polysynthetic twinning of plagioclase
was not evident, the majority of feldspars were classified as indistinct
due to the pervasive diagenetic replacing of minerals, such as albite, cal-
cite and clay minerals. In order to solve any doubt related to mineral
identification, the thin sectionswerefirst analyzed by Scanning Electron
Microscopy (SEM)/Energy-Dispersive Spectrometer (EDS). The prepa-
ration routine of the samples included polishing, cleaning and carbon
metallization before analysis in a JEOL JSM 6010LA with a Silicon-drift
EDS operating 40 s for each detection. Conglomerates were also consid-
ered in provenance analysis, but instead of a modal composition, clast
frequency counting was applied during field work (Dickinson, 2008).
All pebbles, cobbles and boulders were counted and classified in 1 m2

of vertical section, which approximates 100 clasts.
Samples for geochronology were collected in the main tuff layers

in the Cerro Puntudo section, which occur only in the Cerro Puntudo
formation (Figs. 3, 4). Besides, one andesite sample of the volcanic base-
ment, outcropping to the south and underlying the Triassic stratigraphy,
was dated to obtain aminimumage for the Triassic sedimentation. U-Pb
ageswere obtained by laser ablationmulti-collector inductively coupled
plasmamass spectrometry (LA-MC-ICP-MS) analyses of zircon grains in
the Laboratory for Geochronology of the University of Brasília following
methods outlined in Bühn et al. (2009). Samples were loaded into a
New Wave UP213 Nd:YAG laser (λ = 213 nm), linked to a Thermo
Finnigan Neptune Multi-collector ICPMS. Laser induced fractionation
of the 206Pb/238U ratiowas corrected using the linear regressionmethod
(Kosler et al., 2002). Masses 204, 206 and 207 were measured with ion
counters, and 238U was analyzed on a Faraday cup. For data evaluation,
only coherent intervals of signal response were considered. Plotting of
U-Pb data was performed using ISOPLOT v.3 (Ludwig, 2003) and errors
for isotopic ratios are presented at the 2σ level. Because of the statistical
treatment applied in calculating Concordia Ages, those aremore precise
than any individual U-Pb or Pb-Pb ages (Ludwig, 2003) and, in the
present study, always correspond to less than the 2% accuracy obtained
from the intercalibration of the standards. Consequently, the Isoplot cal-
culated errors were modified in order to incorporate this uncertainty



Fig. 3. Lithostratigraphic sections of Triassic deposits described in the Cerro Puntudo area showing the facies association distribution, the unconformity between Cerro Puntudo and El
Relincho Formations and the onlap of earlier Triassic deposits over the basement to the south.
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level and, hence, represent amore realistic age in terms of the analytical
limitations of the method.

4. Results and interpretations

4.1. Geochronology

Sample CP-58 is a porphyritic andesite with aphanitic matrix and
preserved flow texture from the Choiyoi Group basement (Figs. 2-4).
The best estimation for the igneous crystallization of this rock is a
Concordia age of 256.8 ± 3.5 Ma (Permian/Lopingian) (Fig. 5A). There
is also an older zircon population which yielded the Concordia age
of 273.4 ± 1.8 Ma (Permian/Upper Cisuralian). Both ages are consis-
tent with others ages available for Choiyoi magmatism (Mpodozis
and Kay, 1992).

Sample CP-64 is a white tuff with shards, vitroclasts and cemented
amygdales, collected in a 1 m thick layer at the base of the ephemeral
fluvial facies association (upper section of the Cerro Puntudo Formation)
(Figs. 2-4). The best crystallization age estimation for this rock is a
Concordia age of 249.8 ± 2.5 Ma (Fig. 5B) indicating Lower Triassic.
This age is consistent with other ages available in this depocenter.
There is also an older inherited zircon population, which yielded the
Concordia age of 276 ± 3.2 Ma (Permian/Upper Cisuralian), equivalent,
within error, to the oldest age of CP-58 volcanic basement. Additionally,
a few older zircon grains suggest even older inheritance of Proterozoic
age.

Sample VC-02 is a cemented tuff with a laminated granular vitric
texture collected in a 10 cm thick layer at the base of the palustrine
facies association (upper section of the Cerro Puntudo Formation)
(Figs. 2-4). This sample displays a complex age patternwith a large pro-
portion of inherited zircon grains derived from Paleozoic, Proterozoic
and even Archean sources. The estimated age for this rock is repre-
sented by the weighted mean 206Pb/238U age of the youngest grains
254.9 ± 3.4 Ma (Permian/Lopingian), a probably inherited age.

Sample CP-62 is a reworked silty tuff with green phyllosilicate/clay
minerals located in a 60 cm thick layer toward the top of the alluvial
fan association (Figs. 2–4). This tuff bed is the most basal tuff of the
Cerro Puntudo section (lower section of the Cerro Puntudo Formation).
This sample shows a large proportion of inherited grains, which com-
bined with some degree of lead loss, results in a complex age pattern.
Therefore, a reliable age estimation is not possible.

The topmost and thickest tuff layer (2 m) of the Cerro Puntudo
section underlies the erosional unconformity, within the upper
palustrine facies association at the top of the Cerro Puntudo Forma-
tion. This tuff was previously dated through U-Pb SHRIMP method
by Mancuso et al. (2010) and yielded a 243 ± 1.8 Ma (Middle Triassic)
age.

4.2. Accommodation changes

Based on the unit thicknesses, stacking patterns and the age con-
straints described previously, we can interpret accommodation changes
over time. This has become a fundamental concept in modern strati-
graphic studies and particularly critical for rift settings. Accommodation
has been defined as: “the space made available for potential sediment
accumulation” (Jervey, 1988). Later work (Muto and Steelb, 2000) has



Fig. 4.Main lithostratigraphic sections (B and C) of Triassic deposits measured in the Cerro Puntudo area showing the equivalent stratigraphic position of dated samples. See Figs. 2 and 3
for samples' exact location.
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proposed that available space can only be interpretedwhen appropriate
thickness can be measured at a specified site and time in order to
infer and discuss high- versus low-accommodation settings (Allen and
Fielding, 2007; Ambrosetti et al., 2017). Our age constraints enable us
to interpret sedimentation rates for the lower conglomeratic section
higher than 25.1 m/Ma, since the basal age is from the basement, and
approximately 20.3 m/Ma for the upper half of the Cerro Puntudo
Formation. The accommodation change observed within the Cerro
Puntudo Formation indicates decreasing available space, which is
consistent with the fining upward trend of the unit (Fig. 4). Within a
rift setting, these changes point to a transition from an active tectonic
accommodation, with higher sedimentary rate, into a more tranquil
stage, with a lower deposition rate.

Unfortunately, no constraint can bemade on accommodation for the
upper El Relincho Formation, since we have no data on thickness and
age brackets for the topmost unit. However, stacking pattern analysis
allows us to conclude that accommodation accelerates at the base
and slowly decelerates toward the top, which is consistent with facies
development.

4.3. Facies and environments

Within the Cerro Puntudo section, four facies associations could
be defined (Fig. 4). Their characteristics are summarized in Tables 1
and 2, in Fig. 6 and more details are described in Teixeira (2016). The
lower pinkish section of the Cerro Puntudo Formation is composed
of coarse conglomerates of alluvial fan facies association, while the
upper reddish section includes finer grained conglomerates, sandstones
and shales of ephemeral fluvial facies association, which alternate
with two gray sections related to limestones beds of palustrine facies



Fig. 5. (A) U-Pb concordia age (left) obtained for the volcanic basement of Choiyoi Group (CP-58 sample) and cathodoluminescence imaging (right) of one igneous zircon analyzed; (B) U-Pb
concordia age (left) obtained for a tuff of the upper section of the Cerro Puntudo Formation (CP-64 sample) and cathodoluminescence imaging (right) of one igneous zircon analyzed.
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association. The green section of El Relincho formation is composed of
coarse conglomerates of braided fluvial facies association.

