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ABSTRACT: The Miocene Vinchina Formation is made up of more than 5100 meters of siliciclastic sediments deposited mostly
in fluvial environments in a broken foreland basin without any connection with the sea during a period of arid to semiarid
climatic conditions. Repetitive changes in fluvial facies allow the subdivision of the formation into seven cyclothems, each
floored by a subaerial unconformity. Within-sequence changes in fluvial systems determined by the proportion of channel vs
floodplain, multi-story vs single-story channels, and channel connectedness were controlled by changes in accommodation.
Proximal (i.e., northern and younger) sequences show transitions from braided to low-sinuosity (wandering) or high-sinuosity
(meandering) fluvial systems, whereas more distal sequences (southern and older) show changes from sand-bed dominated to
anastomosed systems. Bounding unconformities and facies stacking patterns are used to define six third-order depositional
sequences.

Depositional sequences in the Vinchina Formation are either asymmetrical showing a fining-upward trend or nearly
symmetrical (sand clock type). Each cyclothem is bounded by an incision surface (sequence boundary) developed during a base-
level (i.e., fluvial equilibrium profile) fall and initial base-level rise floored by basal coarse-grained deposits representing the
low-accommodation systems tract (LAST). The overlying sediments fine upward and contain both isolated and multistory
sandstone bodies within extensive flood-plain deposits corresponding to the early high-accommodation systems tract (HAST).
This interval is sometimes capped by sheets of amalgamated sandstones corresponding to the late HAST and developed during
a decline in the rate of base-level rise. The development and/or preservation of the capping amalgamated sandstones and
therefore the symmetrical shape of the sequences is favored in high-accommodation settings. Vertical and lateral facies changes
recorded in the Vinchina Formation indicate that both the fold-and-thrust belt located to the west and an uplifted basement
block to the north played important roles controlling subsidence, source areas, and drainage patterns. The stratigraphic record
of this broken foreland basin differ from the existing models for ¨simplë foreland basins and can be compared to those of the
Laramide sedimentary basins in the United States.

INTRODUCTION

The application of the concepts of sequence stratigraphy to alluvial
successions is one of the newest topics in present stratigraphic research
(Catuneanu et al. 2009). The interest in this issue stems from the
longstanding debate regarding the interplay between tectonics and
eustasy as well as climate in controlling accommodation and stratigraphic
sequence development in sedimentary basins that has persisted since the
publication of the early Exxon concepts (Mitchum et al. 1977; Vail et al.
1977; Posamentier and Vail 1988; Posamentier et al. 1988; Van Wagoner
et al. 1988). Although the early models assumed that eustasy was the
driving mechanism behind sequence formation, later works emphasized
the importance of tectonic processes on base-level changes (e.g., Embry
1995; Miall 1997; Catuneanu et al. 2000), and yet current research
suggests that autogenic responses are more common and occur on longer
time scales than formerly thought (Steel and Milliken 2013). In inland
fluvial settings, accommodation is created and destroyed by differential
tectonic movements between basin and source areas, which may modify

the amounts of sediment supply and the gradients of the landscape
profile, and/or cycles of climate change that may alter the balance
between fluvial discharge and sediment load (Catuneanu et al. 2009).

Recent studies have proposed that in nonmarine foreland basin
sediment accumulation takes place during stages of flexural subsidence,
whereas the bounding surfaces are related to stages of isostatic uplift (e.g.,
Catuneanu and Bowker 2001; Catuneanu and Elango 2001). Therefore,
on a basin scale, such sedimentary sequences in interior foreland basins
are controlled mainly by tectonic cycles of lithospheric loading and
unloading. In addition to this basin-scale control, which provides the
basis for regional modeling for foreland basins (e.g., Catuneanu 2004),
the amounts of available accommodation may be modified by other,
mostly local factors, such as differential uplift and subsidence of
basement-cored blocks as in the Laramide sedimentary basins (Dick-
inson, et al. 1988; DeCelles 2004). More recently, Aschoff and Steel (2011)
indicated that during times of tectonic transition when subduction-zone
parameters (i.e., angle and/or orientation) and/or structural styles change
three different flexural profiles may be superimposed. A long-wavelength
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(thousands of kilometers) flexure caused by dynamic subsidence,
superimposed by short- to moderate-wavelength (hundreds of kilometers)
flexure produced by fold-and-thrust-belt loading, and a short-wavelength
(tens of kilometers) flexure caused by basement-cored uplifts. These
complementary controls on accommodation generate departures from the
classical models that predicted the geometry of sedimentary sequences
that fill the basin (e.g., Blair and Bilodeau 1988; Fleming and Jordan
1990). Basement tectonics, triggered by the reactivation of crustal faults,
is probably the most significant of these secondary controls on
accommodation in broken foreland basins (Catuneanu 2004). Differential
subsidence and uplift of basement blocks may generate mini-basins and
arches (horst structures) within the foreland system with a distribution
that depends on the nature of the basement, the way the intraplate stress
fields propagate, and affect the zones of weakness in the underlying crust
(Dickinson et al. 1988; Pand and Nummedal 1995; DeCelles 2004).
Flexure over reactivated crustal faults results in varying rates of
subsidence across basement block boundaries, explaining localized
incision, paleogeographic trends, and thickness and facies patterns (e.g.,
Hart and Plint 1993; Plint et al. 1993; Pang and Nummedal 1995;
Donaldson et al. 1998).

The Vinchina Formation (Turner 1964) accumulated during the
Miocene in a nonmarine broken foreland basin setting in northwestern
Argentina (Limarino et al. 2001) (Fig. 1). Along the Sierra de los
Colorados, this unit is a thick red-bed succession composed of up to
5100 meters of sandstones, mudstones, and conglomerates that accumu-
lated mainly in fluvial environments under arid to semiarid conditions
with minor intercalations of eolian and lacustrine deposits (Tripaldi et al.
2001; Ciccioli et al. 2013b). Ramos (1970) reported a steady northeast-

ward thinning of the unit and recognized two members based on the
composition of volcanic lithic fragments. The contact between the Lower
and Upper members at La Troya creek is marked by progressive
unconformities draped by several conglomerate levels (Marenssi et al.
2000).

Along the central and northern part of the Sierra de los Colorados
there is an upward increase in the sandstone/mudstone ratio in the
Vinchina Formation, so its Upper Member is coarser (or less muddy)
than the Lower Member. In addition, the maximum grain size and the
number of extraformational conglomerates increase from south to north
along depositional strike. Apart from these trends the Vinchina
Formation presents a clear internal stacking of facies that record cyclic
changes in accommodation. These cycles, several tens to a few hundred
meters thick, represent definite sedimentation stages or sequences.

This paper provides a case study of alluvial sequences developed under
stable climatic conditions isolated from eustatic influences interpreted to
represent a record of the interaction of basement- and fold-thrust-belt
tectonics in a broken foreland basin.

