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ABSTRACT

The Mata Amarilla Formation dates from the early Upper Cretaceous and
was deposited during a transition in tectonic regime from the extensional
Rocas Verdes Basin to the Austral Foreland Basin. Detailed sedimentological
logs and architectural parameters were used to define 13 facies associations.
The distribution of facies associations and associated variations in fluvial
architecture have enabled large-scale changes in accommodation space/sedi-
ment supply ratios (A/S ratio) to be defined for the three component sections
of the Mata Amarilla Formation. The lower and upper sections are characte-
rized by a high A/S ratio, whereas the middle section corresponds to a low
A/S ratio. In the western part of the study area, small-scale variations in the
A/S ratio were recognized in the middle section. The strong west to east
trend in evolution of the fluvial systems coincides with the direction of
propagation of the Patagonian fold and thrust belt, which is located to the
west of the study area. Intervals of high A/S ratio (i.e. lower and upper sec-
tions) are interpreted to have developed during periods of increased loading
by the fold and thrust belt caused by tectonic uplift. In contrast, intervals of
low A/S ratio (i.e. middle section) were developed during periods of tectonic
quiescence. This article suggests that the large-scale variations in A/S ratios
are related to different rates of migration and growth of the Patagonian fold
and thrust belt, whereas the small-scale variation occurred in response to
specific periods of thrusting and folding in the Patagonian fold and thrust
belt (i.e. local loads). This field example of the effects of different scales of
variation in A/S ratios across the Austral Foreland Basin could be used to
recognize similar tectonically forced variations in stratigraphic architecture
in other foreland basins throughout the world, as well as to understand the
response of fluvial systems to such changes.

Keywords Architectural stacking patterns, Austral Foreland Basin, fluvial
sedimentology, Late Cretaceous, Patagonian fold and thrust belt, tectonic
control.

INTRODUCTION

Sedimentological analysis often aims to quantify
the extrinsic factors (tectonics, eustasy and cli-
mate) that controlled the deposition of a sedi-
mentary succession (e.g. Van Wagoner, 1995,

1998; Yoshida et al., 1998; Yoshida, 2000). It is
well-established that relative sea-level fluctua-
tions control the architecture of numerous
marine and marginal marine sedimentary suc-
cessions but, in continental basins, climate can
produce similar architectural changes (Blum &
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Tornqvist, 2000). Identifying changes in the ratio
of accommodation space to sediment supply (A/
S ratio) is an effective method for understanding
the variations in sedimentary successions in
non-marine environments and to consider the
extrinsic factors that control these changes
(Wright & Marriott, 1993; Shanley & McCabe,
1994; Martinsen et al.,, 1999; Howell & Flint,
2003; Huerta et al., 2011). Changes in geometry,
dimensions, density and distribution of chan-
nelized units (for example, from low-density
simple ribbons to high-density sheet-like bodies)
have been modelled in laboratory experiments
and observed in field data (Bridge & Leeder,
1979; Leeder, 1993; Wright & Marriott, 1993;
Shanley & McCabe, 1994). A low A/S ratio
favours lateral channel migration and the deve-
lopment of sheet-like deposits with high width/
thickness (w/t) ratios (Wright & Marriott, 1993;
Shanley & McCabe, 1994; Friend, 1983; Huerta
et al., 2011); in contrast, a high A/S ratio favours
the development of simple ribbon-shaped chan-
nels with low w/t ratios and more complete
preservation of out of channel deposits (Friend,
1983; Wright & Marriott, 1993; Shanley & McCa-
be, 1994; Huerta et al., 2011).

The aims of this contribution are to characte-
rize and analyse the Mata Amarilla Formation
through detailed sedimentological observations
and analysis of architectural elements in order
to interpret the influence of allocyclic factors
(source area tectonism, basin subsidence, eus-
tasy and climate). The early Late Cretaceous
Mata Amarilla Formation is a key element in the
understanding of the transition from the rift/
thermal subsidence stages to the foreland stage
of the Austral Basin (Varela et al., 2012a). The
Mata Amarilla thus shows changes in the archi-
tectural arrangement and distribution of sedi-
mentary environments that may have been
influenced by the growth of the proto-Andes
and the evolution of the Patagonian fold and
thrust belt.

GEOLOGICAL SETTING

The Austral Basin is located at the south-wes-
tern end of the South American plate (Fig. 1)
where it crops out at the southern end of Argen-
tina and Chile. The Austral Basin is known in
Chile as the Rocas Verdes Basin and Magallanes
Basin (Figs 1 and 2). Its shape is elongated
north-south and it widens to the south; the
eastern edge is demarcated by the Chico
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Fig. 1. Geological setting of the Austral Basin and
location of the study area (yellow rectangle). The
region of the Torres del Paine National Park and
Ultima Esperanza District in Chile, where the basin is
known as the Rocas Verdes and Magallanes basins, is
also located (purple rectangle).

River-Dungeness High (Fig. 1). The western
edge is tectonic in origin, formed by uplift of
the Patagonian-Fueguian Andes, while the
southern boundary is a transform fault that sepa-
rates the South American plate from the Scotia
plate (Fig. 1). The evolution of the Austral Basin
in the study area (Fig. 1) differs from the evolu-
tion of the linked Rocas Verdes — Magallanes
Basin further to the south (Fig. 1), in that the
former was not subject to sea-floor spreading
(Fig. 2). The Rocas Verdes Basin is a Late Juras-
sic-Early Cretaceous backarc basin characterized
by rifting and sea-floor spreading along the wes-
tern margin of the Patagonian-Fuegian Andes
(Dalziel et al., 1974; Dalziel, 1981; Biddle et al.,
1986; Calderén et al., 2007). A change from
regional extension to compression occurred dur-
ing the mid-Cretaceous and produced a retroarc
fold—thrust belt and linked foreland basin,
known in Chile as the Magallanes Basin (Biddle
et al., 1986; Wilson, 1991; Fildani et al., 2003;
Fildani & Hessler, 2005; Fosdick et al., 2011; Va-
rela et al.,, 2012a). The Austral Basin in the
study area underwent three main tectonic stages
in its history (Biddle et al., 1986; Arbe, 1989,
2002; Robbiano et al.,, 1996; Kraemer et al.,
2002; Peroni et al., 2002; Rodriguez & Miller,
2005; Varela et al., 2012a): (i) a rift stage; (ii) a
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Fig. 2. Stratigraphic scheme of the Cretaceous of the Austral Basin compared to the Rocas Verdes — Magallanes
Basin (Fig. 1), modified from Varela et al. (2012a). Stratigraphy and data on the Rocas Verdes — Magallanes Basin
taken from Fildani et al. (2003), Fildani & Hessler (2005), Hubbard et al. (2008), Romans et al. (2011) and Fosdick
et al. (2011). Dashed line marks the regional change from an extensional to a compressional tectonic regime.
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thermal subsidence stage; and (iii) a foreland
stage (Fig. 2). The rift and thermal subsidence
stages of the Austral Basin mainly coincide with
deposition of the Rocas Verdes basin Afill,
whereas the foreland stage of the Austral Basin
is simultaneous with the evolution of the
Magallanes Basin (Fildani et al., 2003; Fildani &
Hessler, 2005; Hubbard et al., 2008; Romans
et al., 2011; Fosdick et al., 2011; Varela et al.,
2012a) (Fig. 2).

Rift stage

The rifting stage is related to the break-up of
Gondwana (Pankhurst et al., 2000). Diachronism
is recognized between the Early-Middle Jurassic
volcanism of the Deseado Massif in eastern Pata-
gonia (Marifil and Chon Aike formations) and
the Middle Jurassic—earliest Cretaceous volca-
nism of the Andean Cordillera (El Quemado,
Ibanez and Tobifera formations; Fig. 2) (Pank-
hurst et al., 2000). In this initial stage, grabens
and half-grabens were developed and filled with
volcaniclastic and volcanic rocks intercalated
with epiclastic sediments (Biddle et al., 1986).

Thermal subsidence stage

Subsequently, thermal subsidence resulted in
deposition of the transgressive quartzose sand-
stones of the Springhill Formation (Biddle et al.,
1986; Arbe, 1989, 2002; Rodriguez & Miller,
2005) (Fig. 2). The Springhill Formation broadly
overlaps the margins of the initial half-graben,
and is overlain by a thick deep-marine succes-
sion, characterized by alternating black mud-
stones and marls of the Rio Mayer Formation,
which extends to the Albian (Richiano et al.,
2012, 2013). Towards the end of this stage (early
Aptian—Albian), a large passive-margin delta sys-
tem, the Piedra Clavada Formation, developed
in the northern and eastern sectors of the basin
(Poiré et al., 2004; Richiano et al., 2012) (Fig. 2).