4.3.1. Alluvial fan facies association
The alluvial fan facies association is represented by crudely layered

massive boulder-rich orthoconglomerates. Individual beds reach 2–3 m
thickness and show amalgamated and irregular contacts with frequent
protruding outsized boulders (Figs. 6, 7A). This association is typically
composed of disorganized breccias and conglomerates mostly in the
range of boulders (of up to 0.9 m) to cobble size. A few lenticular layers
with imbricated clasts only occur locally. In addition to poorly sorted
boulders, cobbles and pebbles there is also an immature sandy matrix.
The conglomerates are compositionally homogeneous and dominated
by acidic volcanogenic components. Toward the top of this section,
the conglomerates gradually show better layering and turn into finer-
grained massive cobble to pebble-rich orthoconglomerates, with a
sandy matrix. Planar crossbedding coarse sandstones with wedge
shape and erosive truncations also occur interbedded with imbricated
pebble-rich orthoconglomerates.

The poor stratification, bad sorting and scarcity of internal organiza-
tion point to a predominance of debris-flow deposits and low-transport
efficiency processes for the alluvial fan facies association. Outsized
boulders and bed thickness indicate matrix strength and high compe-
tence of individual flows. These depositional features aremore likely re-
lated to proximal fan deposits in high-slope gradient, relatively close to
marginal faults. Episodic stream-flow deposits and surface reworking
are indicated by lenticular geometry, better sorted pebbly bedswith im-
bricated grouped clasts and sandstone wedges with sharp erosive
boundaries (e.g., Nemec and Steel, 1984). The better organization and
thinning upward layering suggest progressive enlargement of drainage
area, lower depositional slopes and more unconfined fluxes.

4.3.2. Braided fluvial facies association
The braidedfluvial facies association ismainly composed of stratified

cobble-rich orthoconglomerate lithofacies. The conglomerates are usu-
ally well sorted and polymictic in composition. Discoid to equant-
shaped well-rounded cobbles, pebbles and boulders are immersed in a
greenish sandy matrix with relatively good textural maturity and non-
oxidized minerals. Conglomerates include varied volcanic (acid and
mafic extremes), and abundant sedimentary and low-grade metamor-
phic rocks. Crude horizontal stratification in orthoconglomerates (m
scale bedding) and development of crossbedded sandstone wedges



Table 1
Summary of main siliciclastic facies.

Facies Geometry/thickness Sedimentary structure Granulometry Description Interpretation process

Matrix-supported breccia Tabular/dm Massive Pebble Mud matrix Cohesive debris flow
Massive boulder-rich
orthoconglomerate

Tabular/2–3 m Massive to crudely layered Boulder, cobble, pebble With outsized boulders,
localized imbricated clasts

Non-cohesive debris flow
with localized stream flow

Massive pebble-rich
orthoconglomerate

Tabular/m/dm Massive Pebble, cobble Sand matrix Non-cohesive debris flow

Stratified cobble-rich
orthoconglomerate

Lens/2–3 m Horizontal and large
low-angle crossbedding

Cobble ± boulder/pebble With imbricated clasts and
sandy matrix

Traction in turbulent
stream-flow current

Imbricated pebble-rich
orthoconglomerate

Lens/30–60 cm horizontal stratification,
Imbricated clasts

Pebble With normal grading Traction in turbulent flux

Normally graded fine-grained
conglomerate

Lens/30 cm–1,5 m Normal grading Pebble/cobble Rich-sand orthoconglomerate
poorly sorted

Deposition by turbulent flux

Planar crossbedding sandstone Wedges/20–40 cm Low angle planar crossbeds Medium to coarse With pebbles in the base and
erosive truncations

Traction in lower flow regime
(dunes 2D)

Horizontally laminated
sandstone

Lens/30 cm–1,5 m Horizontal lamination,
massive

Coarse to fine With pebble lags, flute casts,
parting lineation, locally mottled

Traction in upper flow regime

Through crossbedding
sandstone

Tabular or
wedges/10–80 cm

Trough crossbeds Fine to medium With erosive truncations Traction in lower flow regime
(dunes 3D)

Climbing ripple sandstone Sheets, lens/10–20 cm Climbing ripples Fine With erosive bottoms, calcitic
nodules and bioturbation

Suspension in lower flow
regime

Laminated fine-grained mud Tabular/10 cm–2 m Lamination, mottled,
bioturbation

Silt/mud Heterolithic lamination of
silt/mud, calcitic nodules,
mud cracks

Decantation, eodiagenesis
and pedogenesis

Massive fine-grained mud Tabular/10–50 cm Mottled, bioturbation Silt/mud Calcitic nodules Decantation eodiagenesis
and pedogenesis

Bioturbated tuffs Tabular/10 cm–2 m Massive, normal grading,
bioturbation

Silt to sand Volcaniclastic (glass and
shards) mottled

Ash-fall deposits

Laminar calcretes Nível tabular/5–10 cm Rhizoliths Silt to sand Micritic irregular
carbonate-rich layers

Calcretization pedogenic
processes
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highlight good internal organizationwith lenses of imbricated clasts and
grouped boulders (Figs. 6, 7C). Internal bounding surfaces contain com-
mon cut and fill structures and normal gradation. Planar and trough
crossbedding sandstones aremore frequent toward the top. These facies
are medium to coarse-grained well-sorted sandstones. They usually
show internal low-angle surfaces and truncations by intervening
dm thick layers of medium to coarse-grained imbricated pebble-rich
orthoconglomerates. Within this association, meter-scale cycles with
sharp irregular to undulate bases and normal gradation are frequent.

The stratified cobble-rich and sandy orthoconglomerates are
interpreted as longitudinal bars (Miall, 1996) formed by turbulent
stream-flow currents within channel braided belts. The planar and
trough crossbedding sandstones are interpreted as sandy bedforms
(2D and 3D dunes) deposited by traction adjacent to the conglomerate
bars during low-stage flows. Individual cycles may be fluctuations be-
tween high and low discharge gravel-rich braided streams. Horizontal
and large-scale crossbedding is compatible with developing bars,
whereas low-angle erosional surfaces seem to be reactivation surfaces.
Crude bedding and relatively good internal organization are features
characterizing stream-flow dominated alluvial fans (or distributive
braided systems) with available water sources all year long. This
explains the profusion of crossbedding and the well-rounding of indi-
vidual pebbles-boulders within this clast-supported conglomerates.
Table 2
Summary of the carbonate facies (palustrine limestones).

Carbonate
facies

Grain size/thickness Sedimentary Structure Description

Stromatolite Tabular/dcm to m Rhizolith, tepee, shrinkage
crack, breccia (paleosoil),
enterolithic layers

Micritic crenulated lam
(locally domic) with fen
calcitic (rare barite) nod
recurrent siliciclastic sil

Oncolitic
limestone

Tabular or lens/dcm Disrupted/broken oncoids,
rhizolith, inverse grading,
cemented fissures

Micrite/peloidal matrix
silt and heterogeneous

Mudstone Tabular (?)/cm Massive, contraction crack Massive homogeneous
Lenticular bedding characterizes frequent channel switching and the in-
tervening sandstones and lag conglomerates indicate fluctuating flow
regimes. The textural patterns and diversity of tractive structureswithin
this facies together with the sandymatrix of the conglomerates indicate
more humid conditions for this facies association. Especially the green
color of the sandy matrix reveals that associated iron minerals were
not fully oxidized. This is in contrast with the conglomerates at the
base of the Cerro Puntudo Formation.

