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ABSTRACT

Continental carbonates are rich in palaeoclimatic, palaeoenvironmental and pal-
aeontological information. While carbonate accumulation mechanisms have
been described for many types of continental environments, especially in exten-
sional basins, there are still uncertainties that existing facies models fail to
address. The Triassic Cerro de las Cabras and Cerro Puntudo formations are allu-
vial-fluvial-lacustrine sequences that represent a part of the sedimentary infill of
two sub-basins of the Cuyana Basin during the early stages of the Triassic rift in
west-central Argentina. Previous work has provided absolute dates, confirming
that these deposits are coeval (Anisian) allowing a comparative study of carbo-
nate sedimentation in an extensional tectonic context. The description and ori-
gin of freshwater carbonate deposits and their surrounding siliciclastic
sediments in specific areas of the Cuyana rift, gives insight into the major factors
that control carbonate precipitation in all rift basins, including the characteriza-
tion of the palaeohydrology and the importance of provenance. The Cerro de las
Cabras Formation represents an ephemeral, playa-lake depositional system with
subaerial exposure and pedogenesis. Its aggradational succession corresponds to
the evaporative facies association lake type, diagnostic of underfilled lake basins
where persistently closed surface hydrology can lead to thick evaporites. How-
ever, this formation lacks thick evaporites and has microbialitic limestones,
pointing to an open groundwater supply. The Cerro Puntudo Formation
represents an alkaline playa-lake system fed by groundwater and ephemeral
surface-water input. The unit is an aggradational-minor progradational succes-
sion, pointing to a fluctuating profundal facies association, suggesting a bal-
anced-filled lake type. These two synchronous, lacustrine depositional systems
were influenced by tectonics and climate. Provenance and hydrology are key
controls in carbonate accumulation in continental rift basins that must be
included in future facies models for continental carbonates. Comparison with
other rift basins suggests that application of lake-type characterizations coupled
with palaeohydrology and provenance patterns will aid in developing new
sedimentation models for freshwater limestones in extensional settings.
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INTRODUCTION

Continental carbonates are rich in palaeoclimatic,
palaeoenvironmental and palaeontological infor-
mation; they are found within all types of land-
based sedimentary systems all over the world
(Alonso-Zarza & Wright, 2010; Gierlowski-Kor-
desch, 2010; Jones & Renaut, 2010; Gierlowski-
Kordesch et al., 2013), especially in extensional
basins (Alonso-Zarza et al., 2012). Reports on
continental carbonate deposits in the geological
record in South America are scarce and belong
mainly to Jurassic and Cretaceous deposits (Ber-
tani & Carozzi, 1985; Sudrez & Bell, 1994; Rouchy
et al., 1996; Camoin et al., 1997; Cabaleri & Arm-
ella, 1999, 2005; Gémez-Pérez, 2003; Tunik, 2003;
Beraldi-Campesi et al., 2004; Cabaleri et al,
2005, 2013; Cabaleri & Benavente, 2013). Reports
of Triassic continental carbonates, however, have
been non-existent until now.

The exact nature and location of continental
carbonate accumulation in association with mi-
crobialites has been linked tentatively with
basin hydrology, especially in rifts (Gierlowski-
Kordesch, 2010; Gierlowski-Kordesch et al.,
2013; Renaut et al., 2013). Many facies models
involving microbialitic carbonates within rift in-
fill in the geological record, as well as in mod-
ern rifts, have failed to address the hydrology in
a basin, most importantly groundwater influence
and provenance as important controls (e.g.
Wright, 2012; Harris et al., 2013; Hargrave et al.,
2014). The aim of this contribution is to present
results of a high-resolution study of continental
carbonates from two sub-basins of the Triassic
Cuyana rift basin in Argentina with a focus on
the factors, most importantly palaeohydrology,
which determined and influenced carbonate pre-
cipitation at the ramp or platform margin and
transfer zone of these half-grabens. This will
provide insight for establishing a facies model
combining sedimentological and hydrological
controls for determination of the exact origin of
microbialitic facies in rift basins globally.