Foreland stage

The regional change from extension to compres-
sion took place in the mid-Cretaceous, as a
result of the convergence of an arc and/or a
craton to the South American continent, thus
causing obduction of the ophiolite, which con-
stituted the sea floor of the Rocas Verdes Basin,
over the cratonic continental margin (Dalziel,
1981; Ramos, 1989). It has not been possible to
determine the exact timing of obduction, but the

compression associated with the early stages of
the orogeny caused the development of a retro-
arc fold and thrust belt along the Patagonian—
Fuegian Andes (Ramos et al., 1982; Biddle
et al., 1986; Wilson, 1991; Fildani et al., 2003;
Fildani & Hessler, 2005). This Patagonian fold
and thrust belt is associated along its eastern
margin with a foreland basin (Austral — Magall-
anes Basin; Fig. 1). This compressional regime
extended from the Upper Cretaceous to the Neo-
gene (Ramos et al., 1982; Biddle et al., 1986;
Wilson, 1991; Spalletti & Franzese, 2007; Fos-
dick et al.,, 2011). The onset of the shortening
phase in the northern sector of the Austral Basin
took place ca 100 Ma and is recorded within
sediments of the Mata Amarilla Formation
(Varela, 2011; Varela et al.,, 2012a, 2013). In
Chile, on the other hand, in the region of the
Torres del Paine National Park and in the
Ultima Esperanza District (Fig. 1), the compres-
sional phase of the Magallanes Basin occurs in
the transition from the shelfal, shallow-marine
Zapata Formation to the deep-marine Punta
Barrosa Formation (Wilson, 1991; Fildani et al.,
2003; Fildani & Hessler, 2005; Fig. 2). The tran-
sition was dated by means of detrital zircons,
and the age was estimated by Fildani et al.
(2003) as being no older than 92 + 1 Ma.
Recently, Fosdick et al. (2011) obtained new
zircon U-Pb ages from an interbedded volcanic
ash in the Zapata—Punta Barrosa transition, sug-
gesting an age of 101 + 1 Ma. These revised ages
indicate that the deformation at 51°30’S began at
ca 100 Ma (Fosdick et al., 2011) and the ensuing
development of the foreland basin occurred
simultaneously throughout the basin (Fig. 2).

Mata Amarilla Formation

The Mata Amarilla Formation marks the begin-
ning of the foreland basin stage (Varela, 2011;
Varela et al., 2012a). The Mata Amarilla Forma-
tion overlies the deltaic Piedra Clavada Forma-
tion and underlies the shoreface deposits of the
La Anita Formation (Fig. 2). It was deposited
during the lower Upper Cretaceous and ranges
from upper Albian-lower Cenomanian to Santo-
nian in age (Varela, 2011; Varela et al., 2012a;
Fig. 2). Recently, Varela et al. (2012a) obtained a
precise zircon U-Pb age from a tuff in the mid-
dle section of the Mata Amarilla Formation,
which yielded an age of 9623 + 0-71 Ma
(middle Cenomanian).

The Mata Amarilla Formation consists of three
sections: the lower, middle and upper (Varela,
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2011; Varela et al., 2011, 2012a, 2013), defined
by dark colouration and a large proportion of
fine-grained sediments in the upper and lower
sections (Fig. 3), while the middle section shows
a whitish colouration due to a preponderance of
sandy sediments (Fig. 3). The lower section of
the Mata Amarilla Formation is characterized by
mudstones with subordinate fine to medium-
grained sandstones in the west (fluvial facies),
while to the east it consists of a fining-upward
succession of mudstones, heterolithic sediments
(containing flaser, lenticular and wavy bedding)
and sandstones with herringbone cross-bedding
attributed to littoral environments (Varela, 2011;
Varela et al., 2011, 2012b, 2013; Griffin & Varela,
2012). The middle section is characterized by
conglomerates to coarse-grained sandstones with
subordinate mudstones in the west, while to the
east it consists of medium to coarse-grained
sandstones with subordinate mudstones (Varela,
2011; Varela et al., 2012a, 2013). Finally, the
upper section also is characterized by mudstones
with subordinate fine to medium-grained sand-
stones (Varela, 2011; Varela et al., 2012a, 2013).

METHODOLOGY

The study area is located in the south-west of
Santa Cruz province, Patagonia, Argentina
(Figs 1 and 4), and it coincides with a west—east
transect line located to the south and to the east
of Lake Viedma (Fig. 4). Eight localities have
been studied (Fig. 4), where detailed sedimen-
tary logging was undertaken. On the basis of
facies analysis, 13 facies associations were distin-
guished (Table 1 and Fig. 5). Also, geometrical
data, lateral facies variations, bounding surfaces
and dimensions of the rock bodies were obtained

Changes in A/S ratio controlled by tectonics 871

to determine different depositional architectures
(e.g. Friend et al, 1979; Veiga et al., 2008)
(Table 1 and Fig. 5). The thickness and length of
the different depositional architectures have been
corrected for the obliquity of palaeocurrents with
respect to the orientation of the outcrop belt.

For the measurement of palaeocurrents, both
unidirectional and bidirectional, a Brunton®
compass (Brunton, Boulder, CO, USA) was used,
and the criteria of DeCelles et al. (1983) and
Bossi (2007) were followed. Palaeocurrents of
the lower, middle and upper sections of the
Mata Amarilla Formation were measured in pla-
nar cross-bedding, trough cross-bedding, imbri-
cated clasts and herringbone cross-bedding. All
of the palaeocurrent data were corrected for
magnetic declination according to the date on
which they were surveyed. Then, the corrected
data were treated statistically with the Stereo-
net® program. The data were differentiated
according to facies associations.

For individual outcrop localities, the vertical
and lateral arrangement of different facies asso-
ciations is described. The detailed description
and interpretation of the facies associations, and
their spatial arrangement to define fluvial archi-
tecture, were crucial in the definition of the con-
ceptual model of accumulation and in analysis
of the factors that controlled their deposition.

FACIES ASSOCIATIONS

Thirteen facies associations (FA) from the Mata
Amarilla Formation were identified. A detailed
description of each facies association with lat-
eral facies variations, geometrical data, bounding
surfaces and scales of the rock bodies (i.e. depo-
sitional architecture) is presented below in order

== — Upper Mata A:mariﬂé'Fm._p

Lower Mata Amarilla. Fm. =

La Anita Fm.

Fig. 3. Panoramic photograph of the Mata Amarilla Formation at La Blanca Farm (LB; Fig. 4). The lower and
upper sections (dark-coloured) are predominantly fine-grained, and correspond to distal fluvial and coastal envi-
ronments containing histosols, histosols with acid sulphate properties and vertisols. The middle section of the
Mata Amarilla Formation (light-coloured) has a higher proportion of sandstones, and is characterized by high-sin-
uosity and low-sinuosity meandering fluvial systems, in which inceptisols and vertisols are developed. At the top
of the hill are the outcrops of the La Anita Formation (brown).
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los Orientales Farm.

to interpret the different sedimentary palaeoen-
vironments.

Facies Association 1: Gravelly sheet bodies

Description

This facies association (FA1) consists of bodies
ranging from conglomerates to coarse-grained
sandstones, which are moderately to poorly
sorted, with erosional lower boundaries. They
comprise tabular bodies which are 5 m thick on
average; at outcrop scale, they have a lateral con-
tinuity ranging from 250 m to several kilometres.
Internally, they are composed of lenticular amal-
gamated medium-scale sets and cosets (60 cm
thick on average) of large-scale tangential cross-
bedding, low-angle planar cross-bedding and,
less frequently, trough cross-bedding (Fig. 6A
and B). These sets are composed of whitish
conglomerates, which are generally pebbly
matrix-supported and contain clasts that are
well-rounded. The grain size reaches 15 cm, and
typically ranges from 5 to 10 cm. Some sets show
a fining-upward trend, with concentrations of lar-
ger clasts and mud intraclasts at the base, grading
upwards to coarse-grained sandstones (Fig. 6A
and B). Facies association 1 deposits are
composed of volcanic lithic fragments, accompa-
nied by metamorphic basement clasts (Fig. 6C)

and are classified as lithic orthoconglomerates
(sensu Scasso & Limarino, 1997). This facies
association is characteristic of the middle section
of the Mata Amarilla Formation at the La Marina
Outpost (LM) locality, situated in the western
part of the study area (Fig. 4). Facies association
1 is usually interbedded with FA8 (see belows;
Table 1 and Fig. 5).