4.3.3. Ephemeral fluvial facies association
The ephemeral fluvial facies association is characterized by fining

upward thin bedded cycles (~0.5–1.5 m) composed of horizontally
laminated sandstones encased within laminated fine-grained mud
(Figs. 6, 7B). In addition, the ephemeral fluvial association shows a
wide spectrum of lithofacies: thin lenticular beds of normally graded
fine-grained conglomerates, fine-grained thin-bedded tabular climbing
ripples sandstones, bioturbated tuffs and laminar calcretes.

Horizontally laminated sandstone is the recurrent lithofacies within
this association. Beds are lenticular with erosive concave base and
planar top, 0.3–1.5 m thick and 3–15 m long. These sandstones are
submature, medium to coarse-grained, with iron oxides represented
by red film coatings around individual grains. This facies shows a variety
of primary sedimentary structures, such as flute casts, horizontal
Micro-biota Interpretation process

ination
estral and
ules;
t intercalation

Some ostracods Microbial carbonate precipitation in
ponds under more evaporative
conditions; pedogenesis and vadose
eodiagenesis

with siliciclastic
oncoids

Ostracods, charophytes Microbial carbonate precipitation
in ponds; pedogenesis and vadose
eodiagenesis

mudstone Ostracods, rare charophytes Carbonate precipitation under less
evaporative conditions; vadose
eodiagenesis



Fig. 6. Summary of the main facies and facies associations in the Cerro Puntudo area.
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lamination and parting lineation. Besides, there are secondary sedi-
mentary structures, like mottled textures, carbonate nodules and
bioturbation.

Laminar calcretes are characterized by irregular carbonate-rich
layers, slightly discordant with the bedding, and with vertical tubular
structures, typically bifurcated at the base. Under the microscope, they
show micrite-rich peloidal-clotted textures with fenestral and alveolar
growth, circumgranular shrinkage cracks and carbonate crusts around
the oval tubes. This facies occurs laterally associated to horizontally
laminated sandstones.

Laminated and massive fine-grained mud lithofacies are repre-
sented by tabular beds, 0.1–0.5 m thick, overlying the horizontally
laminated sandstones. They consist of red to purple heterolithic alterna-
tion of silt and mud with some sand grains and shards/vitroclasts. This
facies has mottled texture, carbonate nodules and superposed cylindri-
cal to oval tubes with various diameters and positions. Minor greenish
to whitish pervasively bioturbated tuffs (b0.1 m) with abundant fine-
grained glass shards also occur.

This facies association largely reflects an environment with little
slopes dominated by deposition of fine-grained rocks punctuated
by normally graded and channelized laminated sandstones. Lenticular
horizontally laminated sandstones are compatible with relatively shal-
low channels. Their erosive bases with flute casts and parting lineation
indicate flash-flood deposits. Few isolated and more incisive channels
with conglomerate lags may represent wadis-type events or shallow
distributaries within ephemeral fluvial distributary systems and termi-
nal fans (Nichols and Fisher, 2007). The finer-grained capswith lenticu-
lar to wavy bedding (climbing ripple sandstone) and mudcracks
indicate a final stage of deposition in shallow water ponds or largely
unconfined mudflats. Massive fine-grained muds represent deposits
formed by settling of fines in remnant channel or inter-channel areas,
related to the waning stages of the flash floods. Subtle to pervasive
mottling, carbonate nodules and tube-like structures are indicative of
eodiagenetic features, probably related to fluctuating water table. The
microscopic features within the laminar calcretes record typical pedo-
genic processes (Esteban andKlappa, 1983) togetherwith development
of vertical tubular structures interpreted as rhizoliths and already men-
tioned byMancuso (2009). Bioturbated tuffs represent ash-fall deposits
within this ephemeral fluvial system and into shallow ponds. This facies
yields little preservation potential and was largely transformed into
some kind of incipient paleosoil (Platt andWright, 1992). These charac-
teristics are common in ephemeral fluvial systems, where fluvial sedi-
ments are laid down under more humid environmental conditions
(flooding) and pedogenesis, eodiagenesis and bioturbation occur during
later drier stages with a fluctuating water table. Similar conclusions
were inferred from trace fossil assemblages (Krapovickas et al., 2008).

4.3.4. Palustrine facies association
The palustrine facies association is separated from the ephemeral

fluvial association by the presence of thin carbonate units that occur in-
terbedded (at a dm to m scale) within the brown to red fine-grained
muds and the greenish to whitish bioturbated tuffs. A main characteris-
tic throughout this carbonate-rich facies association is the pervasive
pedogenetic/eodiagenetic overprint affecting the different primary fea-
tures (Fig. 7D).

Carbonate thicknesswithin this facies association never exceeds 1m
and lithotypes usually contain a low-percentage of siliciclastics or glass
shards dispersed in the matrix. The remaining lithofacies, mostly the
siliciclastic fine-grained fines and tuffs (Fig. 7E), are usually affected
by strong bioturbation and show a diversity of tubes (rhizoliths) of
various diameters. Minor channels with coarser-grained siliciclastics
may suddenly interrupt or truncate carbonates, but usually intergrade



Fig. 7. Facies associations of Cerro Puntudo area: (A) amalgamated beds of massive boulder-rich orthoconglomerate of alluvial fan association; (B) lenticular bed of sandstone encased
within fine-grained muds of ephemeral fluvial association; (C) stratified orthoconglomerates with sandstone wedges of braided fluvial association; (D) carbonate beds with pervasive
pedogenetic/eodiagenetic features of palustrine association; (E) siliciclastic fine-grained muds and tuffs with pedogenetic features of palustrine association.
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generating transitions from silty-sandy carbonates to arenaceous and
silty mudstones.

Carbonate rocks are massive mudstones, stromatolites (very finely
laminated mudstones) and oncolitic floatstones. Massive mudstones
show few isolated ostracods and pervasive cracking throughout the
beds (Fig. 8A). Stromatolites are usually planar to crinkly laminated. In ad-
dition, teepee-like features (Fig. 8B), irregularly folded layers and nodular
patterns are present. Some domal hemispheroidal stromatolites occur
associated with oncoids (Fig. 8C). Oncolitic floatstones are composed of
poorly-sorted oncoids ranging in size from mm to over a cm (Fig. 8D),
including beds with internal grading. Oncoids are usually nucleated and
asymmetric to eccentric (Fig. 8E) and internally show various stages of
growth and erosion-truncation. Directional growth seems common and
usually is characterized by asymmetric shapes (Fig. 8F). Preserved fila-
ment structures growth of possible microbial origin can be observed
under themicroscope (Fig. 8G). Nuclei are usually remains of charophyte
plants (e.g. broken thalli, gyrogonites), phytoclasts, or intraclasts (Fig. 8F).

All of these carbonate facies show some degree of earlier pervasive
admixing (bioturbation), shrinkage cracks and later development of fe-
nestral and microkarstic dissolution cavities. These voids have a variety
of superposed cementations, including vadose silts and sparry to radial
acicular fan-shaped calcites. Matrix neomorfism and circumgranular



Fig. 8. Palustrine carbonate facies: (A)mudcracks cross cut the complete thickness ofmassivemudstone; (B) teeppe-like features in stromatolite; (C) domal hemispheroidal stromatolite;
(D) oncolitic floatstone; (E) oncoid with asymmetric to eccentric growth (microscope); (F) oncoid with directional growth (microscope); (G) preserved filaments structures under the
microscope; (H) two distinct bedding styles: horizontal and lenticular (highlighted).
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cracking are also pervasive throughout these carbonates. Sometimes
bioturbation completely erases the primary characteristics giving a
massive appearance to the beds.

Within this association two distinct bedding styles (Fig. 8H) are
represented by lenticular bedsets with ~20 m length of individual
thin-bedded limestones of the oncolitic type carbonates, and laterally
continuous sheet-like bedding style carbonates (beds up to 0.45 m
thick), represented by crinkly to hemispheroid stromatolites at the
base and more planar type (carbonate laminites) toward the top or
by mudstone layers. Limited lateral extent and thickness of the lime-
stone beds indicate the local nature of the carbonate fabric within this
environment. More tabular facies seem to represent mudflats of ex-
tremely shallow lakes (Gierlowski-Kordesch, 2010), whereas more
lenticular strata may indicate ponded facies within fluvial ephemeral
channels (e.g., Arenas et al., 2015).