TECTONIC SETTING AND BASIN STRATIGRAPHY

The Andes Mountains in northwestern Argentina from 27u to 33u S
include the Precordillera, a part of the Andean thin-skinned fold and
thrust belt and the Sierras Pampeanas, which is an area of faulted
basement blocks exposed in a number of ranges directly to the east
(Figs. 1, 2). The present-day Bermejo basin is a typical foreland basin that
extends along the eastern margin of the Precordillera, whereas in the
Cenozoic nonmarine sedimentation also took place in isolated intermon-

FIG. 1.—Location map and tectonic setting of the study area showing the Vinchina basin (VB) bounded by the Toro Negro (1) and Umango–Espinal (2) ranges
belonging to the Sierras Pampeanas. Tucumán (TL) and Desagüadero–Valle Fértil (D-VFL) lineaments. Bermejo basin (BB). Modified from Ciccioli et al. (2011).
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tane or broken foreland basins in the Sierras Pampeanas (Jordan and
Allmendinger 1986; Jordan 1995; Jordan et al. 2001).

Andean foreland basins formed during the eastward migration and
shortening of the Precordillera related to tectonic thickening of the thrust
belt. Several thousand meters of sediments accumulated in mostly
nonmarine settings from the Oligocene to Recent. The sedimentary fill
of discrete basins in the Bermejo foreland basin system have been
subdivided in several formational units with diverse age assignations
(Johnson et al. 1986; Jordan et al. 1988; Beer and Jordan 1989; Jordan
1995; Ciccioli et al. 2010; Ciccioli et al. 2011). Along-strike diachroneity
of orogenic processes (Jordan et al. 2001) which has been documented in
other foreland settings (e.g., Cant and Stockmal 1989; Price 1994) makes
correlation of these units difficult because of lithological similarities,
diachronous sedimentation, and a lack of confident age determinations
(cf. Ré and Barredo 1993a, 1993b). In addition, the reactivation of crustal
faults by uplift of basement blocks may have also controlled thickness,
facies trends, and sediment composition (Ciccioli and Marenssi 2012;
Ciccioli et al. 2013b; Ciccioli et al. 2014a). In the western part of the La
Rioja province a very thick and continuous Neogene sedimentary
sequence that crops out along the Sierra de Los Colorados (Figs. 1, 3)
is now recognized to be part of a separated subbasin in the Bermejo
foreland system named the Vinchina basin (Ciccioli et al. 2010, 2011).
Ciccioli et al. (2011) concluded that the broken foreland Vinchina basin
developed in a transpressional setting (sensu Dong et al. 1998; Ridgway
et al. 2007).

Jordan and Allmendinger (1986) genetically compared the Bermejo
basin with the North American Cordilleran foreland basin which
developed from the Late Jurassic through Paleocene on the eastern side
of the Sevier fold and thrust belt (Dickinson et al. 1988; DeCelles 2004).
From latest Cretaceous to mid-Cenozoic basement-involved (i.e.,
Laramide-style) uplifts locally partitioned the once contiguous Cordille-
ran foreland basin into a mosaic of more than 20 Laramide basins filled
with thick accumulations of fluvial, alluvial, and lacustrine sediments
(DeCelles 2004). The Vinchina basin can therefore be compared with, and
serve as an example for, some of these basins, especially those located in
the northern margin of southwest New Mexico, where reverse faults
associated with transpressional thrusting produced the vertical uplift of
basement blocks (Seager 1983; Dickinson et al. 1988).

The study area is located at the northeastern margin of the
Precordillera between two major Andean lineaments, the Tucumán and
Valle Fértil (Fig. 1, Rossello et al. 1996). Six major paleophysiographic
elements are identified in the study region. These units are, from west to
east: 1) a volcanic arc, 2) a fold and thrust belt, 3) the basin depocenter, 4)
a broad tectonic hinge-platform zone, 5) several uplifted basement blocks
belonging to Sierras Pampeanas, and 6) an uplifted block of the Sierra de
Famatina (Fig. 2). The Miocene to Pliocene depocenter was probably
located along the axis of the Sierra de los Los Colorados (Vinchina basin,
Ciccioli et al. 2010) and is the subject of this paper (Fig. 3).

The Vinchina and Toro Negro formations (Miocene–Pliocene), with
more than 7600 m of preserved nonmarine sediments (Turner 1964;
Ramos 1970; Tripaldi et al. 2001; Ciccioli 2008; Ciccioli et al. 2011;
Limarino et al. 2010) represents the main stage of the infill of the

Vinchina basin (Fig. 4) during the transition from a simple to a broken
foreland basin (Ciccioli 2008; Ciccioli et al. 2010, 2011; Ciccioli et al.
2013a, Ciccioli et al. 2013b).

The Vinchina Formation is separated from the underlying eolian
Vallecito Formation by a low-relief unconformity (Ciccioli et al. 2010;
Ciccioli et al. 2013b). Limarino et al. (2010) demonstrated that the upper
contact of the Vinchina Formation with the overlying Toro Negro
Formation (Miocene–Pliocene) changes in character in an N–S direction.
In the North at the Los Pozuelos Creek it is a deeply incised
unconformity but it becomes a paraconformity in the southern part of
the basin (del Yeso Creek).

Dávila et al. (2008) reported a maximum U/Pb age of 19.1 Ma for the
Vinchina Formation derived from detrital zircons collected from a
tuffaceous sandstone of the Lower Member. The age of the Vinchina
Formation is now constrained by two high-precision U/Pb ages of
15.6 6 0.4 Ma and 9.24 6 0.034 Ma obtained from volcanic zircons
collected from tuffs located near the base and in the upper part of the unit
respectively (Ciccioli et al. 2012; Ciccioli et al. 2014b). The older tuff
occurs 280 meters above the base of the unit (Ciccioli et al. 2012), and the
younger tuff horizon occurs in the northern part of the basin at the top of
the exposed section just below the high-relief unconformity of the base of
the Toro Negro Formation (Limarino et al. 2010; Ciccioli et al. 2014b).
The high-precision ages indicate that deposition of the Vinchina
Formation occurred between approximately 15 and 9 Ma.

The stratigraphy and evolutionary stages of the Vinchina basin have
recently been analyzed by Ciccioli et al. (2010, 2011, 2013a). First and
second-order sequences represented by formations or members and
comprising a few thousand meters of thickness and up to few million
years in duration were related to changes in basin configuration due to
tectonic forces (Limarino et al. 2001; Ciccioli et al. 2011). This paper
focuses on third-order cycles or sequences in the Vinchina Formation that
are in the range of hundreds of meters in thickness and span several
hundred thousand years (Fig. 4). Still higher-order cycles related to
autocyclic changes within depositional environments form fining-up
deposits in the scale of meters to tens of meters.

The Vinchina Formation was originally described as 4000 m of reddish
sandstones, mudstones, and scarce conglomerates (Turner 1964). A
noteworthy feature of these strata is the lack of well-developed paleosols
that was probably due to the combination of arid climate and high rates
of accumulation (Jordan 1995).

The Lower Member of the Vinchina Formation varies from 1738 m at
Los Pozuelos Creek in the north to 1915 m at the La Troya section to the
south. This member was previously described as homogeneous along
depositional strike (i.e., N–S) and characterized by sandy mudstones and
beds of arkosic sandstones containing highly altered volcanic rock
fragments and with rare intercalations of intraformational conglomerates
(Tripaldi et al. 2001). Sandstones of this unit are feldspathic litharenites
and lithic feldsarenites (Folk et al. 1970) with high amount of volcanic
rock fragments and equal proportions of sedimentary and metamorphic
grains. Recent field work has demonstrated that the Lower Member is
coarser in the northernmost part of the basin (Los Pozuelos Creek)
containing fine- to medium-grained extraformational conglomerates.