Interpretation

This facies association (FA1) is interpreted as
fluvial channel-belt deposits, where the bedload
material was mainly transported as longitudinal
downstream accretion bars (Miall, 1996; Bridge,
2003). The three-dimensional nature of these out-
crops indicates that FA1 deposits are composed
of amalgamated bars (i.e. compound bars; cf.
Bridge, 2003; Fig. 6). The fluvial system is inter-
preted to have been braided with a gravelly bed-
load. Facies association 1 is usually interbedded
with FA8, although these two laterally adjacent
FAs are not genetically related (i.e. coeval).

Facies Association 2: Sandy sheet bodies

Description

This facies association (FA2) is characterized by
whitish medium to coarse-grained sandstones
with trough cross-bedding, and less abundant

© 2014 The Author. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 867—896
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Fig. 5. Graphical summary of dimensions and geometries of units of facies associations identified in the Mata
Amarilla Formation in the study area (Table 1). See text for details.
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Fig. 6. Photographs of FA1 (gravelly sheet bodies) at the La Marina Outpost (LM) locality with cross-set bound-
aries annotated: (A) parallel to the mean palaeocurrent; (B) perpendicular to the mean palaeocurrent. (C) Detail of
FA1 showing volcanic lithic clasts (black arrows) and metamorphic clasts (white arrows).

(Fig. 7C). These surfaces are inclined per-
pendicular to palaeoflow as measured from

planar cross-bedding with mud intraclasts.
Towards their bases, bodies of FA2 contain mud

clasts up to 8 cm in diameter, and generally
between 2 cm and 5 cm. This facies association
has a tabular geometry at outcrop scale and
occurs in bodies with erosional lower boun-
daries with a width to thickness ratio >30 (sensu
Friend et al., 1979; Fig. 7A to D). The typical
body thickness is 1 to 8 m and true width
>250 m (Fig. 7A and B). Internally, bodies of
FA2 contain large-scale inclined surfaces (sensu
Bridge, 1993), dipping at angles between 10°

trough cross-bedding and planar cross-bedding
(Fig. 7D). The clast composition is mostly lithic
with abundant volcanic lithic fragments. These
sandy sheet bodies erosionally overlie fine-
grained deposits of FA8 and are associated with
FA6 (Fig. 7C). Facies association 2 characterizes
the middle section of the Mata Amarilla Forma-
tion at the localities of South of Lake Viedma
(SLV), Guanaco River (GR), Hornos Hill (CH),
Fortaleza Hill (CF) and La Blanca Farm (LB)

and 20°, which bound 50 cm thick cosets (Fig. 7A and B). This facies association is also

Fig. 7. (A) Uninterpreted and (B) interpreted photomontage for the South of Lake Viedma (SLV) locality, showing
the relation between FA2 (sandy sheet bodies; white) and FAS8 (fine-grained deposits; green) in the middle section
of the Mata Amarilla Formation, and between FA4 (large-scale simple ribbon bodies; white) and FA8 (fine-grained
deposits; grey) in the lower section of the Mata Amarilla Formation. (C) Sandy sheet bodies (FA2) at South of
Lake Viedma (SLV) locality; note the development of large-scale inclined surfaces (black arrows). Person for scale
is ca 1-8 m tall. (D) Detail of FA2 (sandy sheet bodies) showing trough and planar cross-bedding. (E) Annotated
photograph for the middle section of the Mata Amarilla Formation for the La Blanca Farm (LB) locality, showing
the relation between FA3 (large-scale complex ribbon bodies) (white dashed lines), FA8 (fine-grained deposits)
(white arrows) and FA6 (tabular mudstones and fine-grained sandstones) (black arrows); person in white circle for
scale (ca 1-8 m tall). (F) FA3 (large-scale complex ribbon bodies) at Fortaleza Hill (CF) locality, note the concave-
up, erosional lower boundary and the horizontal top; person for scale. (G) FA4 (large-scale simple ribbon bodies)
(black dashed lines) interbedded with FA8 (fine-grained deposits) (black arrows) at South of Lake Viedma (SLV)
locality; shovel for scale is 1 m long. (H) FA5 deposits (small-scale simple ribbon bodies) (white dashed lines),
note the small-scale trough cross-bedding and the relation with FA6 (tabular mudstones and fine-grained sand-
stones) (white arrow) and FA8 (fine-grained deposits) (black arrows); person for scale.
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found in the upper section of the Mata Amarilla
Formation, but in bodies of lower w/t ratio (<30)
in the localities to the west, including South of
Lake Viedma (SLV), Guanaco River (GR) and
Hornos Hill (CH).

Interpretation

These multi-storey sandstone-dominated bodies
with sheet geometry are interpreted as channel-
belt deposits (sensu Gibling, 2006). Facies asso-
ciation 2 deposits are mainly related to fluvial
in-channel processes, such as migration of sin-
uous-crested (3D) or straight-crested (2D) dunes
or as lag deposits (cf. Clemente & Pérez-Arlu-
cea, 1993; Miall, 2006). The presence of large-
scale inclined surfaces within these channel
deposits, which are mostly perpendicular to the
main orientation of these channels, suggests lat-
eral accretion on the inner bends of highly sin-
uous channels (Bridge, 1993). They are
interpreted as fluvial channel-belt deposits of
relatively high-sinuosity, possibly meandering,
rivers.

Facies Association 3: Large-scale complex
ribbon bodies

Description

This facies association (FA3) is composed of
whitish, medium to coarse-grained sandstones
in bodies of lenticular to tabular geometry
(Fig. 7E) that are generally between 2 m and
6 m thick and ca 25 m wide (complex ribbons,
sensu Friend et al., 1979; w/t ratio between 4
and 12). The bases are concave-up and irregular,
while the tops are sharp and horizontal (Fig. 7E
and F). This facies association has a complex
internal organization, defined by the vertical
(and less frequently, lateral) amalgamation of
individual channelized units (Fig. 7E and F).
These complex ribbons are usually arranged in a
fining-upward succession, and internally they
show planar and trough cross-bedding. Current
ripples are usually present towards the top of
the sandbodies, whereas mud intraclasts occur
towards their bases. Towards their margins these
complex ribbons interfinger with fine-grained
deposits to form wings (Friend et al., 1979).
Facies association 3 is laterally and vertically
associated with FA6, FA7 and FAS8. It overlies
and passes laterally into FA6 (Fig. 7E) and is
often overlain by FA8 (Fig. 7E). This facies asso-
ciation characterizes the middle section of the
Mata Amarilla Formation in the eastern part of
the study area, at the localities of Bajada de los

Orientales Farm (BO), Pari Aike Farm (PA), La
Blanca Farm (LB) and Fortaleza Hill (CF).

Interpretation

The large-scale complex ribbon bodies of FA3
were probably deposited by solitary channels
with a minor degree of lateral migration, or by
relatively straight channels with lateral bars and
a meandering thalweg (cf. Veiga et al., 2008). In
each case, the mobility of the channels was
always restricted to the main erosional bounding
surface of the ribbon (Gibling, 2006; Veiga et al.,
2008). The channel deposits are vertically
stacked with abundant preservation of laterally
adjacent floodplain. This facies association is
interpreted as the deposits of relatively low-sin-
uosity, possibly meandering, rivers that under-
went aggradation, implying a moderate to high
rate of creation of accommodation space.

Facies Association 4: Large-scale simple
ribbon bodies

Description

This facies association (FA4) is characterized by
single, isolated lenticular-shaped bodies that
range from 1 to 2 m thick and from 8 to 15 m
wide (low w/t ratio; Fig. 7A and B), and which
are filled with whitish medium-grained sand-
stones (Fig. 7G). The bases are concave-up and
irregular, and the tops are sharp and horizontal
(Fig. 7G). They usually have no tractional sedi-
mentary structures, but occasionally trough and
planar cross-bedding with abundant mud intra-
clasts at the base of the bodies can be observed.
These bodies are associated with FA8 and FA9,
as well as with coal beds (Fig. 7G). This facies
association is present in the lower section of the
Mata Amarilla Formation, in the western part of
the study area, at the localities of La Marina
Outpost (LM), south of Lake Viedma (SLV;
Fig. 7A and B), Guanaco River (GR) and Hornos
Hill (CH). Facies association 4 is also found in
the upper section of the Mata Amarilla Forma-
tion at the Fortaleza Hill (CF) and La Blanca
Farm (LB) localities.