Stromatolite facies affected by bioturbation and cracking seemmar-
ginal to ponded waters and point to frequent subaerial development.
Teepee structures, nodular fabrics and enterolithic folding appear to
relate to evaporite precipitation under more negative hydrological
balance during drier seasons. Ostracod-rich mudstones may record the
deeper water environments within this association. However, late-
stage mudcracks cross cut the complete thickness (Fig. 8A) suggesting
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subsequent subaerial exposure and desiccation. Gradation of oncoid
size within individual beds of oncolitic floatstones together with little
sorting and mixture with various size broken pieces may indicate
some transport and in situ exposure, breakage and reworking of carbon-
ate grains within this extremely shallow water environment and/or
fluvial swamps. Fragmented oncoids as well as mixed and mottled ma-
tricesmay indicate various degrees of soft-sediment bioturbation before
the final cementation. Iron-rich crusts and cemented tubes crosscutting
beds have been suggested as strong evidence for exposure and late
pedogenesis (e.g., Alonso-Zarza and Wright, 2009). Given the fact
that all of the carbonate facies, including the oncoid floatstones, show
early admixtures and deformation due to soft-sediment bioturbation
(soft ground patterns), color changes and superposed contraction
features (circumgranular cracks), pore generation and enlargement
(microtubes, fenestrae and voids in the matrix) and cementation, we
infer protracted exposure, partial desiccation, oxidation and pedoge-
netic processes. This is common in carbonate-rich marshes affected by
water table fluctuations and recurrent vadose diagenetic conditions.

The scarcity of siliciclastic facies reveals a relatively tranquil stage
with little external supply and climatic conditions prone to develop-
ment of carbonate factories. Floodplain depositional environments
with ponds and secondary drainages within marshlands may have
dominated this association. Ponds may have developed alkaline condi-
tions with saturation of calcium carbonates, while the secondary
carbonate features seem a product of seasonal water table fluctuation
during drier episodes (e.g., Verrecchia, 2007). These alternating condi-
tions are characteristic of palustrine/wetland systems that are season-
ally flooded and seasonally exposed to vadose eodiagenesis and/or
pedogenesis substrates (Platt and Wright, 1992; Verrecchia, 2007;
Alonso-Zarza and Wright, 2009). This interpretation differs from previ-
ous work that suggested lacustrine and shallow lacustrine environ-
ments (López-Gamundí and Astini, 2004; Mancuso, 2009; Benavente
et al., 2012) for this facies association and agrees with the recent inter-
pretation by Benavente et al. (2015), who characterized palustrine
carbonates for this succession.

4.4. Provenance analysis

4.4.1. Conglomerates
Preliminary clast counting showed a great homogeneity throughout

the alluvial fan conglomerates of the Cerro Puntudo Formation. A repre-
sentative clast counting 20m from the base of this section (Fig. 9, label A;
Appendix A) shows a largely volcanic population (97%) composed of
andesites, rhyolites and tuffs of dominant pinkish to reddish colors.
No compositional differences occur between boulder and pebble sizes,
although few purple boulders of volcanic breccias and agglomerates
(3%) were found in the coarser populations.

Compositional difference in these conglomerates occurs only within
the lowermost 5 m, immediately overlying the angular unconformity at
the base of Cerro Puntudo. Asmuch as 50% of the boulder-cobble-pebble
sizes (Fig. 9) are composed of sandstones and slightly metamorphosed
graywackes that clearly come from theunderlyingOrdovician basement
rocks. This clast sedimentary composition rapidly disappears up section.

Two representative clast-count stations within the braided fluvial
conglomerates of El Relincho Formation (Fig. 9, labels B and D;
Appendix A) show a large compositional variation. There are abundant
metamorphic green clasts (19–12%), besides intermediate to acidic
volcanic clasts (81–88%), which are similar to those of the Cerro Puntudo
Formation. The metamorphic fragments are meta-sedimentary (light to
olive green) and meta-mafic (dark green) with pervasive foliation,
whereas volcanic fragments are andesite, rhyolite and ignimbrite (pink,
reddish and purplish color). Close to the base of the El Relincho Forma-
tion (5 m from the base), metamorphic fragments are more frequent
among the pebble size population (47% in label C), but also occur as cob-
bles (19% in label B, 12% in label D). Among the cobble-size population,
differences within the volcanic clasts are recorded up section: next to
the erosional unconformity of El Relincho Formation (label B), andesites
and rhyolites are in similar proportions, while toward the top (label D),
rhyolite cobbles are twice as abundant as andesites.

Lower and upper conglomerates strongly differ in composition.
Whereas the lower Cerro Puntudo Formation contains only volcanic
clast populations, the upper El Relincho Formation shows an input
of metamorphic components, besides volcanic clasts. This notable
polymictic composition suggests a change in provenance. In addition,
this compositional change is largely responsible for the sharp color
change toward greenish in the El Relincho Formation. This is a great
contrast to the red-bedded Cerro Puntudo Formation.

Andesite clasts of the Cerro Puntudo Formation have a remarkable
similarity in composition, petrographic textures and colors with the
volcanic basement outcropping to the south of the area (Fig. 2) and
dated in this work (sample CP-58, Figs. 2, 3 for location). Permo-
Triassic rhyolites outcrop in separate hills immediately to the west of
the study area (Fig. 1), including the top of Cerro Puntudo hill. These
volcanic rocks are considered part of the Choiyoi acidic volcanism
(Mpodozis and Kay, 1992) widespread across the Frontal Cordillera to
the west and also present within the western Precordillera (Jenchen
and Rosenfeld, 2002; Ávila et al., 2006; Barredo et al., 2012).

The compositional departure within the basal lowermost 5 m sec-
tion of the Cerro Puntudo Formation, with abundant sandstone and
metagraywacke clasts, seems to be related to the fact that locally the
conglomerates onlap onto Ordovician basement rocks (Fig. 3). This is
compatible with the angular unconformity mapped at the base of
the Cerro Puntudo Formation (Fig. 2) allowing the interpretation of a
hanging wall depositional surface. Thus, some rework of the local base-
ment provided the sedimentary and metagraywacke clasts contrary to
the rest, which points to a source in the volcanic footwall.

On the other hand, metamorphic and sedimentary clast composi-
tions in the El Relincho Formation are compatible with those in the
western Precordillera. Outcrops of low-grade metamorphic rocks, in-
cluding metagraywackes and mafic units and a variety of sedimentary
rocks, occur in the western Precordillera, immediately east and south-
east of the study area, and belong to Ordovician, Silurian, Devonian
and Carboniferous units (Fig. 1).

4.4.2. Sandstones
Themodal composition of sandstoneswas carried out in 10 thin sec-

tions, seven in the Cerro Puntudo Formation and three in matrix and
sandstone patches within the El Relincho Formation, summarized in
Fig. 9 and Appendix B.

Monocrystalline quartz is euhedral, with embayment fractures,
typical of a volcanic origin. It occurs in the whole section, but with
higher proportions (2–18%) at the top. This increasing content is consis-
tent with rising felsic volcanic grains (rhyolite) up section. Another
type of monocrystalline quartz that is observed is sub-rounded with a
previous syntaxial cement, both of which are features generated by
reworking of sedimentary rocks. Recycled sedimentarymonocrystalline
quartz is locally significant (asmuch as 8%) next to the base of the Cerro
Puntudo Formation, associatedwith sandstone boulders reworked from
the underlying basement. It increases to 12% toward the top in El
Relincho Formation, associated with metamorphic and lithic sedimen-
tary grains and polycrystalline quartz.