Geological setting

The Triassic sedimentary basins of Argentina
formed during extension that caused fragmenta-
tion of Gondwana along its south-west margin

(Uliana & Biddle, 1988). Of those basins, the Cu-
yana Basin is well-known for its extensive out-
crops, palaeontological content and hydrocarbon
reservoir potential (Spalletti, 1997; Chebli et al.,
2001; Stipanicic, 2001). The Cuyana is a rift
basin oriented north-west/south-east, comprising
several asymmetrical half-grabens along which
the border faults for each half-graben alternate
(Legarreta et al., 1992; Kokogian et al., 1993;
Lépez-Gamundi & Astini, 2004; Lopez-Gamundi,
2010; Barredo et al., 2011). In the northern area
of the basin, the border fault is in the east, and
in the south, the border fault lies to the west
(Fig. 1, Ramos & Kay, 1991; Legarreta et al.,
1992; Barredo, 2005; Lopez-Gamundi, 2010).

In the northern part of the basin, the Cerro
Puntudo Formation outcrops are located in the
Western Precordillera, San Juan province (S
30°59'52.20", W 69°16'58.83"; Fig. 2) in the Cerro
Puntudo sub-basin (north half-graben). In the
southern part of the basin, the outcrops of
the Cerro de las Cabras Formation are found at the
foot of the Cerro de las Cabras hill (S 30°56'54.3",
W 69°17/22.9"; Fig. 2) in the Potrerillos sub-basin
(south half-graben). The basement in both sub-
basins is the Permian-Triassic volcanic deposits
of the Choiyoi Group (Llambias, 2001). Surround-
ing each sub-basin, there are abundant Palaeozoic
and Cenozoic sedimentary rocks within the palaeo-
drainage area. Palaeozoic deposits include
volcanic rocks of late Permian age, and siliciclas-
tic and carbonate marine formations. Cenozoic
sedimentary units are continental siliciclastics
(Folguera & Etcheverria, 2004; Fig. 2).

Both of the formations studied (Cerro Puntudo
and Cerro de las Cabras) are dated as Anisian. The
Cerro de las Cabras was dated by U-Pb (SHRIMP)
as 243 + 5 Ma (Avila ef al., 2006), as was the
Cerro Puntudo (243-8 £ 1-9 Ma; Mancuso et al.,
2010). Both successions represent infill of the
basin during the first synrift stage (Fig. 3), allow-
ing a comparative study in two different locations
of the basin during the same rift stage.

METHODS

High-resolution sedimentary logs were measured
in both sub-basins and facies were identified as
siliciclastic facies from coarse to fine grain size

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology
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Fig. 1. Map of the sedimentary Triassic basins of the
west-central region of Argentina showing the location
of the Cerro Puntudo and Potrerillos sub-basins in the
Cuyana rift basin. Coloured boxes indicate location of
studied sub-basins and corresponding geological maps
in Fig. 2. Modified from Stipanicic & Marsicano (2002).