Interpretation

This facies association is interpreted to comprise
single-story  ribbon-shaped channel bodies
(sensu Gibling, 2006). The occurrence of these
deposits as isolated simple bodies within FA8
suggests a simple model of sinuous channels
which flowed through muddy coastal plains (cf.
Martinsen et al., 1999; Veiga et al., 2008; Varela
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et al., 2011). This interpretation indicates that
the facies association could be perceived as a
system of small coastal distributary channels.

Facies Association 5: Small-scale simple
ribbon bodies

Description

Bodies of this facies association (FA5) are also
characterized by a lenticular external geometry,
with an irregular concave-up lower surface, but
are smaller than the previously described ribbon-
shaped bodies of FA3 and FA4. They are typi-
cally between 40 cm and 120 cm thick and they
have a lateral extent of 8 m (Fig. 7H). The most
conspicuous feature of these small-scale simple
ribbon bodies is that they have a simple infill,
consisting of white to grey fine to medium-
grained sandstones. They are usually massive,
but occasionally show small-scale trough cross-
bedding, plane parallel lamination and current
ripples. Mud intraclasts are always present at the
base of the bodies, with diameters averaging
2 cm. Also, they often have bioturbation and rhi-
zoliths with different degrees of palaeosol deve-
lopment (Varela et al., 2012b). Facies association
5 is always associated with FA6 (Fig. 7H) and
FA7. Bodies of FA5 are present throughout the
whole Mata Amarilla Formation, and have a
close lateral and vertical co-occurrence with FA3
(large-scale complex ribbon bodies), FA4 (large-
scale simple ribbon bodies) and, less frequently,
with FA2 (sandy sheet bodies).

Interpretation

The small-scale channelized geometry of bodies
of FA5 implies deposition in crevasse channels
generated during episodes of high river dis-
charge or floods, which cut through levées and
flowed to low relief areas (cf. Mjos et al., 1993;
Plint & Browne, 1994; Veiga et al., 2008). Their
subsequent subaerial exposure, which is indi-
cated by the development of pedological fea-
tures, supports this interpretation (Varela et al.,
2012b).

Facies Association 6: Tabular mudstones and
fine-grained sandstones

Description

This facies association (FA6) is characterized by
the thin intercalations (<10 cm) of grey to olive
green mudstones and whitish fine to very fine-
grained sandstones. Beds in this association are
generally massive, but sometimes have both hori-
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zontal and inclined lamination; current ripples
and cross-lamination also occur (Fig. 8A). Pedo-
logical features are present, such as rhizoliths,
mottles, cutans and slickensides. The outcrop-
scale geometry is typically tabular and succes-
sions frequently coarsen upwards (Fig. 8A);
fining-upwards successions are less common.
Facies association 6 has thicknesses ranging from
0-5 to 5 m with sharp to transitional, horizontal
bases and tops (Fig. 8A). This facies association
is laterally and vertically associated with FA3
(Fig. 7E) and FA4; it is also associated with FA2.

Interpretation

Coarsening and thickening upward heterolithic
successions closely related to floodplain depo-
sits can be interpreted as the result of prograda-
tion of levées (Bridge, 2003) or crevasse splays,
related to overbank flows close to the channel
margins (Clemente & Pérez-Arlucea, 1993; Mjgs
et al., 1993; Miall, 1996). The vertical and lateral
association with FA3 and FA4 (fluvial channels)
suggests that these deposits represent accumula-
tion in proximal floodplain environments. This
facies association is interpreted as levées and
crevasse splay deposits. The presence of pedo-
logical features provides evidence of subaerial
exposure and soil development (Retallack,
2001). Palaeosols associated with FA6 are inter-
preted as inceptisols (Varela et al., 2012b).

Facies Association 7: Lobe-shaped bodies

Description

This facies association (FA7) is composed of
whitish fine to medium-grained sandstones,
which are predominantly massive. Low-angle
cross-bedding and current ripples are also pre-
sent locally. Facies association 7 is characterized
by an external lenticular geometry with sharp
horizontal basal surfaces and convex-up tops.
These lensoidal-shaped bodies are between
0-1 m and 1-2 m thick and their lateral extent
varies between 5 m and 15 m (Fig. 8B). Mud
intraclasts and plant remains are commonly
present at the base of these lobe-shaped bodies.
The palaeocurrent directions measured in the
low-angle cross-bedding and the axes of the
lobes generally tend to be perpendicular to the
flow direction of the main channels.

Interpretation

This association is attributed to isolated over-
flow deposits during flooding periods, in small
crevasse splays. These deposits are characterized

© 2014 The Author. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 867—896



880 A. N. Varela

Fig. 8. (A) FA6 (tabular mudstones and fine-grained sandstones) (black dashed lines) with horizontal to inclined
lamination (white arrows), interbedded with FA8 (fine-grained deposits) (black arrows); person for scale (ca 1-8 m
tall). (B) FA7 (lobe-shaped bodies) (white arrows) at La Blanca Farm (LB) locality, note the sharp, horizontal bases
and convex-up tops, and the association with FA8 (fine-grained deposits) (grey arrows) and FA2 (sandy sheet
bodies) (black arrow). Pedological features of FA8 (fine-grained deposits); (C) rhizoliths; coin for scale is 2-5 cm;
(D) orange mottles; coin for scale is 2-5 cm; (E) slickensides; pen for scale is 15 cm long. (F) FA9 (heterolithic
deposits with continental fossils) at Bajada de los Orientales Farm (BO) locality; shovel for scale is 1 m long.

by their simple internal structure and lenticular
geometry, which implies that they might be
related to single flooding events (Mjas et al.,
1993). In contrast, more complex deposits such
as FA6 (crevasse splays), suggest multiple peri-
odic flooding events (Mjgs et al., 1993; Miall,
1996). These overflow events occurred towards
the vegetated floodplains that are in topographi-
cally depressed areas, so the quick deposition of
sand buried vegetation on the floodplain, leav-
ing an exceptional record of angiosperm flora
(Iglesias et al., 2007; Varela, 2011; Varela et al.,
2012b).

Facies Association 8: Fine-grained deposits

Description

This facies association (FA8) is composed of
grey to olive green mudstones, generally mas-
sive, with abundant pedogenic structures such
as rhizoliths, mottles, nodules, cutans and slic-
kensides (Fig. 8C to E); lamination is rarely pre-
served. The geometry is tabular; the bases and
tops are sharp to transitional, and thicknesses
range from centimetres to tens of metres

(Fig. 7C, E and G). These fine-grained deposits
have hydromorphic features, such as the pre-
sence of grey colours (in shades of grey and
green), the preservation of roots with organic
matter, mottles with purple halos and small
nodules of iron and manganese (Varela et al.,
2012b). This association is present in all locali-
ties and sections of the Mata Amarilla Forma-
tion.

Interpretation

This facies association is interpreted as distal
floodplains and coastal plains with palaeosol
development. The abundance of hydromorphic
features indicates that palaeosol development
occurred under waterlogged drainage conditions
(Varela et al., 2012b).

Facies Association 9: Heterolithic deposits
with continental fossils

Description

This facies association (FA9) is characterized by
an alternation of centimetre-scale layers of
greenish-grey to bluish-green mudstones and
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whitish fine-grained sandstones. The most com-
mon sedimentary structures are both parallel
and cross-laminations, ripples, and flaser, lentic-
ular and wavy bedding. The external geometry
of bodies of FA9 is tabular, the bases and tops
of the bodies are sharp to transitional and their
thickness varies from centimetres to tens of
metres (Fig. 8F). Successions of FA9 usually
exhibit an increase in the proportion of sand in
the heterolithic intervals towards their tops,
with sandstone beds thickening-upwards. Facies
association 9 is laterally and vertically interbed-
ded with FAS8, and has abundant plant remains,
fish scales and remains, vertebrates and insects.
This association is characteristic of the middle
section of the Mata Amarilla Formation at the Baj-
ada de los Orientales Farm (BO) locality. It is also
found in the upper section in the localities of Pari
Aike Farm (PA), Hornos Hill (CH) and Fortaleza
Hill (CF; in this case, intercalated with coal beds).