FIG. 2.—Transverse (W–E) cross section of
the Andes at the latitude of the study area
showing the main morphostructural units.
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FIG. 3.—Geological map of the study area.
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The Upper Member, which also varies in thickness from north (1627 m)
to south (3242 m), is composed of muddy sandstones with intercalations
of tuffaceous sandstones and conglomerates containing both fresh and
altered volcanic clasts. Sandstones of the Upper Member of the Vinchina
Formation consist mainly of lithic feldsarenites (Tripaldi et al. 2001). In
the La Troya River section the lower part of the Upper Member is
composed of sandstones and few extraformational conglomerates
whereas the remainder is made up of thick amalgamated sandstones,
intraformational conglomerates, and alternating sandstone–mudstone
beds. In contrast, the Los Pozuelos Creek section to the north contains
abundant extraformational conglomerates, sandstones and mudstones
(Fig. 5; Ciccioli et al. 2013b). This member also shows significant
coarsening towards the north (Ciccioli et al. 2010; Ciccioli et al. 2013b)
where the upper part of the unit is deeply eroded by the overlying Toro
Negro Formation (Ciccioli 2008; Ciccioli et al. 2010; Limarino et al.
2010).

FLUVIAL SEDIMENTATION IN THE VINCHINA FORMATION

Detailed sedimentological description and facies analysis of the
Vinchina Formation along the La Troya River (Tripaldi et al. 2001)
and Los Pozuelos Creek (Ciccioli et al. 2013b) provide the two data sets
used here to discuss the deposits of the fluvial systems (Fig. 5). The
sandstones are either massive (lithofacies Sm; Table 1) or characterized
by sedimentary structures such as horizontal stratification (Sh), planar
cross-bedding (Sp), trough cross-bedding (St), and ripple cross lamination
(Sr). The finer-grained facies mostly include massive (Fm), rippled cross-
laminated (Fr), and horizontally laminated (Fl) mudstones. Conglomer-
ates are massive (Gm), normally graded (Gg), horizontally bedded (Gh),
or planar cross-bedded (Gp).

The most common fluvial architectural elements identified (sensu Miall
1985, 1996) include composite (multistory) channel fills (element CHm),
isolated (single) channel fills (CHs), gravel bars (element GB), down-
stream accretion macroforms (DA), lateral- accretion macroforms (LA),

sandy macroforms (SB), laminated sand sheets (LS), crevasse channels
(CR), crevasse splays (CS), and floodplain deposits (OF).

Assemblages of lithofacies and architectural elements are used to
interpret five different fluvial styles with the Vinchina Formation
(Table 1) (cf. Tripaldi et al. 2001; Limarino et al. 2001; Ciccioli et al.
2013b).

FS1. Anastomosed (either with mixed sand–mud floodplains or with
muddy-dominated floodplains) Fluvial Style.—This fluvial style, restricted
to the Lower Member, is characterized by multistory composite channels
(CHm) consisting of coarse- and medium-grained sandstone bodies
forming channel belts 5 to 10 m thick separated by thick intervals of fine-
grained sediments (OF). Channel belts are bounded by a flat or slightly
concave-upward erosional surface (fifth-order surface in the sense of
Miall 1995) showing multistory fills. Each episode is bounded by a
fourth-order or third-order surface. The surfaces are commonly floored
by a thin lag of massive intraformational conglomerates (Gmi) and/or
massive gravelly sandstones (SGm). These conglomerates are covered by
medium- to large-scale sets of cross-bedded sandstones (St, Sp) deposited
by downstream migration of channel bars (DA). Horizontally laminated
and ripple cross-laminated fine sandstones (Sh, Sr) occur at the top of the
succession as sandy bars (SB). The interchannel areas contain single-story
(or rarely two-story) channels usually less than 1.5 m thick. These
channels have planar, erosional bases and are composed of massive
coarse sandstones, large-scale sets of trough cross-bedded sandstones (St),
and scarce intraformational conglomerates (Gi) showing some extra-
formational granules and pebbles. Ripple cross-laminated fine-grained
sandstones (Sr) and thin beds of massive mudstones (Fm) appear at the
tops of these channels. Isolated channels are interpreted as crevasse
channels (CR) because they appear closely associated with crevasse splay
deposits (CS). The latter comprise thin tabular beds of massive (Sm),
horizontally laminated (Sh), or ripple cross-laminated (Sr) fine- and
medium-grained sandstones. The sandstones have sharp bases and
interbedded massive mudstones (Fm) are common. Muddy flood-basin
deposits (OF) are usually very thick. They are composed mainly of up to
2-m-thick intervals of red massive (Fm) or laminated mudstones (Fl).
Scarce intercalations of red massive (Sm) or ripple-cross laminated
sandstones (Sr), up to 1 m thick, occur within the sandy flood basin
deposits. Desiccation cracks and carbonate nodules are common features
of the flood-basin sediments. In some cases floodplain deposits form
coarsening-upward and thickening-upward successions up to 12 m thick
(Fig. 6A).

This fluvial style is interpreted as anastomosed fluvial due to the
presence of thick multistory channel belts encased within flood-plain
deposits made of stacked coarsening-upward crevasse splays and muddy
flood-basin deposits (Limarino et al. 2001; Tripaldi et al. 2001).

FS2. Braided Fluvial System.—This fluvial style (Fig. 6B), mostly
restricted to the Upper Member, is dominated by heterolitic multistory
channels (CHm), gravelly bars (GB), sandy bars (SB), and very thin
intercalations of floodplain fines (OF).

Coarse- and medium-grained sandstones contain medium- to large-
scale (0.3–0.8 m) sets of both planar and trough cross-bedding (Sp, St)
and horizontal (Sh) and ripple cross-lamination (Sr). In some cases,
sandstone beds with scattered extraformational pebbles grade into
massive gravelly sandstones (SGm). Medium- to fine-grained conglom-
erates are clast supported (rarely supported by coarse-grained sand
matrix) and are composed of rounded to subangular clasts of granite,
low- and high-grade metamorphic rocks, quartz, mudstones, and
mesosilicic volcanic clasts. Conglomerates have a lenticular geometry
with erosional bases and massive (Gm), crude horizontal (Gh), graded
(Gg), or large-scale cross-bedded (Gp) stratification.