Polycrystalline quartz grains are sub-rounded and composed of
anhedral or elongate/stretched internal crystals, with undulose extinc-
tion that is a granoblastic texture typical of metamorphic grains. Sub-
rounded polycrystalline quartz as well as monocrystalline quartz grains
occur locally at the base of the Cerro Puntudo Formation and more im-
portantly in El Relincho Formation (2–8%).

Feldspars are significant components in all samples, varying be-
tween 17 and 47%. They are of two types, plagioclases or K-feldspars,
but they are usually recrystallized to albite, calcite and muscovite.
When distinction between themwas not possible due to pervasive dia-
genesis, grains were classified as indistinct feldspars (Appendix B).



Fig. 9. QmFLt (monocrystalline quartz-feldspar-total lithic) and QpLmLv (polycrystalline quartz-metamorphic lithic-volcanic lithic) ternary diagrams (right) with provenance samples
located in the lithostratigraphic type section of Cerro Puntudo area (left) and images of the main conglomerates (center). Sandstone samples in the lower section of the Cerro Puntudo
Formation are represented by square symbols, while the samples in the upper section, next to the carbonates, are shown by stars. The sandstone samples of El Relincho Formation are
represented by triangles. The conglomerate counting stations are labeled as A, B, C and D in the type section.
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The volcanic lithic fragments are substantial components through-
out the section with proportion ranging between 27 and 72%. They
are the exclusive type of lithic fragments (100%) within the lower
section of the Cerro Puntudo Formation, the majority (90–100%)
within the upper section and still a very important part (77–93%) in
the El Relincho Formation. According to their textures, grains can be
classified as porphyritic, felsitic and lathwork. Porphyritic textures
are more abundant in Cerro Puntudo lower section; they contain
plagioclase, feldspar and subordinate oxidized amphibole and biotite
as phenocrysts in a potassium/sodium microcrystalline matrix, which
characterizes andesitic compositions. Felsic textures occur in constant
proportion in the entire section; they are aphanitic with silicic to
potassium/sodium matrix and some quartz and feldspar (chessboard-
twinned albite) phenocrysts, and usually derive from rhyolites/
rhyodacites. Some of these grains contain glass and glass shards that
characterize pyroclastic deposits (ignimbrites and welded tuffs).
Lathwork textures with equigranular euhedral plagioclases of probably
andesitic composition occur only locally within the lower section of
the Cerro Puntudo Formation.

Metamorphic lithic fragments occur locally within the upper sec-
tion of the Cerro Puntudo Formation (1–4%) and more frequently
in El Relincho Formation (3–7%). Two types are recognized: meta-
sedimentary (meta-siltstones and meta-sandstones), that are the
most common types, and mafic grains, which seem more important
in El Relincho Formation. All these lithic fragments show well devel-
oped foliations, and those derived from sedimentary rocks show fine-
gained micas grown oblique to lamination.

Sedimentary lithic fragments are siltstones and fine grained-
sandstones that occur only locally at the base of the Cerro Puntudo
Formation and between 1 and 5% in El Relincho Formation. Sandstone
fragments are b1% since they are usually counted separately as sand
grains (Gazzi-Dickinson method).

According to their composition in total quartz-feldspar-lithic frag-
ment (Qt-F-Lt) plots (Pettijohn, 1975) all sandstones are litharenites
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to feldspathic litharenites with little primary matrix and show a variety
of cements (primarily calcite, quartz and hematite). Distinct provenance
can be interpreted from triangular plots including lithic fragments
(volcanic lithic, sedimentary lithic, metamorphic lithic, polycrystalline
quartz, total lithic) or minerals (monocrystalline quartz, plagioclase,
K-feldspar, feldspar, total quartz) (Dickinson, 1985). Monocrystalline
quartz-feldspar-total lithic (QmFLt) and polycrystalline quartz-
metamorphic lithic-volcanic lithic (QpLmLv) plots were used for
this study (Fig. 9). The ternary diagram shows that samples of Cerro
Puntudo lower section (Fig. 9, square labels 36, 37, 38b, 46) are domi-
nated by volcanic lithic fragments, moderate feldspars, and low volcanic
quartz. Samples 36 and 37 show recycled monocrystalline quartz from
the basement. Samples of Cerro Puntudo upper section (Fig. 9, star
labels 03, 48, 49) are dominated by volcanic lithic fragments, but yield
a higher feldspar content and some volcanic quartz. Samples of El
Relincho Formation (Fig. 9, triangle labels 52, 53, 54) showa higher pro-
portion of more mature monocrystalline quartz, besides polycrystalline
quartz, metamorphic, sedimentary and volcanic lithic grains, as evi-
denced by the polycrystalline quartz-metamorphic lithic-volcanic lithic
diagram (Fig. 9).

The modal composition of sandstones and ternary plots show that
samples from the Cerro Puntudo Formation have a volcanic source.
The same conclusion was drawn independently from the composition
analysis in the alluvial fan conglomerates. According to the prevailing
volcanic compositions we suggest that Choiyoi volcanics were ex-
posed at the source area, being the major outcrop to the west of the
study area (Fig. 1). Samples of El Relincho Formation show a different
source as independently suggested from our compositional analysis
on conglomerates. The provenance areas for this section are largely
composed of low-grade metamorphic and sedimentary rocks that
are widespread within the western Precordillera domain, in addition
to volcanic rocks of the Choiyoi Group. Easternmost occurrences of
Fig. 10. Facies association mapwith the paleocurrent data for each station. Clast imbrication co
6% (n = 9) and the other structures correspond to 9% (n = 15), totalizing 159 measurements.
the Choiyoi Group outcrop along the western Precordillera as well
(Figs. 1, 2).

4.5. Paleocurrent analysis

The main sedimentary structures recorded and measured for the
paleocurrent analysis were clast imbrication, flute casts and foresets of
crossbeds. Other structures like parting lineation and channel axes
were also considered (Fig. 10). Our analysis allows the recognition of
two main different paleocurrent directions: toward the east in the
Cerro Puntudo Formation and toward the northwest in El Relincho
Formation.

The alluvial fan association in the Cerro Puntudo Formation has
a mean vector (Vm) = 110.6° (σ = 3.4°; Fc = 92.2%; n = 47). The
ephemeral fluvial association has Vm = 89.2° (σ = 2.0°; Fc = 97.5%;
n = 48), including some data in the upper palustrine association.
These paleocurrent measurements point to the east direction. On the
contrary, the braided fluvial association of El Relincho Formation has a
major paleocurrent trend toward the northwest with a Vm = 316.1°
(σ = 2.5°; Fc = 94.4%; n = 63) (Fig. 10).

Provenance analysis based on composition data is consistent with
our paleocurrent analysis. The main outcrops of Choiyoi volcanic rocks
occur to the west of the study area and paleocurrents toward the east
makes them the likely provenance area for the conglomerates of
the Cerro Puntudo Formation. On the other hand, outcrops of early
Paleozoic low-grade metamorphic and sedimentary rocks located
to the southeast are the potential sources for the polymictic conglomer-
ates in the El Relincho Formation, which is consistent with reliable
paleocurrent data toward the northwest. A substantial change in the
paleocurrent pattern between the Cerro Puntudo Formation and the El
Relincho Formation indicates a strong rearrangement of basin drainage
to both sides of the unconformity separating these units.
rresponds to 76% (n= 121) of measurements, the flute casts are 9% (n= 14), foresets are
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5. Discussion

5.1. Evolution stages from a source-to-sink perspective

Rift settings develop different depositional belts associated with
basin floor and source area drainages, both from the footwall scarp
and the hanging wall ramp (e.g., Leeder and Gawthorpe, 1987). Basin
geometry as well as subsidence and sediment delivery exert great influ-
ence on transverse tributaries, whereas climate greatly influences active
erosion and depositional processes within both catchment and basin
(e.g., Smith, 1994). The spatial-temporal relationships between these
depositional belts, as well as the first order stratigraphic filling, have
been modeled adjusting these variables (e.g., Paola, 2000) and largely
considering the distribution of sediments across simple half-graben
basins, primarily controlled by activity of the basin master-faults and
sediment flux (e.g., Gawthorpe and Leeder, 2000). The stratigraphy of
intracontinental rift-basins sufficiently far from coastlines, like in the
Cuyo basin, is strongly influenced by changes in discharge regimes, sed-
iment supply, and tectonism (e.g., Blum and Törnqvist, 2000). However,
interactions and responses between tectonic and climatic stimulus are
not clear when focusing on ancient records, particularly when consider-
ing protracted time-intervals where connectivity and drainage integra-
tionbetween separate grabens across transfer zonesmay greatlymodify
the filling (Faulds and Varga, 1998; Smith et al., 2013).