Interpretation

The presence of flaser, lenticular and wavy struc-
tures demonstrates evidence of alternating trac-
tion and suspension-settling processes (Collinson
& Thompson, 1989). Evidence of tidal processes,
in the form of bidirectional palaeocurrents or
marginal marine trace fossil assemblages, is
absent. This facies association is interpreted as
lacustrine deposits in completely waterlogged
floodplains and/or as infilled oxbow lakes
(Varela, 2011).

Facies Association 10: Sandstones with
herringbone cross-bedding

Description

This facies association (FA10) consists of grey to
greyish-green sandstones with yellowish stain-
ing, whose grain size ranges from fine to med-
ium (Fig. 9A and B). It is characterized by
herringbone cross-bedding, composed of low-
angle cross-bedding sets occurring in opposing
directions (Fig. 9B). Mud drapes are frequent
and are internally grouped into 20 to 30 cm
thick sets. The geometry of FA10 units is tabular
at outcrop scale, and they are between 3 m and
6 m thick, with 50 m of lateral extent (Fig. 9A).
This facies association is not intensely bioturba-
ted, but contains rare Skolithos isp., Planolites
isp. and Ophiomorpha isp. Facies association 10
has an abundant fossil content, including plesio-
saur and fish remains, as well as shark and
plesiosaur teeth, together with abundant plant
remains (O’Gorman & Varela, 2010; Varela,
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2011). This facies association is associated with
FA13 (Fig. 9A) and underlies FA12 and FA11,
characterizes the lower section of the Mata Ama-
rilla Formation at the La Blanca Farm (LB) local-
ity and is also present in the upper section of
the Mata Amarilla Formation at the Hornos Hill
(CH) locality.

Interpretation

These sandstones with herringbone cross-bed-
ding exhibit typical tidal structures (Dalrymple
et al.,, 1992; Boyd et al., 2006) and are inter-
preted as the deposits of subtidal sand bars in
an estuarine environment. The abundant body
fossil content (plesiosaur and fish remains,
shark and plesiosaur teeth, together with abun-
dant plant remains) and assemblage of trace
fossils (Skolithos isp., Planolites 1isp. and
Ophiomorpha isp.) which are feeding and
dwelling traces in loose substrate (Pemberton
et al., 1982; Ekdale et al., 1984; MacEachern
et al., 2005), support this interpretation. It is
important to highlight the close association of
FA10 with FA11, FA12 and FA13, which in
combination are interpreted as an assemblage
of inner to central estuarine environments.
Facies associations 10 and 13 represent the
central-estuarine environment and FA11 and
FA12 are interpreted to represent the inner-
estuarine environment, as outlined below.

Facies Association 11: Coarsening-upward
succession with high-angle planar cross-
bedding

Description

This facies association (FA11) is composed of
yellowish-white coarse-grained to pebbly sand-
stones with a high lateral continuity (>200 m;
Fig. 9C). The dominant sedimentary structures
are medium-scale, high-angle planar cross-bed-
ding; locally FA11 shows trough cross-bedding.
The external geometry of bodies of FA11 is tabu-
lar to lenticular and their thickness is between
5 m and 10 m; these bodies show a coarsening-
upward succession with abundant Arenicolites
isp. and Skolithos isp. towards the top. This
association has abundant mud intraclasts and
occasional transported gymnosperm trunks of
the Podocarpaceae family, which are characte-
rized by Teredolites isp. Facies association 11 is
vertically associated with FA12 and FA13. This
facies association occurs in the lower section of
the Mata Amarilla Formation at the La Blanca
Farm (LB) locality.
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Fig. 9. (A) FA10 (sandstones with herringbone cross-bedding) (white arrows) interbedded with FA13 (heterolithic
deposits with marine fossils) (black arrows) in the lower section of the Mata Amarilla Formation at the La Blanca
Farm (LB) locality; person for scale (ca 1-8 m tall). (B) Detail of FA10 (sandstones with herringbone cross-bedding)
showing the herringbone cross-bedding (pen for scale is 14 cm long) and rose diagram showing palaeocurrent data.
(C) FA11 (coarsening-upward succession with high-angle planar cross-bedding) (white arrow) on top of FA12 (dia-
mictites with small-scale gravel-filled channel-shaped bodies) (black arrow) at La Blanca Farm (LB) locality; ham-
mer for scale is 40 cm long. (D) Detail of FA12; diamictites (black arrows) with large mud intraclasts (grey arrows)
and encapsulated small-scale gravel-filled channel-shaped bodies (white arrows); shovel for scale is 0-8 m long.

Interpretation

This facies association is part of a coarsening-
upward succession with high-angle planar cross-
bedding, in which the close vertical relation with
FA12 and FA13 suggests that these deposits repre-
sent a progradational arrangement caused by the
migration of mouth bars in a small delta devel-
oped in the bay-head area of an estuary (i.e. bay-
head delta; Dalrymple et al., 1992). The up-dip
connection to FA4 (interpreted as a system of
small coastal distributary channels) in the western
sector of the study area (at the LM, SLV, GR, CH
and CF localities) suggests lateral confinement to a
valley or embayment. The in situ bioturbation
(Skolithos and Arenicolites) corresponds to high
energy conditions, where filter-feeding and
deposit-feeding organisms colonized the substrate,

and generated dwelling structures (MacEachern
et al., 2007). Teredolites isp. are interpreted as
dwelling and feeding traces of bivalves (Bromley
et al., 1984; Ekdale et al., 1984; Beynon & Pember-
ton, 1992). The tree trunks in which these bivalve
borings occur must have been immersed in marine
water (Bromley et al., 1984; Aguirre-Urreta, 1987;
Beynon & Pemberton, 1992; Gingras et al., 2004).

Facies Association 12: Diamictites with small-
scale gravel-filled channel-shaped bodies

Description

This facies association (FA12) is characterized
by massive green to greyish-green diamictites;
the grain size varies from fine-grained sand-
stones to conglomerates in which small-scale
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gravel-filled channels are embedded (Fig. 9D).
The diamictite is poorly sorted, matrix sup-
ported, and has abundant plant remains and car-
bonaceous debris scattered in the matrix. Large
angular to subangular mud intraclasts (20 cm
diameter on average) are present, scattered
throughout the association (Fig. 9D). Bodies of
FA12 have a tabular geometry of centimetres to
tens of metres thickness. On the other hand, the
embedded small-scale gravelly channels are
characterized by a lenticular external geometry
with irregular concave-up bases and sharp hori-
zontal tops, with a thickness of 20 cm and lat-
eral extent of 60 cm (Fig. 9D). Another feature
of these channel-shaped bodies is that they are
massive and have a simple infill with the pre-
sence of imbricated clasts as the sole tractional
sedimentary structure. The infill is composed of
clast-supported conglomerates with a greenish
dirty matrix, with well-rounded clasts of grain
size varying from 5 to 8 cm in diameter. Clast
composition is dominated by quartz, with 5 to
10% volcanic lithic clasts. Facies association 12
overlies FA13 and underlies FA11; it is found in
the lower section of the Mata Amarilla Forma-
tion at the La Blanca Farm (LB) locality.

Interpretation

This facies association is interpreted as prodelta
debris-flow deposits (cf. Lowe, 1979; Orton &
Reading, 1993; Mulder & Syvitski, 1995; Zavala
et al., 2006; Bhattacharya, 2006). These debris-
flow deposits were generated during high dis-
charge events of the fluvial system that flowed
into the estuary. These flows bypassed the delta
front, but produced coeval erosion and deposi-
tion towards the centre of the estuary. The pre-
sence of large angular to subangular mud
intraclasts and the abundance of plant remains
and carbonaceous debris scattered in the matrix
support this interpretation.

Facies Association 13: Heterolithic deposits
with marine fossils

Description

This facies association (FA13) is characterized
by the intercalation of dark black to grey mud-
stones and whitish fine-grained sandstones
(Fig. 9A). Sedimentary structures include paral-
lel and cross-lamination, ripples, and flaser, len-
ticular and wavy bedding. The external
geometry of bodies of FA13 is tabular and their
thickness varies from centimetres to tens of
metres (Fig. 9A); the bases and tops are from
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sharp to transitional. Successions of FA13 exhi-
bit an increase in the proportion of sand in the
heterolithic intervals towards their tops, with
sandstone beds generally thickening-upward
(Fig. 9A); rare thinning-upward successions are
present. This association contains marine fossils
such as shark teeth, turtle plates and plesiosaur
remains (O’Gorman & Varela, 2010; Varela,
2011). There is a mixture between normal mar-
ine and brackish-water mollusc fauna (Griffin &
Varela, 2012). Trace fossils are simple, small,
scarce and very low in diversity. Facies associa-
tion 13 is present in the lower section of the
Mata Amarilla Formation at the La Blanca Farm
(LB) locality, intercalated with FA10 (Fig. 9A)
and is overlain by FA12 and FA11. It is also
found in the upper section of the Mata Amarilla
Formation at the Pari Aike Farm (PA) and Baj-
ada de los Orientales Farm (BO) localities.