FIG. 4.—Proposed relationship between lithostratigraphic units and the
hierarchy of depositional sequences for the Vinchina basin (after Limarino et al.
2001, and this paper).
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FIG. 5.—Vertical profiles of the Vinchina
Formation measured at the two studied localities
(modified from Ciccioli et al. 2013b). Note the
deeply scoured unconformity at the base of the
overlying Toro Negro Formation.
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Heterolithic, multi-story channels (CHm) are composed of massive
(Gm) or cross-bedded conglomerates (Gp) overlain by massive (Sm) or
planar cross-bedded (Sp) coarse sandstones. Gravelly bars (GB) display
concave-up erosional bases (fifth-order surface of Miall 1995) and form
lenticular multistory bodies from 1 to 3.5 m thick and a few tens of meters
in lateral extent (Fig. 6B). Each story begins with a thin lag of massive
conglomerate (Gm) resting on an erosional base, passes upward to meter-
scale sets of cross-bedded conglomerates (Gp), and is frequently capped
by crude horizontally stratified gravelly sandstones or fine conglomerates
(Gh). Clast imbrication is common. Sandy bars (SB) form sandstone
sheets that can be followed laterally for more than 150 m and range from
3 to 15 m in thickness. These deposits have a flat to concave-upward
erosional base, overlain by a thin level of massive gravelly sandstones
(SGm) or intraformational conglomerates (Gi). Most of the channels are
composed of trough cross-bedded coarse- to medium-grained sandstones
(St1) with frequent cut-and-fill structures. In some cases, tabular sets of
cross-bedded sandstones (Sp) pass upward to ripple cross-laminated
sandstones (Sr).

Beds of laminated (Sh) and ripple cross-laminated (Sr) fine-grained
sandstones up to 0.4 m-thick make up most of the interchannel areas
(OF). Occasionally, they grade laterally into laminated (Fl) or biotur-
bated, massive (Fm) mudstones with desiccation cracks and mammal
footprints, which probably represent distal flood-basin deposits (OF).

Mudstones are scarce in this fluvial style, but where present, they form
irregular beds of silt to silty clay a few centimeters in thickness. Most of
the mudstones are massive (Fm) with evidence of pervasive bioturbation,
but laminated mudstones (Fl) are also present.

The dominance of multistory channels composed of gravelly and sandy
bar deposits without evidence of lateral migration, combined with the
paucity of floodplain fines, suggests that these rocks were deposited by
braided fluvial systems (Limarino et al. 2001; Tripaldi et al. 2001).

FS3. Heterolithic High-Sinuosity (meandering) to Low-Sinuosity (wan-
dering) Fluvial System.—Tabular to lensoid bodies of conglomerates and
sandstones up to 3 m thick, separated by massive claystones and siltstones
(Fig. 6C), represent a distinctive fluvial system characterized by channels
(CHs), lateral-accretion bars (LA), and well developed floodplains (OF)
forming upward-fining deposits (Fig. 6D).

Channels (CH) are coarse- to medium-grained sandstone bodies (1–3 m
thick) with low-relief erosional bases (fifth-order surfaces of Miall 1995)
overlain by decimeter-thick beds of massive extraformational and
intraformational conglomerates (Gm). The sandy interval is made up
mostly of large-scale, cross-bedded sets of coarse-grained to pebbly
sandstones (Sp, SGp). These sets are bounded by fourth-order surfaces
(Miall 1995) that indicate lateral migration of the channels (LA). At the
northern measured section, discrete lenses of fine- to medium-grained
extraformational conglomerates (Gh, Gp) form lenticular multistory

bodies up to 3.5 m thick and a few tens of meters in lateral extent,
representing uncommon gravel bars (GB). Ripple cross-laminated fine
sandstones (Sr) and massive sandstones (Sm) are frequently found at the
top of the channel deposits. Flood-plain sediments (OF element) are 0.5
to 2 m thick and comprise ripple cross-laminated (Fr) and massive red
mudstones (Fm) showing desiccation cracks, bioturbation and, in some
cases, very thin gypsum laminae.

The transition from wandering to meandering fluvial systems was
interpreted for these deposits based on the presence of upward-fining
deposits made up of tabular beds of conglomerates and sandstones, with
lateral-accretion-dominated bars and massive claystones and siltstones
deposited in flood-plain areas (Limarino et al. 2001; Ciccioli et al. 2013b).

FS4. Sandy Braided to Low-Sinuosity Fluvial System.—This fluvial style
is characterized by sheet-like units of amalgamated fine- to coarse-grained
sandstones showing planar lamination (Sh), low-angle cross-bedding (Sl),
or massive beds (Sm) corresponding to LS and SB architectural elements
(Fig. 6E).

Each amalgamated complex (up to 10 m thick) is bounded by irregular,
low-relief erosional surfaces and includes several flat-bedded, sandy
channel fills. Each single channel (up to 1.5 m thick) is floored by
irregular lenses of intraformational conglomerates (Gi) deposited over a
flat or slightly erosional base. Most of the channel fill is made up of
massive, coarse-grained sandstones (Sm), horizontally laminated, medi-
um- to fine-grained sandstones (Sh with parting lineation) and low-angle
cross-bedded (Sl) medium- and fine-grained sandstones. The channel is
capped by ripple cross-laminated sandstones (Sr) and muddy, massive
fine sandstones (Sm) probably representing relicts of OF elements.

The dominance of sheet-like units of amalgamated sandstones
corresponding to LS and SB architectural elements, the scarce fine-
grained floodplain deposits, and the lack of extraformational conglom-
erates were used to interpret these rocks as deposited in sandy braid
plains (Limarino et al. 2001; Tripaldi et al. 2001).

FS5. Ephemeral Sandy Sheet-Like Fluvial System with Fluvial–
Eolian Interaction.—This fluvial style is restricted to the lowermost part
of the Vinchina Formation at the Los Pozuelos creek section. FS5 is
dominated by interstratified sandstone and mudstone bodies composed of
sheet-like beds of coarse- to medium-grained sandstones, corresponding
to SB and rarely LA architectural elements, separated by massive, fine-
grained sandstones and mudstones of the OF element (Fig. 6F).

Each sandstone complex (up to 5 m thick) is bounded by irregular, low-
relief, erosional surfaces and includes several flat-bedded or rarely
inclined-bedded channel fills. Each single channel is floored by a flat or
slightly erosional base. Most of the channel fill is made up of small-scale
(up to 10 cm thick) sets of cross-bedded coarse- to medium-grained
sandstones (Sp), horizontally laminated medium- to fine-grained

TABLE 1.— Summary of the main characteristics of the fluvial system of the Vinchina Formation. Less frequent architectural elements are shown
in parentheses.

Fluvial System Architectural Elements Lithofacies Interpretation of the Fluvial System

FS1 CHm, (DA, SB), OF, CS, CR Sp, St, Sh, (Gmi)
Sr, Fm, Fl, Sm

Anastomosed (either with mixed sand–mud floodplains or with
mud-dominated floodplains)

FS2 CHm, GB, SB
(OF)

Gm, Gh, Gp, Gt, SGm, Sp, St, Sh
Sr (Fm, Fl)

Braided

FS3m
FS3w

CHs, LA, (GB)
OF

SGp, Sp, Sr, Gm, (Gp, Gh)
Fr, Fm

Heterolithic high-sinuosity (meandering)
Heterolithic low-sinuosity (wandering)

FS4 SB, LS
(OF)

Sl, Sh, Sm, (Gi)
Sr, Sm

Sandy braided to low-sinuosity fluvial system (‘‘amalgamated sandstones’’)