(a) to (f) and carbonate-dominated facies from
(g) to (m). Hand samples were collected for fur-
ther analysis and facies were identified. Samples
were named with an abbreviation of the forma-
tion (CC stands for Cerro de las Cabras and CP
for Cerro Puntudo) plus a correlative number.
Polished slabs of hand samples made at the Sec-
retaria de Mineria of Mendoza were analysed
under a low-magnification microscope (Nikon
NI-150 SMZ 1000; Nikon Corporation, Tokyo,
Japan) at the Instituto de Nivologia, Glaciologia
y Ciencias Ambientales (IANIGLA). These sam-
ples are part of the IANIGLA-ES collection
under the following registration numbers: 1 to
42. Thin sections of hand samples, produced at
the Instituto de Geocronologia y Geologia Iso-
tépica (INGEIS), were studied using a petro-
graphic microscope (Olympus BX-51; Olympus,
Tokyo, Japan). The Rock Color Chart of the Geo-
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logical Society of America was used for colour
descriptions. Thirty grams of selected mud-
stones and siltstones were subjected to X-ray
diffraction analysis (total fraction and finest frac-
tion <62 pm) with an X-ray diffractometer (Phi-
lips X'Pert MPD; PANalytical, Almelo, The
Netherlands) at the Instituto Tecnoldgico Minero
(INTEMIN) of the Servicio Geoldgico Minero Ar-
gentino (SEGEMAR) of Buenos Aires. Patterns
and cycles in sedimentation were tested using
Markov Chain analysis (Krumbein & Dacey,
1969; Parks et al., 2000), based on facies transi-
tions in the studied successions. Matrix data
were analysed by the y* Statistical Frequency
Test (see Supporting Information).

RESULTS

Sedimentology

Cerro de las Cabras Formation

The Cerro de las Cabras Formation at its type
locality in the south half-graben overlies the Rio
Mendoza Formation in a transitional contact
that is composed of conglomerates representing
an alluvial-fan system. From base to top, the
Cerro de las Cabras succession contains con-
glomerates, pebbly sandstones, sandstones in
channel bodies, and sandstones that interfinger
with mudstones, siltstones and limestones
(Figs 4 and 5A). These deposits have been inter-
preted as sheetfloods and ephemeral fluvial sys-
tems (Toledo, 1987; Bellosi et al., 2001). The
middle section of the unit with its thickest out-
crops reaching 900 m is dominated by carbo-
nates associated with volcaniclastic deposits.
Two facies associations (Table 1) have been rec-
ognized.

Sandflat and mudflat facies association: Peb-
bly sandstones (a) form units 90 cm thick with
erosive bases and tabular geometry. They have
faint planar cross-stratification (Sp); sets and co-
sets are 10 and 30 cm thick, respectively
(Fig. 5B). These sandstones are medium-grained
to coarse-grained and dusky red (5R 3/4) with
well-sorted dispersed clasts up to pebble size
(10 cm long). Lag gravels are observed on lower
contacts.

Interpretation: The Sp indicates traction flows
and the dominant clast size implies a highly
competent flow producing migration of sandy
bedforms (Fisher et al., 2007a,b, 2008). Thick-
ness of sets and cosets points to a waning flow

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology
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Fig. 2. Geological maps of the Cerro Puntudo sub-basin, in the San Juan province and of the Potrerillos sub-basin,
in the Mendoza province; Triassic Cuyana rift basin, Argentina. The location of these maps is indicated in Fig. 1.
Modified from Mancuso (2009) and Folguera & Etcheverria (2004).

regime where flows become unconfined (Smoot
& Lowenstein, 1991) at the base of alluvial fans.
This is common during sheetfloods (Young
et al., 2003; Fisher et al., 2008) and is character-
istic of erosional sandstone sheets (Fisher et al.,
2007a,b) in which the principal transport mech-
anism is unconfined tractive flow.

Massive intraclastic sandstones (b1) form
units 60 cm thick. The sand is fine-grained to
medium-grained and is dark reddish brown (10R
3/4) with a mottled fabric (Fig. 5C) of faint
halos. There are subangular to subrounded cal-
citic intraclasts up to 3 cm long (Fig. 5D).
Towards the top of units, carbonate nodules
(5 cm wide) occur and the fabric colour changes
towards greyish red purple (5RP 4/2) upwards.
In thin section, the siliciclastic sand grains

include quartz, biotite, hematite and lithic frag-
ments (claystones and mudstones; Fig. 5D). Cal-
cite spar is present as cement infilling in all
intergranular spaces; there is mno matrix
(Fig. 5D).