Interpretation

This facies association is interpreted as depo-
sits of a littoral marine environment dominated
by brackish water (Varela et al., 2011; Griffin &
Varela, 2012). The close vertical relation with
FA10, FA11 and FA12 suggests a central bay
depositional environment over which a prograd-
ing bayhead delta occurred (cf. Dalrymple et al.,
1992). The occurrence of flaser, lenticular and
wavy bedding indicates an alternation of trac-
tional and suspension-settling processes, which
is consistent with the action of tides (Collinson
& Thompson, 1989; Boyd et al., 2006). The style
of bioturbation is typical of an impoverished
ichnofacies, which is commonly associated with
salinity stressed, brackish water environments
such as estuaries (e.g. MacEachern & Pemberton,
1992; Gingras et al., 1999; Buatois et al., 2002,
2005; MacEachern & Gingras, 2007).

STRATIGRAPHIC ARCHITECTURE

The vertical and lateral arrangement of the dif-
ferent facies associations makes it possible to
differentiate between the three sections of the
Mata Amarilla Formation, as well as to observe
a west—east variation of the depositional systems
(Figs 3 and 10). The vertical stratigraphic varia-
tions of the Mata Amarilla Formation are easily
recognized in outcrop: the lower and upper
sections have dark colouration due to the large
proportion of fine-grained sediment, while the
middle section has lighter colouration due to
the higher proportion of sandstones (Fig. 3).
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This colour change is accompanied by distinct
vertical variations in the stacking of facies asso-
ciations (Fig. 10). The lower and upper sections
are dominated by fine-grained deposits, both
continental (FA8) and littoral (FA13) (Fig. 10).
On the other hand, the middle section of the for-
mation has a higher proportion of facies associa-
tions corresponding to channelized elements
(FA1, FA2 and FA3) and attributed to crevasse
processes (FA5, FA6 and FA7) (Fig. 10).

The base of the Mata Amarilla Formation, at
its boundary with the underlying Piedra Clavada
Formation, is sharp, concordant and easily rec-
ognized in the field (lower datum; Fig. 10). The
contact between the Mata Amarilla Formation
and the overlying La Anita Formation is discor-
dant and erosional (Fig. 10).

Lower section of Mata Amarilla Formation

The lower section of the Mata Amarilla Forma-
tion comprises large-scale simple ribbon bodies
(FA4) interbedded with fine-grained deposits
(FA8) in the western sector of the study area, at
the LM, SLV, GR, CH and CF localities (Fig. 10).
This spatial arrangement of facies associations is
considered to record small coastal distributary
channels within floodplain deposits. The inter-
nal organization and the small thickness of the
lower section make it impossible to discern any
higher-frequency variation. In the eastern sector
of the study area, at the LB locality (Fig. 4), the
same stratigraphic interval is composed of het-
erolithic deposits with marine fossils (FA13)
and sandstone with herringbone cross-bedding
(FA10), which are overlain by diamictites with
small-scale gravel-filled channel-shaped bodies
(FA12) and a coarsening-upward succession
with high-angle planar cross-bedding (FA11)
(Fig. 10). This vertical stacking of facies associa-
tions is interpreted to record estuarine and
littoral marine environments overlain by the
progradation of a bayhead delta (Fig. 10). This
vertical succession is interpreted to record a sin-
gle shallowing-upward trend from inner to cen-
tral estuarine environments.

Middle section of Mata Amarilla Formation

The middle section of the Mata Amarilla Forma-
tion in the LM locality shows gravelly sheet
bodies (FA1), interbedded with fine-grained
deposits (FA8) (Fig. 10). The occurrence of FA1
is interpreted as a braided fluvial system in the
western part of the study area (Fig. 10). The
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localities SLV, GR, CH and CF are characterized
by the presence of sandy sheet bodies (FA2), int-
erbedded with fine-grained floodplain (FA8) and
crevasse deposits (FA5, FA6 and FA7) (Fig. 10).
This grouping of facies associations is attributed
to a relatively high-sinuosity, possibly meander-
ing, fluvial system and laterally adjacent, aggra-
dational floodplain. There is a lateral transition
of these deposits towards the eastern localities
(LB, PA and BO) into large-scale complex ribbon
bodies (FA3) interbedded with fine-grained
deposits (FA8) and crevasse deposits (FA5, FA6
and FA7) (Fig. 10). The proportion of fine-
grained deposits (FA8) also increases with
respect to the channel elements (FA3) towards
the east (Fig. 10). The spatial arrangement of
facies associations in eastern localities reflects
deposition from a relatively low-sinuosity, but
probably meandering, fluvial system that under-
went aggradation and avulsion.

Upper section of Mata Amarilla Formation

The upper section of the Mata Amarilla Forma-
tion at most localities (SLV, GR, CH, CF and LB)
is characterized by the presence of large-scale
simple ribbon bodies (FA4) interbedded with
fine-grained floodplain (FA8) and crevasse
deposits (FA5, FA6 and FA7) which are inter-
preted to record deposition from small coastal
distributary channels and their floodplains
(Fig. 10). A limited proportion of large-scale
complex ribbon bodies (FA3), interpreted to
record relatively high-sinuosity meandering flu-
vial systems, occur in the western localities (GR
and CH) (Fig. 10). There is also an intercalation
of sandstones with herringbone cross-bedding
(FA10) and heterolithic deposits with marine
fossils (FA13) in the southern localities (CF and
CH) (Fig. 10). Finally, in the easternmost part of
the study area, localities PA and BO are charac-
terized by the predominance of heterolithic
deposits with marine fossils (FA13) and, less
frequently, by sandstones with herringbone
cross-bedding (FA10), which are attributed to
estuarine/littoral marine palaeoenvironments
(Fig. 10).

Boundaries between the lower, middle and
upper sections

The boundary between the lower and middle
sections of the Mata Amarilla Formation
(Fig. 10), which was developed at ca 96 Ma
(Varela et al., 2012a), is easily recognizable at
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outcrop and can be mapped regionally. In the
western part of the study area, it is delimited by
an erosional surface generated by pronounced
lateral channel migration and overlain by wide-
spread sheet-like channel deposits (FA1 and
FA2), while in the eastern sector of the study
area it appears as a paraconcordance marked by
a very well-developed palaeosol (Varela et al.,
2012b). In addition to the colour change and the
change in the vertical stacking of facies associa-
tions, this surface occurs in conjunction with
the development of a petrified forest throughout
the study area and is commonly associated
with abundant trees (Zamuner et al., 2004, 2006;
Varela et al., 2006, 2012b).

The boundary between the middle and upper
sections of the Mata Amarilla Formation (upper
datum; Fig. 10) is recognizable in the eastern
portion of the study area through changes in col-
ouration and in the vertical stacking of conti-
nental deposits above estuarine and littoral
marine deposits coupled with the occurrence of
fossil material. However, in the western and
central parts of the study area, it is only recog-
nizable through variation in colour and by
subtle changes in vertical stacking of facies asso-
ciations (for example, vertical transition from
sandy sheet bodies, FA2, into overlying large-
scale simple ribbon bodies, FA4, isolated within
fine-grained deposits, FA8; Fig. 10).

PALAEOCURRENT ANALYSIS

Palaeocurrent data were collected from the eight
main localities in the study area (Fig. 4) for each
of the three sections of the Mata Amarilla For-
mation, and were grouped statistically according
to facies associations, localities and stratigraphic
intervals (Fig. 11A to C).