FS5 SB, (LA)
OF

Sp, Sh, Sl
Sr, Sm

Ephemeral sandy sheet-like fluvial system with fluvial-eolian interaction
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FIG. 6.—A) General view of the anastomosed fluvial system (FS 1) showing the characteristic coarsening-upward trend. Each cycle is 8 to 10 meters thick. B)
Sandstones and conglomerates of the braided fluvial system (FS 2) showing internal reactivation surfaces. Note the scour at the base of the gravel bedforms in front of the
person. C) Outcrop-scale view of the heterolithic wandering fluvial system (FS 3w), showing a garyish channel filled with conglomerates (and sandstones) contrasting with
flood-plain reddish fines (mudstones and sandstones). D) Sandstones and mudstones of the meandering fluvial system (FS 3m) displaying a typical fining-upward trend.
Muddy partings in the sandstone body at the base of the cycle represent later accretion surfaces. The convex-up sandstone body in front of the person corresponds to a
crevasse splay. E) Outcrop view of amalgamated sandstones of sandy braided to low-sinuosity fluvial systems (FS 4). Cliff is almost 100 m high. F) Ephemeral sand sheet-
like fluvial deposit (FS 5). Channels (in the foreground) and floodplains (in the background) are largely dominated by sandstones. Some tabular sandstone beds with flat
bases may correspond to thin eolian deposits.
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sandstones (Sh) and low-angle cross-bedded (Sl) medium- and fine-

grained sandstones corresponding to SB and occasionally LA elements.

The top of the channel is capped by ripple cross-laminated sandstones

(Sr) and muddy, massive fine-grained sandstones (Sm) probably

representing the OF element.

Sheet-like beds of fine- to very fine-grained, well-sorted sandstones

with medium-scale (up to 4 m thick) sets of tabular cross-bedded (Sp) or

ripple laminated deposits (Sr) are common in the fine-grained beds. They

are interpreted as small-scale dunes or eolian sheets.

According to Ciccioli et al. (2013b), the interstratified sheet-like beds of

sandstones corresponding to SB and rarely LA architectural elements,

separated by massive, fine-grained sandstones and mudstones of the OF

element correspond to deposits of ephemeral sandy sheet-like fluvial

systems.

CYCLOTHEMS

Six subaerial unconformities have been identified within the Vinchina
Formation. They are associated with truncation and fluvial incision
(Fig. 7A, B). In some cases the unconformities are marked by abrupt
changes in lithofacies, sedimentation regimes, and fluvial styles that result
in a strong contrast between the beds above and below the boundary (e.g.,
FS2 above FS1 or FS4 below), with a marked increase in both grain size
and fluvial energy across the surface up section. In other cases, the
incision surface lies within a sandstone-dominated lithosome separating
unconfined amalgamated sandstone bodies below from confined amal-
gamated sandstone bodies above (FS4 above FS4 below).

The six subaerial unconformities separate seven fining-upward
cyclothems (sensu Catuneanu and Elango 2001) that vary in thickness
from tens to hundreds of meters. Each cyclothem comprises a relatively

FIG. 7.—A) Unconformity between the Lower (LM) and Upper (UM) members of the Vinchina Formation at the La Troya section. The lowermost reddish sandstones
and mudstones represent an anastomosed fluvial system (FS 1) grading into a braided fluvial system (FS 2) at the top of cyclothem II. Thick deposits of grayish
sandstones and conglomerates at the base of the Upper Member represent braided fluvial systems (FS 2) developed at the base of cyclothem III. In the background
regularly bedded reddish sandstones and mudstones correspond to meandering fluvial systems (FS 3m) of the middle part of cyclothem III. B) Erosional contact between
sandstones and conglomerates of a braided fluvial system (FS 2) at the base of cyclothem V and the underlying mudstones, sandstones, and conglomerates of a wandering
fluvial system (FS 3w) at the top of cyclothem IV at the Los Pozuelos section. C) Rapid transition between sandstones and mudstones corresponding to a meandering
fluvial system (FS 3m) and amalgamated sandstones (F4) in the upper part of cyclothem V at the La Troya section. The top of the uppermost mudstone bed above the
truck is interpreted as a contraction surface, and the overlying unconfined amalgamated sandstones represent rapid decrease in accommodation. D) Detail of the contact
between the overlying Toro Negro Formation (TN Fm) and the Vinchina Formation at the Los Pozuelos section. Note the giant intraclast on the deeply incised base of
the Toro Negro Formation (example of a second order-sequence boundary, see further in the text). The intraclasts are part of the floodplain of a wandering fluvial system
(FS 3w) within cyclothem VI.
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conformable succession of strata which represents the product of
continuous fluvial aggradation. Minor erosional surfaces are present in
the cyclothems, such as at the base of channel complexes, but these scours
grade laterally into conformable surfaces and do not have a regional
significance.

Cyclothem I.—The basal cyclothem is 1315 meters thick at the northern
Los Pozuelos and rests upon a first-order unconformity corresponding
to the boundary between the Vallecito and Vinchina formations. The
succession at the northern Los Pozuelos section (Fig. 8) changes from an
ephemeral sandy sheet-like fluvial system with fluvial–eolian interaction
(FS5) to an anastomosed fluvial system with mixed sand–mud floodplains
(FS1). The key elements of the first interval are the high proportion of
sandstones and the tabular geometry of the beds. The second interval is
characterized by sandy channel-belt complexes (CHm) consisting of
coarse- and medium-grained sandstone bodies forming channel belts 5 to

10 m thick separated by thick intervals of coarsening-upward fine-grained
sediments (OF).

At the La Troya section cyclothem 1 is 571 meters thick with no
exposed base. The top is a third-order unconformity that at this locality is
delineated by the only (thin) extraformational conglomerate of the whole
Lower Member (Fig. 8). Cyclothem 1 in the south is only represented by
anastomosed fluvial systems with mixed sand–mud floodplains (FS1) but
with a fluvial–eolian interaction interval near the base.

Overall this cyclothem is very sandy (Fig. 8) but there is a noticeable up
section increase in the proportion of mudstones (from less than 10% at
the base up to 40% at the top) as well as in the lenticularity of the
sandstone channels (from FS5 to FS1).

Cyclothem II.—This interval is 423 meters thick at Los Pozuelos and
1344 meters thick at La Troya. The base is marked by a low-relief, third-
order unconformity whereas the top is a moderate-relief incised

FIG. 8.—Generalized profile of cyclothem I
showing dominant lithologies, thicknesses, and
fluvial styles at the La Troya and Los
Pozuelos sections.
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unconformity (Fig. 7A) that marks the boundary between the Lower and
Upper members of the Vinchina Formation (Marenssi et al. 2000).

The lower part of this cyclothem shows subtle differences along
depositional strike. In the north (Fig. 9A), this interval consists of both
coarse-grained and gravelly sandstones of fluvial style FS4, i.e., sheet-like
architectures of amalgamated channels with limited individual lateral
continuity. In the southern section (Fig. 9A) there are fine-grained
matrix-supported (sandy) conglomerates stratified in tabular to lensoid
channel belts, interstratified with massive mudstones deposited in flood-
basin areas of style FS3w (wandering, low-sinuosity). In contrast the
upper part of this interval is similar along the depositional strike and
consists of fluvial style FS1 (anastomosed). The transition between the
lower and upper part of the cyclothem is gradational and is a result of a
continuous increase in the thickness of floodplain deposits. Although the
main characteristic of this interval is the presence of thickening- and
coarsening-upward cycles several meters thick, the sandstone beds tend to
amalgamate at the very top of it representing a new incursion of the FS4
fluvial style.