Interpretation: The massive fabric of the sand-
stones is due to post-depositional pedogenic
processes (Retallack, 1994; Ghosh, 1997; Kraus
& Aslan, 1999). Angular clasts indicate moderate
transport. The changes in colour of the units
were produced by gleying, caused by the water
table fluctuations that redistributed Fe (Kraus &
Aslan, 1999). These fluctuations in the phreatic
level also caused early spar precipitation by
supplying Ca-rich fluids. Diffuse halos are inter-
preted as rhizohalos (Kraus & Hasiotis, 2006)
and their grey colour characterizes Fe-depleted

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology
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Fig. 3. Stratigraphic and palaeoenvironmental comparative chart of the Cerro de las Cabras (60 to 900 m in thick-
ness) and Cerro Puntudo (90 m in thickness) formations, Middle Triassic (Anisian), Cuyana Basin. Both successions
represent the infilling of the basin during the synrift I stage. Black stars indicate absolute dates for the sections.

zones of the rhizosphere. Therefore, the deposits
are interpreted as the result of waning traction
flows that were later affected by pedogenesis,
developing incipient palaeosols during periods
of low sedimentation. Similar, poorly developed
sandy palaeosols have been described by Retal-
lack (1994) from Cretaceous palaeosols in Mon-
tana, USA.

Mudrocks (e) form tabular siliciclastic units 20
to 90 cm thick that are greyish brown (5YR 3/2),
dusky green (5G 3/2) and very dark red (5R 2/6).
In a few cases, stratal geometry is lenticular.
The fabric is mottled and nodular with faint
horizontal lamination (F1l) to vague ripple cross-
lamination (Fr). Nodules are carbonate and ellip-
soidal and measure 1 to 7 cm in diameter; they
are randomly dispersed in the units. Vertical,
horizontal and circumgranular cracks are
observed (Fig. 5E). Abundant vertical cracks at
the top of the unit are infilled by spar, coated by

1 mm thick laminae of organic matter (OM) or
clay lines and measure 0-2 to 3 cm wide and
9 cm long. They can also have fragments of
mudstone up to 4 mm long as infill. Horizontal
cracks are 0-1 cm wide by 5 cm long. Circum-
granular cracks are 5 mm in diameter (Fig. 5E)
and are lined with OM. Mottling consists of
faint ellipsoidal halos, darker than the general
rock fabric, which are 2 cm wide and 1-5 cm
long. In general, the fabric changes to a dusky
red (5R 3/4) at the top of the units. Large-scale
features that resemble wavy horizonation 1 m in
thickness, and shrink and swell textures show-
ing broken and twisted centimetre-scale clay
layers are found in these mudrocks (cf. Wilding
& Tessier, 1988).

Two rhizohalo colour patterns are distin-
guished. Pattern 1 consists of red and violet
halos in a grey matrix. Pattern 2 is represented
by green to orange halos in a red fabric,

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology



6 C. Benavente et al.

25 _

I_E_I_.Lm_l—-\_m_‘—-l_mjl_—-_l =0 x I_m_H_m_I

Conglomerate

Sandstone —~v—  Cracks
Siltstone-mudrock =
o] Tuffs
@AM
E=8 Microbialitic limestone
1 Limestone

Horizontal lamination

Stromatolitic plane lamination

B 00—

Potrerillos Fm.

f 239.2+4.5 Ma
239.7+2.2 Ma|

—

Lacustrine
facies

L
[

Fluvial and
playa lake
facies

600 —

400 —

| 200—

Fluvial facies
243+4.7 Ma

Rio
Mendoza
Fm

Choiyoi Gr.

< imim
&0 Nodules
A Rhizoliths

Depositional unit

Stromatolitic domal lamination

« =+ Mottled/nodular fabric

Fig. 4. Log section of the Cerro de Las Cabras Formation (Anisian) and detailed log of the middle section in the
Potrerillos sub-basin, Cuyana Basin. Facies codes used can be found in Table 1. Absolute dates from Avila et al.
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commonly with carbonate nodules (Fig. 6). In
thin section, siliciclastic grains are mainly
quartz, biotite and lithic fragments, cemented by
calcitic spar. Dominant minerals are calcite
cement and quartz. The clay fraction is mainly
smectite (Table 2).