In the lower section of the Mata Amarilla For-
mation, the western part of the study area (loca-
lity SLV) is characterized by the occurrence of
FA4, which is interpreted as small distributary
channels. Palaeocurrent measurements indicate
palaeoflow towards the south-east (Fig. 11A),
into an inferred embayment situated to the east
(Fig. 12). In the LB locality, palaeocurrents from
FA11, interpreted as a bayhead delta mouth bar,
indicate sediment transport towards the ENE
(Fig. 11A). The data collected from imbricated
clasts in prodelta channels (FA12) show that
palaeocurrents flowed towards the ESE
(Fig. 11A). Finally, sandstones with herringbone
cross-bedding (FA10) display bidirectional

palaeocurrents mostly oriented in a north-west/
south-east direction, although there is a compo-
nent to the WSW (Fig. 11A).

The middle section of the Mata Amarilla For-
mation in the western part of the study area
(locality LM) is characterized by the presence of
FA1, which is interpreted as a braided fluvial
system; palaeocurrents measured in imbricated
clasts and planar cross-bedding show a low
dispersion towards the south-east (Fig. 11B).
Palaeocurrents measured in trough cross-bed-
ding, planar cross-bedding and imbricated clasts
from FA2 (interpreted as a relatively high-sinu-
osity, probably meandering, fluvial system) have
high dispersion. In localities SLV and CH pal-
aeocurrents are mostly towards the NNE
(Fig. 11B), whereas in localities GR and CF they
are towards the SSE (Fig. 11B). This high dis-
persion in palaeocurrent data is typical of a
high-sinuosity meandering fluvial system (cf.
Bridge, 2003). The eastern localities LB, PA and
BO are characterized by the presence of FA3,
which is considered to represent a relatively
low-sinuosity, probably meandering fluvial sys-
tem undergoing aggradation. Palaeocurrent
measurements obtained mainly in trough cross-
bedding and, less frequently, in planar cross-
bedding show low dispersion and are oriented
towards the SSW (Fig. 11B).

The upper section of the Mata Amarilla For-
mation is only represented in two localities (CF
and LB), and is characterized by the occurrence
of FA4, interpreted as small distributary chan-
nels. Despite the scarcity of outcrops, it is possi-
ble to recognize that the channel flow was
towards the east (Fig. 11C).

DISCUSSION

Variations in the ratio of accommodation
space to sediment supply

The relation between the rate of creation of
accommodation space in a basin and the amount
of sediment that is supplied to it is a fundamen-
tal control on stratigraphic architecture (Blum &
Tornqvist, 2000; Huerta et al., 2011). From analy-
sis of the spatial distribution and arrangement of
facies associations (Figs 10 and 11), it is possible
to document substantial changes in the relation
between the rate of accommodation space crea-
tion and the amount of sediment delivered (e.g.
Martinsen et al., 1999; Veiga et al., 2008; Varela,
2011; Jensen & Pedersen, 2010).
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In the lower section of the Mata Amarilla For-
mation, a high A/S ratio is suggested by the
stacking of large-scale simple ribbon bodies
(FA4), isolated within fine-grained floodplain
deposits (FA8) (Wright & Marriott, 1993; Shanley
& McCabe, 1994; Veiga et al., 2008; Jensen &
Pedersen, 2010) (Figs 12 and 13). In the upper
section of the Mata Amarilla Formation, there is
also a high A/S ratio accompanied by a migration
of littoral deposits towards the east of the study
area. Thus, in locality LB small distributary chan-
nel deposits (FA4 and FA8) are present in the
upper section, while in the lower section in the
same locality there are littoral deposits (FA10,
FA11, FA12 and FA13) (Figs 10, 12 and 13),
which might suggest a shift of the basin depocen-
tre to the east with respect to the lower section.

The middle section of the Mata Amarilla For-
mation shows a significant decrease in A/S ratio,
which is evidenced by the increase in sediment
grain size and by the presence of a higher pro-
portion of channelized fluvial bodies (FA1, FA2
and FA3) with respect to fine-grained floodplain
deposits (FA8). Nevertheless, the most diagnos-
tic feature is the presence of laterally migrating
channelized bodies of relatively high sinuosity
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(Figs 7A, 7B and 10); this is the response of the
fluvial systems to conditions of limited accom-
modation, i.e. low A/S ratio (Legarreta & Uliana,
1991, 1998; Wright & Marriott, 1993; Shanley &
McCabe, 1994; Veiga et al., 2008; Fielding et al.,
2009; Jensen & Pedersen, 2010; Varela, 2011).
However, in the western sector of the study area,
both gravelly and sandy sheet bodies (FA1 and
FA2) are usually interbedded with fine-grained
deposits (FA8) (Fig. 10). These fine-grained
deposits (FA8) have a large lateral extent and
are relatively thick, which appears to be
inconsistent with their occurrence in a gravelly
braided fluvial system (Orton & Reading, 1993;
Bridge, 2003). The intervals of fine-grained
floodplain deposits (FA8) may correspond to
deposition from relatively low-sinuosity and/or
high-sinuosity fluvial systems that are interbed-
ded with a gravelly braided fluvial system
(Figs 10 and 13). These vertical changes in the
interpreted type of fluvial systems in the middle
section of the Mata Amarilla Formation in the
western sector of the study area, are attributed
to alternating periods of low and high A/S ratio.
Thus, the channelized FA1 units (gravelly sheet
bodies) indicate a low A/S ratio, while the late-
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rally extensive and relatively thick, fine-grained
floodplain deposits (FA8) represent a high A/S
ratio.

These interpreted variations in A/S ratio in the
middle section of the Mata Amarilla Formation
are an order of magnitude smaller in duration
than those that generated the three sections of
the Mata Amarilla Formation (Fig. 3). It is impor-
tant to clarify that in the eastern part of the study
area the facies associations are dominated by rel-
atively high A/S ratios. Even during the deposi-
tion of the middle section of the Mata Amarilla
Formation, a relatively high rate of creation of
accommodation space is interpreted for the rela-
tively low-sinuosity, probably meandering, flu-
vial system undergoing aggradation in the
eastern part of the study area (Figs 12 and 13).

Relative sea-level oscillations

The changes in the A/S ratio in the Mata Ama-
rilla Formation, in the western sector of the
study area, suggest strong variations in the base
level of the fluvial systems. These variations in
the eastern sector of the study area are clearly
associated with changes in relative sea-level,
where the lower and upper sections are com-
posed of littoral to marginal marine deposits,
while the middle section is purely continental
(Figs 10 and 13).

A sequence stratigraphic interpretation can be
constructed considering A/S ratio for the three
intervals of the Mata Amarilla Formation
(Fig. 13). The relatively high A/S ratio inferred
for the lower section can be correlated with the
development of littoral to marginal marine sys-
tems in the eastern area (FA10 to FA13) suggest-
ing the development of a transgressive systems
tract (TST). The boundary between the lower
and middle sections of the Mata Amarilla For-
mation is interpreted to be marked by an abrupt
decrease in A/S ratio evidenced by an increase
in the degree of amalgamation of fluvial sand-
bodies (FA1, FA2 and FA3), together with the
onset of fluvial sedimentation across the whole
area (Figs 12 and 13). This boundary is also
characterized by the presence of a strongly
developed palaeosol (Zamuner et al., 2004,
2006; Varela et al., 2006, 2012b). This evidence
points to the development of a sequence boun-
dary (sensu Catuneanu et al., 2009) (Fig. 13).
The rest of the middle section is dominated by
the accumulation of sandy sheet bodies (FA2) in
the western sector and large-scale complex rib-
bon bodies (FA3) in the eastern sector, which

are interpreted as a lowstand systems tract (LST;
Fig. 13). Finally, the upper section of the Mata
Amarilla Formation is similar to the lower sec-
tion in terms of A/S ratio, and it is also inter-
preted as a transgressive package (TST; Fig. 13).

Changes in stratigraphic architecture may be
developed in response to different controlling
factors, including source area tectonism, basin
subsidence, eustasy and climate (Shanley &
McCabe, 1994). Concerning the climate, the Mata
Amarilla Formation was deposited during the
Upper Cretaceous greenhouse period, which
began in the late Albian to the early Cenomanian
(White et al., 2001; Royer, 2010). The climate
was warm and humid with a pronounced seaso-
nality (i.e. warm temperate), as indicated by
analysis of palaeosols developed in floodplain
and coastal plain deposits (Varela, 2011; Varela
et al., 2012b). As regards eustasy and tectonics,
it should be noted that the strong west-east
change in facies composition coupled with pal-
aeocurrent directions (Figs 11 and 12) are consis-
tent with the direction of migration of the
Patagonian fold and thrust belt (Fosdick et al.,
2011; Varela, 2011; Varela et al., 2012a, 2013).
However, the facies association distribution
within the middle Mata Amarilla lowstand
wedge shows that coarse sediment was delivered
from the west (Figs 10 and 11), consistent with
studies of sediment provenance (Varela et al,
2013), which may indicate that the relative sea-
level changes were driven by tectonic controls
related to growth of the Patagonian fold and
thrust belt.