Cyclothem III.—This interval is 268 meters thick at Los Pozuelos and
250 meters thick at La Troya (Fig. 9B) with boundaries marked by deeply
(more than 5 m) incised unconformities (Marenssi et al. 2000).

Along the Los Pozuelos Creek section the braided fluvial systems (FS2)
at the base change to heterolithic low-sinuosity (wandering) fluvial
systems (FS3w) in the middle of the section and to high-sinuosity
meandering fluvial systems (FS3m) toward the top. In the La Troya
Creek section the basal braided fluvial style (FS2) is replaced by a
heterolithic high-sinuosity (meandering) fluvial system (FS3m).

Along strike the FS2 style is composed of tabular to lensoidal bodies of
heterolithic (gravel and sand) multistory channels (CHm), gravelly bars
(GB), and sandy bars (SB). The middle section in the north (Pozuelos
Creek) is made up of lensoid bodies of conglomerates and sandstones
(CHs), up to 3 m thick separated by massive claystones and siltstones
(OF) grading upwards to more tabular bodies conforming to a distinctive
fluvial system characterized by lateral-accretion bars (LA) and well
developed floodplains (OF) forming upward-fining trends. In the central
section (La Troya) the middle interval is not well developed.

Cyclothem IV.—This succession is 198 meters thick at Los Pozuelos
and 330 meters thick at La Troya, and it is bounded by deeply to
moderately (1 to 5 m) incised unconformities (Fig. 10A). As was the case
in cyclothem 3, a braided fluvial system (FS2) is present at the base
whereas the upper portion consists of a heterolithic low-sinuosity,
wandering fluvial system (FS3w) in the north (Los Pozuelos) or of a
heterolithic high-sinuosity, meandering fluvial system (FS3m) in the
south (La Troya). In the La Troya section the uppermost part of the cycle
shows a slight decrease in the thickness and frequency of the OF element
towards the top and therefore the uppermost rocks belong to FS4. In this
particular case the boundary with the overlying unit lies within a thick
body of amalgamated sandstones, marked by the deepest incision surface
and floored by the coarsest lithologies.

Cyclothem V.—This interval is quite similar to the underlying one
except that the degree of incision of the third-order bounding
unconformities has decreased to less than 3 meters (Fig. 7B) and there
is a slight increase in the amount of fine-grained facies in the central and
southern part of the basin. The section is 844 meters thick at Los Pozuelos
and 709 meters thick at La Troya (Fig. 10B).

In the north the braided fluvial systems (FS2) developed at the base are
replaced upwards by heterolithic low-sinuosity fluvial systems (FS3w),
but to the south the base is marked by sandy braided to low-sinuosity
fluvial systems (FS4) with heterolithic high-sinuosity fluvial systems

(FS3m) above. The top of the section contains a thin interval of the
braided to low-sinuosity fluvial system (FS4), as was the case in
cyclothem IV (Fig. 7C).

Cyclothem VI.—This interval is only 317 meters thick at the Los
Pozuelos section because of erosion associated with the unconformity
(second-order surface) at the base of the overlying Toro Negro
Formation (Fig. 7D). At the La Troya section this interval is 1414 meters
thick and is finer grained than cyclothem 5. Here, the lower and upper
bounding surfaces correspond to moderate- to low-relief third-order
unconformities.

The fluvial systems preserved in the Los Pozuelos area show a change
upsection from braided fluvial systems (FS2) at the base to the heterolithic,
low-sinuosity style (FS3) at the top (Fig. 11A). However, at the La Troya
section, a clear fining-up then coarsening-up trend is present (Fig. 11A).
Sandy braided to low-sinuosity fluvial systems (FS4) at the base grade into
heterolithic high-sinuosity fluvial systems (FS3m). The latter contains a
thin (few meters thick), clastic lacustrine deposit, but farther up-section
there is a progressive decrease in the frequency and thickness of the fine-
grained floodplain deposits (OF) with an FS4 deposit.

Cyclothem VII.—This cycle is present only in the La Troya section
where its base is a low-relief, third-order unconformity and its top is a
deeply incised (Limarino et al. 2010) second-order unconformity
(Fig. 11B). The section at this location consists of 539 meters of sheet-
like units of amalgamated fine to coarse-grained sandstones correspond-
ing to the LS and SB elements of the sandy braided to low-sinuosity
fluvial systems (FS4). The base of this unit occurs within amalgamated
sandstone beds of similar fluvial systems and is placed at the base of a
thick sandstone interval floored by a low-relief incision surface and
containing the coarsest lithology (granule-rich coarse-grained sandstone).

CONTROLS ON SEDIMENTATION OF THE VINCHINA FORMATION

The Vinchina Formation accumulated in isolation from any marine
influences, and therefore eustasy can be ruled out as an external control
on accommodation and stratigraphic patterns. This leaves the discussion
open for climate versus tectonics as possible allocyclic controls on
sedimentation.

Aridity was highly persistent in the Bermejo basin between 19 and 0 Ma
(Jordan 1995; Jordan et al. 2001). In particular, arid to semiarid
conditions are inferred from sedimentological and paleontological
features of the Vinchina Formation (Tripaldi et al. 2001; Melchor et al.
2010), which indicate that these arid to semiarid conditions are
interpreted here as a long-term climatic background during which the
Vinchina Formation accumulated. Therefore accommodation at the scale
of the cyclothems was controlled primarily by tectonics.

Tectonics, either uplift of the source areas and/or basin subsidence, can
modify the equilibrium (graded) profile of the streams by changing either
the topographic profile or the fluvial energy flux or both (Catuneanu et
al. 2009). The river equilibrium profile is reached when the stream is able
to transport its entire sediment load without erosion or deposition
(Leopold and Bull 1979). The equilibrium (graded) profile may lie above
or below the topographic profile. Rivers which are out of equilibrium will
incise or aggrade in an attempt to reach the graded profile (Bull 1991). In
this context the amount of fluvial accommodation is defined as the space
between the graded profile (the ‘‘base level’’) and the actual topographic
profile of the stream (Posamentier and Allen 1999). Martinsen et al.
(1999) stated that the stratigraphic concept of fluvial base level can be
viewed as the ratio between accommodation and sediment supply (A/S).
When A/S . 1 the sediment delivered cannot fill the available space
causing the flooding of the alluvial plain. If 0 , A/S , 1 some sediment
will be bypassed since there is not enough space to retain it. Finally at
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FIG. 9.—Generalized profiles of A) cyclothem
II and B) cyclothem III showing dominant
lithologies, thicknesses, and fluvial styles at the
La Troya and Los Pozuelos sections.
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negative values of A/S no deposition takes places and sequence
boundaries form (Martinsen et al. 1999).