Interpretation: The massive fabric is inter-
preted to be the result of pedogenesis (Kraus &
Aslan, 1999; Kraus & Hasiotis, 2006; Krause
et al., 2010) with relict lamination and ripple
cross-lamination, indicating a depositional ori-
gin. Fine lamination indicates suspension settle-
out within mudflats (Smoot & Lowenstein, 1991;

Gierlowski-Kordesch & Rust, 1994) and the rip-
ple cross-lamination points to muddy sheetflood
deposits (Maroulis & Nanson, 1996; Wright &
Marriott, 2007). The relatively thick units could
have been transported as bedload by sheetfloods
and later altered by soil processes. Generally,
these processes characterize alluvial plain
environments in semi-arid to arid regions associ-
ated with alkaline volcanic provenance (Gier-
lowski-Kordesch, 1998; Huerta & Armenteros,
2004). Basal lags of small clasts indicate reacti-
vation of sheetflows and erosion of older
deposits.

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology



Filled vertical tubules at the top of units are
rhizotubules (Ghosh, 1997; Kraus & Hasiotis,
2006) indicating palaeosol development of this
unit. Crack systems with lined clays resulted
from root bioturbation or pedoturbation (Kraus &
Aslan, 1999). Cracks without clays resulted from
subaerial exposure and desiccation (Kraus,
1999). Colour changes are attributed to alternat-
ing wet and dry conditions (Kraus & Aslan,
1999; Krause et al., 2010). The mottled fabric is
related to rhizohalos (Ghosh, 1997; Kraus &
Hasiotis, 2006) that indicate root activity.
Palaeosol colour pattern 1 characterizes palaeo-
sols that lack Fe oxides (Fig. 6) and is associated
with preserved OM in the strata that is inter-
preted as rhizoliths (Klappa, 1980; Kraus & Hasi-
otis, 2006). These palaeosols represent very poor
drainage and dysoxic to anoxic conditions. The
red colour of pattern 2 rhizohalos indicates pal-
aeosols with good drainage and high hematite
content. Carbonate nodules formed in the
vadose zone by precipitation induced by root
activity in the rhizosphere (Ghosh, 1997; Owen
et al., 2008). In the succession, the tendency
observed is from pattern 1 to pattern 2 (Fig. 6),
which suggests a rise in the water table related
to local climate wvariations (Meléndez et al.,
2009). Abundant pedogenic features support the
periodic and ephemeral nature of the floodplain
hydrology (Smoot & Lowenstein, 1991).

Presence of smectitic clays, of metre-scale
wavy horizonation (possibly gilgais), and of pos-
sible shrink—swell features of broken clay layers
indicate the development of palaeoVertisols
(Wilding & Tessier, 1988; Lynn & Williams,
1992; Gierlowski-Kordesch & Rust, 1994; Gier-
lowski-Kordesch, 1998; Gierlowski-Kordesch &
Gibling, 2002). Smectites are abundant in semi-
arid regions of the East Africa rift and eastern
Australia, where the provenance includes alka-
line volcanic rocks (Scott et al., 2007) and the
climate is seasonal (Wakelin-King & Webb,
2007). Vertisols are characterized by expandable
clays that generate sand-sized pedogenic mud
aggregates with wetting and drying cycles (Rust
& Nanson, 1991; Gierlowski-Kordesch & Rust,
1994). These aggregates are commonly preserved
in bedforms (i.e. ripple cross-lamination) in
sheetflood deposits (Gierlowski-Kordesch, 1998;
Wright & Marriott, 2007). However, preservation
of these aggregates in this Cuyana facies is diffi-
cult since there are no large quartz or feldspar
grains to protect them from compaction (Gier-
lowski-Kordesch & Gibling, 2002). However, cal-

Lacustrine successions of the Triassic Cuyana rift

cite cement can aid in preservation (see Miiller

et al., 2004).