Tectonic control

The subsidence patterns and stratigraphic archi-
tecture of foreland basins have been modelled
by Beaumont (1981), Quinlan & Beaumont
(1984), Watts (1989), Flemings & Jordan (1990),
Jordan & Flemings (1991), Sinclair et al. (1991)
and Jordan (1995), whose studies provided the
basis for geodynamic interpretations of foreland
basin successions (DeCelles & Giles, 1996). Vari-
ations in A/S ratio are produced by variations in
the magnitude of the thrust-sheet load and cor-
responding crustal flexure, in response to load-
ing by fold and thrust belt growth and to
unloading by erosion of the fold and thrust belt
(e.g. Heller et al., 1988).

During periods of growth and associated
weight gain of the fold and thrust belt, the
underlying crust deflects downward, increasing
the rate of creation of accommodation space
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(Heller et al., 1988). During such periods, uplift
and evolution of the Patagonian fold and thrust
belt prevented the full integration of the drain-
age network, such that sediment supply was
hindered by inefficient delivery from the fluvial
systems that formed the drainage network (e.g.
Leeder, 1993; Yoshida, 2000). Therefore, the A/S
ratio was high due to an increased rate of
accommodation creation in conjunction with a
decrease in sediment supply (Fig. 14A and C)
(Heller et al., 1988) and may be associated with
transgression (Kamola & Huntoon, 1995; Hous-
ton et al., 2000). The lower and upper sections
of the Mata Amarilla Formation are interpreted
to represent such periods during the evolution
of the Patagonian fold and thrust belt (Fig. 14A
and C) and are correlated accordingly to the
transition from the shelf marine deposits of the
Zapata Formation to the deep-marine succession
of the Punta Barrosa Formation in the south-
west (Ultima Esperanza District) of the Austral
Basin (Figs 1 and 2) (Wilson, 1991; Fildani
et al., 2003; Romans et al., 2010, 2011).

On the other hand, during periods of tectonic
quiescence, the rate of migration and growth of the
fold and thrust belt was smaller and the thrust-
load was decreased by erosion. This generated iso-
static rebound of the underlying crust and, as a
consequence, the rate of creation of accommoda-
tion space in the basin declined (Heller et al.,
1988; Watts, 1989). In addition, during these quie-
scent periods the erosion of previously uplifted
areas favoured the integration of the drainage
network (e.g. Leeder, 1993) (Fig. 12). In other
words, geomorphological evolution of the land-

A s . .
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Fig. 14. Tectonic flexural model to explain A/S ratio
variations between the three stratigraphic intervals of
the Mata Amarilla Formation (Figs 10, 11 and 12): (A)
lower section; (B) middle section; and (C) upper sec-
tion.
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scape generated a substantial increase in sedi-
ment input to the basin. Consequently,
tectonically quiescent periods were characte-
rized by a low A/S ratio, caused by a decrease
in the rate of creation of accommodation space
and an increase in sediment supply (Fig. 14B).
Because many factors are involved (including
episodic movement on the thrust fault, emplace-
ment rate and geometry of the fault, flexural
rigidity, climatic fluctuations, and lithological
and topographic variations) the alternation
between these two tectonic periods will occur
many times during a single orogenic event, and
the final stratigraphic architecture may be more
complicated than portrayed in Fig. 14 (Heller
et al., 1988). Thus, the interpreted high-fre-
quency variations in the A/S ratio in the middle
section of the Mata Amarilla Formation (Fig. 13)
could be the stratigraphic architectural result of
such complicating factors, including the
response to development of localized thrust
loads within the Patagonian fold and thrust belt.
Considering that only the lower and middle
sections of the Mata Amarilla Formation are
temporally delimited, and the contact with the
overlying La Anita Formation is discordant and
erosional, the specific duration of each strati-
graphic interval cannot be constrained
accurately (Fig. 2). However, it is inferred that
large-scale changes in A/S ratio between the
lower, middle and upper sections of the forma-
tion occur over periods in the order of ca 5 Myr,
while high-frequency variations in A/S ratio
during the middle Mata Amarilla Formation
would have been less than 1 Myr in duration
(Fig. 13). The proposed ages and durations of
large-scale variations in A/S ratio coincide with
stages I and II of the evolution of the Patagonian
fold and thrust belt (Fosdick et al., 2011).
Similar west to east changes in depositional
style noted in the study area in the Mata Ama-
rilla Formation are also evident in the foredeep
during deposition of the Cerro Toro Formation
(Santonian—-Campanian; Fig. 2), which contains
conglomerate delivered from the Patagonian fold
and thrust belt (Hubbard et al., 2008; Romans
et al., 2010; Romans et al., 2011). The specific
stratigraphic architecture in a foreland basin is
strongly controlled by the flexural rigidity of the
lithosphere (Heller et al., 1988; Watts, 1989).
The Austral Foreland Basin developed on a fully
continental crust in the study area (Fig. 1) and
on quasi-oceanic and attenuated continental
crust of the predecessor Rocas Verdes Basin in
the south-western Ultima Esperanza District
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(Romans et al., 2010) (Figs 1 and 2); thus diffe-
rent stratigraphic architectures in the two parts
of the Austral Basin were generated. As a result,
the Mata Amarilla Formation constitutes a key
element in understanding the transition from
the rift/thermal subsidence stages to the foreland
stage of the Austral Basin.

CONCLUSIONS

1 The Mata Amarilla Formation was studied
in eight different localities, where detailed
sedimentological observations and architectural
element analysis were used to identify 13 facies
associations (FA) from fluvial to estuarine depo-
sitional environments.

2 Spatial variations in the lateral and vertical
distribution of facies association and associated
fluvial architecture are interpreted to indicate
variations in the ratio between accommodation
space and sediment supply (A/S ratio). These
variations were controlled by base level changes
that can be tied to relative sea-level oscillations.

3 The Mata Amarilla Formation is subdivided
into three stratigraphic intervals (lower, middle
and upper sections) which are characterized by
different types, abundances and distributions of
facies associations. The lower and upper sec-
tions of the Mata Amarilla Formation both com-
prise large-scale simple ribbon bodies (FA4) that
are isolated within fine-grained floodplain
deposits (FA8), which pass towards the east into
an estuarine assemblage of facies associations
(FA10, FA11, FA12 and FA13). These strati-
graphic architectures indicate deposition under
a high A/S ratio within transgressive systems
tracts. The middle section of the Mata Amarilla
Formation contains a relatively high proportion
of channelized fluvial bodies (FA1, FA2 and
FA3) within fine-grained floodplain deposits
(FA8). Fluvial sandstones are braided in the
west and pass into high-sinuosity river deposits
further east. This stratigraphic architecture indi-
cates deposition under a low A/S ratio within a
lowstand systems tract. The base of the middle
section is a widespread fluvial erosion surface
that passes eastwards into a well-developed pal-
aeosol, and which is interpreted as a sequence
boundary.

4 Palaeosol character indicates that palaeocli-
matic conditions were relatively uniform during
deposition.

5 The strong west to east trends in fluvial style
and stratigraphic architecture coincide with the

direction of propagation of the Patagonian retro-
arc fold and thrust belt.

6 A tectonic control on stratigraphic architec-
ture is favoured. Transgressive intervals of high
A/S ratio (i.e. lower and upper sections of the
Mata Amarilla Formation) are interpreted to
have developed during periods of increased
loading by the fold and thrust belt caused by
tectonic uplift. In contrast, intervals of low A/S
ratio (i.e. middle section of the Mata Amarilla
Formation) were developed during periods of
tectonic quiescence.

7 Two temporal scales of variation in A/S ratio
were identified: (i) low-frequency variation (ca
5 Myr) that is related to different rates of migra-
tion and growth of the Patagonian fold and
thrust belt; and (ii) high-frequency variation
(<1 Myr) that could have occurred in response
to specific periods of thrusting and folding in
the Patagonian fold and thrust belt. High-fre-
quency variations in A/S ratio are only present
in the middle section of the Mata Amarilla For-
mation, and are expressed as vertical alterna-
tions between sheet-like fluvial sandbodies (low
A/S ratio) and laterally extensive floodplain
deposits (high A/S ratio).
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