SEQUENCE STRATIGRAPHY

Early fluvial sequence models (e.g., Puigdefabregas 1989, 1993; Shanley
and McCabe 1994; Wright and Marriot 1993; Olsen et al. 1995) were

distilled both from field examples and/or theoretical considerations. Most
recent developments in sequence stratigraphy of nonmarine basins
(Shanley and McCabe 1998; Legarreta and Uliana 1998; Martinsen et
al. 1999; Catuneanu 2006; Catuneanu et al. 2009) stress the use of only
two systems tracts termed the low-accommodation systems tract (LAST)
and the high-accommodation systems tract (HAST). They are related to
the distribution of fluvial architectural elements interpreted within a

FIG. 10.—Generalized profiles of A)
cyclothem IV and B) cyclothem V showing
dominant lithologies, thicknesses, and fluvial
styles at the La Troya and Los Pozuelos sections.
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sequence stratigraphic context of changing fluvial accommodation
through time.

In fluvial systems located far away from the reach of any sea-level
fluctuation, rivers respond to a combination of climate (discharge and
grain size) and tectonism (source-area uplift/subsidence and topographic
profile). The actual fluvial style in any part of the basin will depend on the
relationship between the fluvial equilibrium profile and the channel

topographic profile. The key element is the change in fluvial accommo-
dation, which may be driven by tectonic cycles superimposed on climatic
cycles operating at different or similar frequencies. In this study the
climate was stable (arid to semiarid) and therefore depositional cycles are
attributed to either thrusting or offloading stages due to tectonic activity
in the fold-and-thrust belt and subsidence in the foredeep (Catuneanu and
Elango 2001) or uplift of basement blocks. Sediment accumulation took

FIG. 11.—Generalized profiles of A)
cyclothem VI and B) cyclothem VII showing
dominant lithologies, thicknesses, and fluvial
styles at the La Troya and Los Pozuelos sections.
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place during stages of flexural subsidence and shallowing of landscape
gradient whereas the bounding unconformities formed during times of
isostatic uplift and steepening of the landscape gradient.

An ideal cycle starts with a stage of negative fluvial accommodation
resulting in a sequence boundary. Sedimentation resumes as accommo-
dation becomes available again, starting with lower rates of creation of
accommodation in either confined (i.e., incised valleys) or unconfined
settings. The accommodation increases until it is reduced again at the end
of the cycle (unconfined settings). This model predicts two times of low
accommodation, the first, at the beginning of the cycle belongs to the
LAST while the second, at the end of the cycle, is included in the HAST.
However, the development and/or preservation of the latest stage of low
accommodation is dependent on the tectonic setting, since it would not
develop in a distal position to the orogenic front (Catuneanu 2006).

TECTOSEDIMENTARY MODEL

The seven cyclothems identified in the Vinchina Formation together
make up one of the second-order sequences of Limarino et al. (2001)
(Fig. 4). Each cyclothem includes a relatively conformable succession of
strata bounded by prominent subaerial unconformities in which fluvial
styles gradually change according to the available accommodation.
Hence, these cyclothems are here interpreted as third-order depositional

sequences. Well-developed paleosols have not been described, suggesting
more or less continuous fluvial aggradation during the accumulation of
each sequence. This interpretation is supported by the relatively
conformable character of the strata, as well as the genetically related
nature of the fluvial deposits. No significant climatic fluctuations seem to
have occurred during the time of deposition of the Vinchina Formation,
and therefore second- and third-order sequences can reasonably be
attributed to tectonic causes. Within each third-order sequence the
deposits attributed to braided and sandy wandering fluvial systems
characterize the low-accommodation systems tract (LAST) whereas
anastomosed and meandering fluvial system developed during the high-
accommodation systems tract (HAST). However, the shift in fluvial styles
within each sequence depended on position with respect to the source
area. Within the same sequence the southern section (La Troya) records a
shift from sand-bed braided or low-sinuosity systems to fine-grained
meandering or anastomosed systems, while at the same time in the
northern section (Los Pozuelos) there is a transition from braided to
wandering or meandering systems.

The overall coarsening-upward trend of the Vinchina Formation at the
two study sections is evident by the increase in the frequency and clast size
of the conglomerates or by the increase in the proportion of sandstones
from the Lower Member to the Upper Member. However, internally each
member fines upward slightly (Fig. 5). This pattern can be interpreted in

FIG. 12.—Anatomy of the two types of
alluvial depositional sequences from the ana-
lyzed example. LAST, low-accomodation sys-
tems tract; HAST, high-accomodation systems
tract; SB, sequence boundary; ES, expansion
surface; TAP, tournabout point; CS, contraction
surface. See text for explanation.
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three ways, 1) The Lower Member may represent sedimentation in a more
distal position than the Upper Member with respect to the fold-and-
thrust belt to the west, 2) The increasing influence of the basement block
being uplifted in the north (Sierra del Toro Negro), or 3) a combination
of the two.

At the level of the second-order sequences (i.e., the Vinchina plus Toro
Negro formations), the coarser fluvial deposits tend to extend farther to
the east with time, as a response to the progradation of the orogenic front.
This generates an overall coarsening-upward profile, as proximal facies
are gradually brought on top of older distal facies. This pattern represents
the classical style of the foreland basin sedimentation model (e.g., Jordan
1995). However, in the Vinchina Formation (i.e., at the scale of hundreds
of meters) facies changes and grain-size decrease in a north-to-south
direction (i.e., along depositional strike, Fig. 5) indicating that the Sierra
del Toro Negro basement block was the main controlling structural
element of the third-order sequences, locally overwhelming the effect of
the fold-and-thrust belt. This complex interplay between the advancing
fold-and-thrust belt and the basement blocks may be a common feature in
broken foreland basins. In this situation the stratigraphic record will
differ from the existing models for ‘‘simple’’ foreland settings (e.g., Blair
and Bilodeau 1988; Flemings and Jordan 1990; Jordan 1995).

ANATOMY OF THE FLUVIAL SEQUENCES IN THE VINCHINA FORMATION

From our interpretation of the Vinchina depositional cycles, we

propose an idealized fluvial sequence resulting from the rise and fall of the

stratigraphic base level above or below the depositional surface. A fully

preserved fluvial sequence can be divided into four parts (Fig. 12): (1) a

basal subregional erosion surface (sequence boundary); (2) an amalgam-

ated confined fluvial conglomerate and/or sandstone sheet; (3) a fining-

upward heterolithic interval with lensoid fluvial sandstone and/or

conglomerate bodies, sometimes with a capping shale of lacustrine

origin; and (4) a heterolithic interval with an upward increase in the

sandstone/mudstone ratio sometimes overlain by amalgamated uncon-

fined sandstones. The upper boundary of the idealized sequence is

another subregional sequence boundary.

The Vinchina Formation contains seven sequences with the four-part
architecture but with considerable internal variability (Fig. 13). The
variations are represented by irregularly developed sandstone vs
mudstone trends and by internal hiatuses or different stacking patterns.
These sequences are mappable within the study area using satellite images
and intermediate ground control points (Fig. 14), and vary in thickness
from a hundred up to few thousand meters.

FIG. 13.—Schematic columns (not to scale) summarizing the main characteristics of each of the seven sequences interpreted from the described cyclothems. Sequences
1 and 3 are similar at both sections, while sequences 2, 4, 5, and 6 show minimal internal variations. Sequence 7 and the top of sequence 6 are eroded at the Los Pozuelos
section. For explanations about EP and CS surfaces and the TAP, see further in the text.
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The architecture of the typical sequence (i.e., stacking pattern and
geometry of the conglomeratic and sandstone bodies) and its basal
erosion surface is interpreted to represent base-level changes (creation
and destruction of accommodation) within the basin. In general, the
fluvial sequences are the result of base-level fall, subsequent rise, and
encroachment of a new fall or decreasing rate of rise. These base-level
changes are the results of integrated ‘‘upstream’’ and ‘‘downstream’’
causes, i.e., tectonic uplift in the basin margin and/or subsidence.