Our study helps document changes in the stratigraphic fill, through
modifications in the drainage patterns along fossil rift systems, and un-
derstand long-term climate changes and connectivity between separate
grabens by showing fundamental distinctions between depositional
belts influenced by transverse and longitudinal (axial) flux. Considering
this approach and according to the data analyzed in the previous sec-
tions, the infilling of the Cerro Puntudo depocenter can be separated in
three evolutionary stages: isolated synrift, tectonic quiescence and con-
nected synrift. The first two stages belong to the Cerro Puntudo Forma-
tion whereas the last stage is represented by the El Relincho Formation.

5.1.1. Isolated synrift stage
The fact that coarse-grained alluvial stratigraphy develops within

the Cuyo basin onto various substrates reinforces a tectonic trigger
and its link to extension (López-Gamundí and Astini, 1992). A fining
and thinning upward vertical trend in the lower section of the alluvial
fan association of the Cerro Puntudo Formation indicates decreasing
surface gradient and consequently, lower accommodation space. The
boulder sizes and the dominant gravity processes that operate in this as-
sociation immediately above the basal unconformity, suggest strong
tectonic activity in order to create the available space.

Variable activity in normal faults is compatible with the evolution
of fault segments during the initial stage of rifting (Schlische, 1991;
Gawthorpe and Leeder, 2000). This has been noted for the Cuyo basin
by other authors (Kokogián and Mancilla, 1989; López-Gamundí and
Astini, 2004; Barredo and Ramos, 2010). Fault displacement within
the Cerro Puntudo area seems to have been important given the thick-
ness and large grain-size recorded in the alluvial fan association.Within
the extensional context, alluvial fan deposits are more important close
to the border master fault, where topographic gradients are higher
due to normal fault activity that in turn controls largely orthogonal
paleocurrent patterns. East-directed paleocurrents within the alluvial
fan association of the Cerro Puntudo Formation allow us to interpret
predominant flow directions toward the hanging wall block located to
the east and the master fault and uplifted (footwall) block to the west
(Figs. 11, sketch A, 12). The provenance analysis reveals that Choiyoi
Group volcanics dominate the footwall. Similar volcanic rocks prevail
to the west along the Frontal Cordillera and also outcrop beneath the
conglomerates toward the south, where an age of 256.8 ± 3.5 Ma
(Permian/Lopingian) was obtained.

The unidirectional paleocurrent, largely orthogonal, with no axial
input and predominance of a unique provenance points to an isolated
and closed depocenter (Fig. 12). This is coherent with the initiation of
rift systems, when active extension normal fault displacement is prone
to generate endorheic basins since tectonic subsidence exceeds sedimen-
tary supply. During such stages, depocenters may remain disconnected
and sills may momentarily act as paleogeographic barriers. This condi-
tion may help explain the small provenance change and trigger higher
aggradation and overfilling rates, due to the absence of external drainage.

Gradually, toward the upper section of the Cerro Puntudo Forma-
tion, better organized finer-grained conglomerate deposits reveal a
decrease in topographic gradients with no evident climate change as
inferred from facies analysis (Fig. 11, sketch B). This would point to
decreasing activity along themaster fault, allowing depositional system
widening, with progressive backstepping and infilling of the fault-
bounded associated depocenter. Thus, the fining and thinning upward
section of the Cerro Puntudo Formation is interpreted as the transition
to a more tranquil stage.

5.1.2. Tectonic quiescence stage
The uppermost section within the Cerro Puntudo Formation sug-

gests a decreasing accommodation space since it is a thinner section,
composed of finer-grained facies with paleosoils and carbonate units,
interpreted as shallow lacustrine and palustrine depositional systems.
Calcrete profiles within the ephemeral fluvial facies association indicate
condensation, decreasing sediment supply and reveal a semi-arid climate
for this depositional environment. Isolated channels are interpreted as
wadis that preferentially flowed from west to east (Fig. 11, sketch C).
Ephemeral fluvial and palustrine associations, including the carbonate
section, display little topography, hence development of alternating
ephemeral lake and wetland conditions. These characteristics point to
decreasing fault-bounded activity, slower accommodation space creation
and distinct depositional system associated with tectonically quiescent
stages (e.g., Martins-Neto and Catuneanu, 2010) (Fig. 12).

Composition analysis of sandstones in this uppermost section indi-
cates a slightly wider and more varied provenance area, consistent
with enlargement of the drainage configuration pattern. Within the
depocenter, ponding processes and recurrent water table fluctuation
enhance eodiagenetic processes, which indicate closed-basin condi-
tions. This may still point to largely disconnected graben-systems as
also indicated by the lenticular geometry of the palustrine deposits at
a map scale (see Fig. 2).

A tuff within the ephemeral fluvial association, in the upper sec-
tion of the Cerro Puntudo Formation, provided a Lower Triassic age
of 249.8 ± 2.5 Ma. In the topmost tuffs of this Formation, within the
palustrine association, Mancuso et al. (2010) published an age of
243 ± 1.8 Ma (Middle Triassic). Both ages allow us to infer a minimum
of 6.8Ma for the upper section of the Cerro Puntudo Formation. This es-
timation reinforces our interpretation of lower accommodation space
creation and explains the contrasted facies with the lower section
of the Cerro Puntudo Formation. Moreover, limited accommodation
space is consistent with limited terrigenous sediment supply prone for
development of palustrine depositional systems (Alonso-Zarza and
Wright, 2009). Therefore, the upper section of Cerro Puntudo Formation
is interpreted as belonging to a tectonic quiescence stage.

5.1.3. Connected synrift stage
A distinctive braided fluvial system characterizes the deposition

of the El Relincho Formation. This facies association sharply develops
overlying the Cerro Puntudo Formation. A prominent unconformity is
defined by rugged erosive surface and sudden truncation of the under-
lying fine-grained mixed carbonate-shale-tuff facies of the previous
quiescent stage. Althoughwe have no constraint for the hiatus involved
within the unconformity, it should be noted that at map scale, at least
22 m of section were eroded as shown by the correlation of close strat-
igraphic sections (700 m distance, Figs. 3, 4). This subtle angularity im-
plies a basin configuration change that, in turn, explains the sudden
coarse conglomerates of the El Relincho Formation. The unconformity



Fig. 11. Summary of the evolution stages and paleogeographic sketches interpreted for Cerro Puntudo deposits.
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records not only a drastic change in grain size and paleoenvironments
but also a strong change in provenance.

The braided fluvial association of El Relincho Formation has a signif-
icant amount of low-grade metamorphic and sedimentary lithics with
a paleocurrent direction toward the northwest. This is also in sharp
contrast and almost transverse to the underlying pattern in the Cerro
Puntudo Formation. This different paleocurrent within the braided
fluvial association of El Relincho Formation can be considered an axial
direction unrelated to the original master fault that generated the
primary accommodation during the deposition of the Cerro Puntudo
Formation, hence these data point to a change in sediment supply and
in paleoslopes. Therefore, a great geometric change in depositional sys-
tems and basin configuration can be inferred (Figs. 11, sketch D, 12).