Palustrine limestones facies association: Mot-

7

tled-nodular mudstones (i) are micritic and yel-

lowish grey (5Y 8/1) forming units 75 cm thick

with a fabric containing mottles and nodules.
Unit geometry is lenticular to tabular with a lim-
ited areal extent of 30 m. Vertical, horizontal
and circumgranular cracks infilled by spar are

common. Vertical cracks

branch towards the
base of the units and are 0-1 cm wide and 3 cm

long. Horizontal cracks measure 0-2 cm wide
and 1-5 cm long. Circumgranular cracks are up
to 2 mm in diameter and are lined with clay.
Vertical tubules 1 cm in diameter and 5 cm long
are present at the tops of units. They are infilled

by concentric calcitic spar and coated by silica

(Fig. 7A). The mottled fabric exhibits diffuse
brown and red halos associated with the cracks.
These micritic mudstones contain a siliciclastic
component (20%) and cross-sections of mineral-
ized (calcite) concentric structures can be seen
(Fig. 7B). Predominant siliciclastic grains are
angular quartz, biotite, feldspar and lithic frag-
ments. Two diagenetic stages are recognized

with the first consisting of the precipitation of

calcitic spar and microspar cements. The second
stage is observed as corrosion of the micrite with

spar and microspar cements by silicification.

Interpretation: Disruptive features in the fabric

indicate

subaerial exposure and pedogenesis

(Freytet & Plaziat, 1982; Armenteros & Daley,
1998; Alonso-Zarza, 2003). Crack systems associ-

ated with OM, with a branching pattern that

tapers downwards, are the result of rhizobreccia-
tion (Freytet & Plaziat, 1982; Alonso-Zarza, 2003).
Cracks that lack branching features are interpreted

as desiccation cracks

(Smoot & Lowenstein,

1991). Brown-reddish halos are rhizohalos (Kraus

& Hasiotis, 2006) that

indicate zones of Fe

removal from the rhizosphere by roots. Vertical

tubules filled by spar and coated by silica

(Fig. 7A and E) are rhizoliths (Klappa, 1980; Hu-
erta and Armenteros, 2005). These features sup-

port a primary subaqueous, Ca-rich and shallow

depositional setting with subsequent exposure
and pedogenesis. Siliciclastic grains were sup-

plied by sheetflooding from the distal alluvial-fan

system; no evidence for aeolian-linked processes
has been found. Corrosion in calcite is associated

with silicification during early diagenesis that

commonly alters continental carbonates (Bustillo

& Alonso-Zarza, 2007; Bustillo, 2010).

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology
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Fig. 5. Outcrop, polished slabs and thin section photographs of the facies of the Cerro de las Cabras Formation
(Anisian) in the Potrerillos sub-basin (South), Cuyana Basin. (A) General view of the outcrop section of this forma-
tion 2 to 10 m of the log in Fig. 4 showing mottled-nodular limestone (i) and mudrock facies (e). Person is 1-7 m
tall. (B) Outcrop photograph of pebbly sandstone facies (a) showing planar cross-stratification (Sp; 25 m, Fig. 4).
Hammer is 35 cm long. (C) Outcrop photograph of massive intraclastic sandstone facies (b1) overlying mudrock
facies (e) (4 m, Fig. 4). Hammer is 35 cm long. (D) Thin section microphotograph showing clastic fabric of massive
intraclastic sandstone facies (b1; 0 m, Fig. 4) where the intergranular space is filled by spar cement and silt-sized
matrix, calcite enhanced in red by Alizarin Red S staining. Framework grains are lithic fragments (claystone),
quartz, feldspar, biotite and rutile. Parallel light (10x). Scale is 2 mm. (E) Polished slab photograph of mudrock
facies (e; 12 m, Fig. 4) showing a circumgranular crack filled by spar (10x). Scale is 5 mm.