The basal erosion surface or sequence boundary of any sequence
generally resulted from complex incision both during an initial fall of base
level and during part of the subsequent base-level rise. The resulting
regional and/or subregional erosion surface is therefore composite, and is
usually overlain by the coarsest-grained deposits. The confinement of a
river to an incised valley means that the total amount of accommodation
created is small compared to the sediment supply, even at high rates of
base-level rise, and consequently much sediment reworking takes place.

The confined amalgamated conglomerate–sandstone sheet interval (the
amalgamated systems tracts of Shanley and McCabe 1994) is interpreted
to reflect deposition by braided rivers (FS2, FS4), which reworked the
alluvial plain so frequently that major soil horizons did not form.
However, development of paleosols may exist in the adjacent interfluves
provided the right climatic conditions and enough time. The fact that
incision and enlargement occur both during long term base-level fall and
during initial subsequent rise greatly aids our understanding of the genesis
of such widespread fluvial coarse-grained sheets. They occur early in the
cycle during increasing accommodation but when gradients were still

high. Their distribution may be diachronous younging in a basinward
direction and may be absent in the distal part of the basin.

The middle to upper intervals of the Vinchina sequences are relatively
heterolithic sand–mud or gravel/sand–mud, and are interpreted to have
formed during higher rates of base-level rise. This condition led to less
erosion and reworking and to better preservation of fine-grained deposits.
The beginning of this unit is set at the first record of extensive muddy
floodplain deposits that denote an abrupt increase in accommodation
(expansion surface, ES, of Martinsen et al. 1999). Sandy deposits display
more completely preserved bedforms, and barforms, resulting for
example in preservation of lateral-accretion architectural elements (the
isolated fluvial and alluvial-plain facies of Shanley and McCabe 1994).
Sandstone bodies from this interval are interpreted to have been
generated by straight to moderately sinuous rivers (FS3). The uppermost
part of this interval tends to have the lowest sandstone/shale ratios (FS1),
and it is in these horizons that lacustrine (including playa-lake) deposits
may be present.

Interval 4 of the idealized sequence has a coarsening-upward trend,
with higher sandstone/mudstone ratios caused by slightly more common
amalgamated sandstone bodies. This trend is interpreted to be the result
of a gradual reduction in the rate of base-level rise relative to sediment
supply. Fluvial styles of this interval appear to have been similar to that
of the underlying heterolithic package. However, decreasing accommo-
dation caused increased erosion due to increased frequency of scouring
events leading to a greater amalgamation of sandstone bodies (FS4). The
presence of interval 4 depends on whether it was deposited and its

FIG. 14.—Geological map of the Vinchina
Formation along the Sierra de los Colorados,
showing the proposed lateral correlation of the
seven third-order sequences.
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preservation potential. In low-accommodation settings, the upward-
coarsening interval is unlikely to be developed (except in cases of a high
local subsidence rate due to basement-tectonic subsidence). Farther into
the basin, where upward-coarsening trends develop immediately preced-
ing maximum rates of base-level fall, these levels are very likely to be
eroded during the subsequent fall culmination, with the generation of the
sequence boundary. In high-accommodation settings there is an increased
basinward likelihood of deposition and preservation of the upward-
coarsening unit below the sequence boundary. The base of the unconfined
amalgamated sandstones can be regarded as a sequence stratigraphic
surface, here referred to as a contraction surface (CS).

CONCLUSIONS

The fluvial systems of the Vinchina Formation evolved within an
eastward-migrating broken foreland basin system. Advance of the fold-
and-thrust belt (Precordillera) from the west and simultaneous basement
uplift to the north (Sierra del Toro Negro) controlled subsidence as well
as drainage patterns. As a consequence the Lower Member of the
Vinchina Formation records sedimentation in a more distal position than
the Upper Member relative to the fold-and-thrust belt, and at the same
time both of them record a proximal (north) to distal (south) trend with
respect to the elevated basement-cored block. This complex interplay
produces a facies arrangement that differs from the existing models for
s̈implë foreland basins.

At the time of deposition of the Vinchina Formation the basin was not
connected to the ocean and an arid to semiarid climate was stable leaving
tectonics as the main driver of changes in accommodation. Seven
unconformity-bounded cyclothems within the Vinchina Formation
(Figs. 8–11) are interpreted as third-order alluvial depositional sequences
(Fig. 13). These sequences contain a vertical pattern of facies distribu-
tions that reflect cyclic variations in accommodation due to fluvial base-
level changes. The upstream or downstream causes for these changes
cannot be determined precisely at present, but their effects on the fluvial
systems is recorded in the proportion of channel vs floodplains, the
multistory vs singlestory character of the channels, and their connected-
ness which were used to identify different fluvial systems and to assign
them to low-accomodation (LAST) or high-accommodation (HAST)
systems tracts.

Although our model matches early fluvial sequence models we stress
some important differences. We agree with Olsen et al. (1995) regarding
the symmetrical character of the sequences showing a fining-upward to
coarsening-upward trend (sand clock type) but we note that the latter is
best developed and/or preserved in high-accommodation settings. In our
model two types of amalgamated sandstone and/or conglomerate bodies
can be formed in two different locations within a sequence. The base of
the sequence (LAST), in confined (i.e., within incised valleys) or
unconfined conditions, will contain the coarsest sediment deposits
of the whole sequence representing sedimentation during a time of
increasing although still low accommodation. The second location at the
top of the sequence (HAST), although it may not always be present,
represents sedimentation in unconfined settings during a period of
decreasing accommodation. When the capping amalgamated sandstones
are present, the upper sequence boundary lies within a thick sandstone
and/or conglomeratic body, and can be recognized by the presence of an
incision surface or at the base of the coarsest lithofacies rather than at the
most extreme lithological contrast located at the base of the capping
amalgamated sandstones. In more distal positions, the sequence
boundary occurs within a conformable set of fine-grained beds
representing contraction and expansion cycles of playa lakes or similar
low-energy inland settings.

Three internal surfaces of sequence stratigraphic importance can be
recognized in our sequence model (Fig. 12). The lower expansion surface

(ES) is placed at the first record of extensive and pervasive presence of
floodplain deposits, indicating that accommodation is much higher than
sediment supply (A/S . 1). The middle surface represents the turnabout
point (TAP) recorded by the thickest floodplain, and eventually lacustrine
deposits indicating the maximum of accommodation. The upper contrac-
tion surface (CS) may not always be present, and it is located on top of the
last extensive flood-plain deposit, indicating that sediment supply has now
overcome the rate of creation of accommodation (0 , A/S , 1) and
therefore the finest-grained sediments are bypassed.
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formaciones terciarias aflorantes en las provincias de San Juan, La Rioja y
Catamarca: Asociación Geológica Argentina, Revista, v. 48, no. 3–4, p. 241–246.
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