Changes in geometry, drainage and interconnectivity between sepa-
rate depocenters along a rift-system may be driven by both tectonic
and/or climatic end-members. A climate change may have occurred
for the El Relincho Formation because facies analysis suggests a stable
fluvial braided system associated with a more humid climate. Although
sudden changes in paleocurrents can be related to tectonic activity, un-
less completely new fault boundaries had become active, paleocurrent
patterns might not change drastically. On the other hand, a gradual
climate change toward more humid conditions may help to connect
previously separated depocenters through axial drainage. This alterna-
tive may better explain the strong facies variations and contrasting
provenance between the Cerro Puntudo Formation and the El Relincho
Formation.

Interactions between axial and transverse drainage may greatly
modify architecture of basin filling (Connell et al., 2012). Axial drainages
in natural rift settings transport both water and sediment which are re-
lated to larger catchments that, in turn, may increase sediment trans-
port capacity. As a result, it is predicted that during the connectivity of
separate depocenters, erosional unconformities, like the one separating
the Cerro Puntudo Formation and the El Relincho Formation, may be
developed before larger accommodation creation takes place.

Because axial drainages collect water and sediment from larger
tributary drainages, more polymictic and better sorted conglomerates
may occur when compared to transverse-sediment input. Given the
better sorting and rounding of the El Relincho Formation conglomer-
ates, we infer a greater distance to the source area. The drainage en-
largement configuration within rift basins promotes regional stream



Fig. 12. Tectonic evolution models for the Cerro Puntudo Formation: A- isolated synrift stage and B- tectonic quiescence stage; and for El Relincho Formation: C- connected synrift stage.
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capture that would bring higher perennial sediment/water discharge to
the depocenter. This access could be favored by eventual relay ramps,
located along border faults or through transfer zones along the rift
systems.

As suggested by Connell et al. (2012), bypass of axial loads may
occur within internal highs or transfer zones separating depocenters.
In these linking areas, subsidencemay not accommodate all sedimenta-
tion. For this reason, we favor the interpretation that the strong prove-
nance change shown between the Cerro Puntudo Formation and the
El Relincho Formation might be better explained by the combination
of basin geometry rearrangement and climate change. Both together
bear on the reorganization of drainage systems, withmajor implications
for fluvial morphology, spatial distribution of deposition, erosion, sedi-
ment budgets and provenance (e.g., Bishop, 1995; Smith et al., 2013).

Numericalmodelling of rift systemswith opposite depocenter polar-
ities (Smith et al., 2013) shows that drainage connection occurs prefer-
entially along transfer zones. In the less subsiding upstream sub-basin,
depocenter connection results in erosion of pre-linking deposits (and
of the sill itself), while in the more subsiding downstream sub-basin
deposition prevails. This kind of process-response may have operated
in the Cuyo basin, and may particularly explain what happened in the
Cerro Puntudo sub-basin, with a southeast-northwest connection as re-
vealed by provenance analysis of the El Relincho Formation. According
to our data, the Rincón Blanco depocenter, located 50 km to the south
(Fig. 1), would have developed a connection with the Cerro Puntudo
graben explaining the strong paleocurrent and compositional change
observed above the unconformity.

During the linking process, erosion and incision can take place
not only in headwaters adjacent to the main border fault, but in less
subsident transfer zones. Although major cobble-boulder populations
will tend to deposit in the hanging wall close to the border fault, an im-
portant volume of clasts may be exported through axial drainage such
as the example of the Fiamignano fault in the Apennines (Whittaker
et al., 2010). Considering the Rincón Blanco and the Cerro Puntudo
depocenters linked, a regional paleoslope toward thenorth is suggested,
where the Rincón Blanco would be the upstream sub-basin and the
Cerro Puntudo, the downstream one (Fig. 12).

The transfer zone between the Rincón Blanco and the Cerro Puntudo
depocenters could have been an important source of sediment supply
during the linking process, especially if it was a high relief transfer
zone (Fig. 12). Connections between other sub-basins within the Cuyo
basin could have also occurred. However, as this regionwas tectonically
inverted during Andean shortening, a connection to the Rincón Blanco
depocenter is interpreted, since it is presently the closest known
depocenter to the south.

The sharp facies and architectural change documented on both
sides of the unconformity separating Cerro Puntudo and El Relincho
Formations, point to alluvial environments with contrasted transport
processes, slopes and sediment/water discharge. These differences
may be associated to drainage integration within rift systems. Changes
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from deposition to erosion and back to deposition have been ob-
served elsewhere (Cowie et al., 2006; Fidolini et al., 2013)when separate
sub-basins (e.g., isolated grabens) adhering to different base-levels
link within rift basins. Thus, a source-to-sink approach may help un-
derstand ancient non-marine rift systems, particularly at a regional
scale, where extensional basins are segmented into numerous sub-
basins with different elevations and subsidence rates. The linkage
allows direct regional correlations to be made and reveals that signifi-
cant local unconformities associated to the moment of connection are
non-tectonically driven, but influenced by rapid drainage reorganiza-
tion along the rift system and can particularly develop across transfer
zones.

5.2. Implications in regional Cuyo basin correlation

In order to verify the hypothesis of connection between the Cerro
Puntudo and the Rincón Blanco depocenters within the larger Cuyo
basin, a correlation attempt was made based on available geochrono-
logical data (Fig. 13) in earlier studies (Ávila et al., 2006; Spalletti
et al., 2008; Mancuso et al., 2010; Barredo et al., 2012) and in this
study. According to these, the unconformity at the base of the El
Relincho Formation in Cerro Puntudo depocenter may be correlated
with the angular unconformity of the Panul Formation in Rincón Blanco
depocenter. Remarkably, paleocurrent and provenance of the Rincón
Blanco facies (Jenchen and Rosenfeld, 2002; Barredo, 2004; Barredo
and Ramos, 2010) are consistent with those in the Cerro Puntudo
area. Moreover, facies analysis also characterizes a more humid climate
Fig. 13. Correlation between Tupungato, Rincón Blanco and Cerro Puntudo depocenters based
Barredo and Ramos, 2010; Barredo et al., 2012; Kokogian and Mancila, 1988; Spalletti et al., 2
Puntudo lithostratigraphic section are from this study, expect the topmost age.
for the Panul Formation that ends with the deep-lake deposition of the
Carrizalito Formation (Barredo and Ramos, 2010). All these features
suggest that both depocenters could have been linked during the
development of the unconformity, thus showing similar evolution
after connection (Figs. 12, 13).

Climate change toward more humidity seems to be recorded
in all depocenters of the Cuyo basin (Kokogián and Mancilla, 1989;
Kokogián et al., 1993; Spalletti, 1999; Barredo and Ramos, 2010). Most
authors (Kokogián et al., 1993; Barredo and Ramos, 2010; Mancuso
et al., 2010; Barredo et al., 2012) interpret an initial synrift stage with
low-efficiency alluvial fans, ephemeral fluvial systems and playa-lakes
developed in a more arid climate, and a postrift stage (or synrift II)
with perennial fluvial systems, deltas and stable lacustrine systems,
developed under more humid conditions. Our facies and stacking pat-
tern at the Cerro Puntudo depocenter allow us to suggest that the
Cerro Puntudo Formation developed under arid to semi-arid climate,
compatible with the early stage synrift. Moreover, recent high-quality
U-Pb ages (ca. 243 Ma in Ávila et al., 2006; Mancuso et al., 2010) are
consistently showing that the Cerro Puntudo Formation correlates
with Río Mendoza and Las Cabras Formations within the better known
Cuyo basin stratigraphy, whereas El Relincho Formation records a dis-
tinct sedimentation stage under a more humid climate. In the light of
the above discussion, previous correlations (Sessarego, 1988; López-
Gamundí and Astini, 2004) between palustrine siliciclastic carbonate
deposits in the Cerro Puntudo Formation considered a time-equivalent
marginal facies belts of the deeper bituminous lake deposits of the
Rincón Blanco depocenter (Carrizalito Formation) do not seem suitable.
on this study and other data available in the literature (Ávila et al., 2004; Barredo, 2004;
008; Zeninch et al., 2008; Zerfass et al., 2004). Paleocurrent and ages shown in the Cerro
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Our new correlation suggests that the bituminous shales of the
Cuyo basin were not preserved in the Cerro Puntudo area since they
should occur up-section of the El Relincho Formation. This implies
that in the northernmost Cuyo basin, the potential known source rock
is not present.

Based on a source-to-sink approach, this study is an example of
how we can relate separate graben stratigraphic fillings within a basin
rift evolution. Once the possibility of depocenter linkage is considered,
novel correlations between depocenters and alternative interpretations
for local unconformities are possible. This approach is suitable for
non-marine rift systems, where separate grabens may adhere to dif-
ferent base levels and independent filling rates. Therefore, it may con-
tribute to a better understanding of basin evolution, correlation and
its consequences for studies related to natural resources exploration.
Although non-marine rift fillings are largely a function of both tectonic
rates and climate-driven changes influencing subsidence and accom-
modation (Holz et al., 2017), source-to-sink modifications implying
drainage pattern adjustments can greatly influence the degree of con-
nection between adjacent sub-basins, which can itself influence slope
changes, sediment/water discharge variations, transport processes and
equilibrium-graded (base level) profiles. These modifications give rise
to development of local unconformities between independent rift-
related depocenters that are created by the dynamic linkage of conti-
nental rift systems and have not been thoroughly considered in rift
sequence stratigraphy models (e.g., Martins-Neto and Catuneanu,
2010; Holz et al., 2017).

Our interpretation on the Cerro Puntudo outcrops differs from pre-
vious studies regarding rift geometry (Sessarego, 1988; Stipanicic,
2002; López-Gamundí and Astini, 2004; Barredo and Ramos, 2010).
Whereas existing interpretations considered the Cerro Puntudo area
as the northern extent of the Rincón Blanco depocenter, with a border
master fault system to the east, this study shows that the Cerro
Puntudo border fault is located to the west, and thus may justify the
development of a separate depocenter for our study area. Barredo
(2012) considered the Cerro Puntudo area as a separate graben as
well, however, the location of its border fault to the west is a new in-
terpretation that indicates an opposite polarity to the Rincón Blanco
depocenter to the south and implies a transfer zone between them.
In addition, our interpretation points out that the El Relincho Forma-
tion would not be the record of a second synrift stage associated to
reactivation of the same border fault, but instead, a product of linked
depocenters within the Cuyo basin. One larger-scale implication of
this study is that the Cuyo basin rift system with a northwest regional
trend (location map in Fig. 1) may have had a much larger extension
than shown in usual paleogeographic maps (Stipanicic, 2002), and
the Andean contraction was responsible for inversion-extrusion of
the Triassic basins that would have continued with a northwest trend
into the high cordillera.

6. Conclusion

This study helps document strong changes in the stratigraphic fill,
through modifications in the drainage patterns along fossil rift systems,
A
B
C

and understand long-term climate change and connectivity between
separate grabens. These interpretations are based on robust distinctions
between depositional belts influenced byflanking tributaries within the
lower Cerro Puntudo Formation and predominant axial flux within the
upper El Relincho Formation.

An isolated depocenter condition during a closed active synrift
stage and tectonic quiescence is deduced from depositional systems,
paleocurrent and provenance data. In this context, transverse sedi-
ment supply was from a volcanic source area, located in the footwall
of normal faults to the west. Afterwards, and above a basin-wide
erosive unconformity, a separate stage indicates connection with
other grabens. During this connected synrift stage, axial sediment
was transported toward the northwest from multiple source areas.
This characterizes a linked condition of the Cerro Puntudo depocenter,
probably related to the development of an axial drainage network
under more humid conditions. Such changes from deposition to ero-
sion and back to deposition may develop when separate sub-basins,
adhering to different base-levels, link. This reinforces a source-to-
sink approach for the study of ancient non-marine rift systems on a
regional scale.

The present interpretation of rift evolution during Cerro Puntudo
sedimentation differs from previous ones, since the border fault located
to the west in the initial rift stage and the generalized slope and supply
changes in the El Relincho Formation were not previously described.
Therefore, a new correlation scheme between the Cerro Puntudo
depocenter and the other depocenters of the Cuyo basin is suggested
through the erosive unconformity at the El Relincho Formation, as indi-
cated by facies, paleocurrent andprovenance analysis. Below theuncon-
formity, the depocenters developed under similar tectonic-climatic
conditions during the initial rift stage. Depocenters appear isolated
and facies indicate arid to semi-arid climate. Above the unconformity,
depocenters were connected through more integrated drainage pat-
terns that allowed the export of sediments from upstream depocenters
to the Cerro Puntudo depocenter and downstream. This basin evolution
is compatible with overfilled interconnected grabens developed during
a more humid stage.
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Appendix A. Frequency counting of cobbles (A, B and D) and pebbles (C) in conglomerates. See Fig. 9 for stratigraphic location of the counting
stations
Station
 Andesite
 Rhyolite
 Tuff
 Agglomerate
 Ignimbrite
 Green metamorphic
 Volcanic breccia
 total
89
 6
 2
 3
 0
 0
 0
 100

34
 43
 0
 0
 4
 19
 0
 100

9
 44
 0
 0
 0
 47
 0
 100

13
 74
 0
 0
 0
 12
 1
 100
D
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Appendix B. Modal composition of 10 sandstone samples (values in percentage) where Qt = total quartz; F = feldspar; L = lithic fragment;
Qm = monocrystalline quartz; Qp = polycrystalline quartz; Lt = total lithic fragment; Lv = volcanic lithic fragment; Lm = metamorphic
lithic fragment; Ls = sedimentary lithic fragment; P = plagioclase; K = K-feldspar; Find = indistinct feldspar. See Fig. 9 for sample location

Sample Qt F L Qm Qp Lt Lv Lm Ls P K Find
3
3
3
4
0
4
4
5
5

6
 5,7
 27
 67,3
 5,7
 0
 67,3
 67,3
 0
 0
 6,3
 0,3
 20,3

7
 12,7
 17,7
 69,7
 9,7
 3
 72,7
 69,7
 0
 0
 2,3
 1,7
 13,7

8b
 0
 27,7
 72,3
 0
 0
 72,3
 72,3
 0
 0
 7,7
 0
 20

6
 9,3
 25,3
 65,3
 9,3
 0
 65,3
 65,3
 0
 0
 5,7
 1
 18,7

3
 10
 29,3
 57
 8,3
 1,7
 58,7
 56
 1
 0
 2,7
 5,3
 21,3

8
 11,3
 47,3
 41,3
 7,7
 3,7
 45
 37,3
 4
 0
 3
 2
 42,3

9
 10,3
 36,3
 53,3
 10,3
 0
 53,3
 49,3
 4
 0
 2,7
 1,7
 32

2
 27
 17,3
 55,7
 19,3
 7,7
 63,3
 46,3
 5
 4,3
 4,7
 5,7
 7

3
 33,3
 32,6
 34
 25
 8,3
 42,3
 27,3
 6,3
 0,3
 6,7
 4,7
 21,3

4
 17
 42,3
 40,7
 15
 2
 42,7
 38
 2,7
 –
 3,7
 10
 28,7
5
Appendix C. Supplementary data

Supplementary data associated with this article can be found in the
online version, at doi: https://doi.org/10.1016/j.sedgeo.2018.08.007.
These data include the Google map of the most important areas de-
scribed in this article.
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