Laminated limestone (k) forms tabular strata
30 cm thick with plane to domal lamination and
overlies massive mudstone (c) (Fig. 7C). Lamina-
tion is characterized by alternation of micritic
crenulated laminae (olive grey; 5Y 4/1), that are
laterally discontinuous and 1 to 3 mm thick,
with carbonate mudstone laminae (greyish red;
5R 4/2) that are 3 mm thick. Lamination is dis-
rupted by concave-upward structures (micro-
tepees; Fig. 7D) and tubules and vertical cracks.
In thin section, the laminae form sets 20 um
thick of homogenous micrite. Tubules are 20 pm
wide, taper and branch downwards, and are up
to 400 pm long and associated with peloids and
clay linings (interpreted as cutans; Fig. 7E).
Cracks disrupting lamination are 10 um wide;
they also branch and taper downwards. Vertical
structures 300 pm wide exhibit rounded margins
and are filled by spar. Also present are abundant
fenestrae that are parallel to the lamination and
measure 50 pm wide. These fenestrae are associ-
ated with peloids 20 to 40 um in diameter. Bio-
clasts are scarce and consist of articulated
ostracode valves 4 ym wide and 40 pm long.
Quartz clasts are abundant, measure 80 pm in
diameter, and are randomly dispersed. Silicifica-
tion of these limestones with chalcedony crys-
tals forms patches between calcitic laminae.
Under a gypsum plate, the chalcedony shows
high birefringence in the north-east and south-
west quadrants of the microscope, indicating a
length slow chalcedony.

Interpretation: Lamination of the facies is
interpreted as biogenic (Riding, 1991a; Freytet &
Verrecchia, 1998; Arp et al., 2005; Dupraz et al.,
2009), most probably caused by bio-induced pre-
cipitation to form stromatolites. Tubular struc-
tures filled by spar and coated by silica are root
moulds (Gémez-Gras & Alonso-Zarza, 2003).
Fabric disruption by cracks and microtepee
structures resulted from subaerial exposure and
pedogenesis (Smoot & Lowenstein, 1991; Durand
et al., 2006). Microtepees formed when the bio-
film was exposed, subsequent desiccation killed

the micro-organisms, triggering the cracking and
curling upwards of the margins (Fliigel, 2004;
Taher & Abdel-Motelib, 2014). Fenestral fabric
resulted from the death and decay of micro-
organisms (algae and cyanobacteria) in areas of
the microbialite under subaqueous conditions
(Fliigel, 2004). Evidence for subaqueous deposi-
tion and subaerial disruption indicates that this
was a palustrine subenvironment (Alonso-Zarza,
2003). It is possible that subaerial exposure was
the result of a low water table (Meléndez et al.,
2009). Siliciclastic grains were most probably
supplied by sheetflooding, although wind depo-
sition is also possible. Localized silicification
and the presence of length slow chalcedony
indicate that this process occurred during early
diagenesis of the limestones (Benavente et al.,
2015), involving sulphate-rich waters (Bustillo,
2010). Silicification can result from spontaneous
precipitation in alkaline water (Platt, 1989) and
length slow chalcedony precipitates from sul-
phate-rich fluids. This silicification suggests that
the possible chemical composition of the
secondary inflowing waters was sulphate-rich
(Scholle & Ulmer-Scholle, 2003; Bustillo, 2010).

Cerro Puntudo Formation

The lower part of the Cerro Puntudo Formation
is composed of red conglomerates and sand-
stones that represent alluvial-fan deposits.
Upwards, the succession contains braided flu-
vial system deposits characterized by alternating
dusky red (5R 3/4) conglomerates and medium-
grained to coarse-grained, poorly sorted sand-
stones. The middle section of the succession is
interpreted as a fluvial system of finer deposits:
fine-grained to medium-grained sandstones of
moderate red (5R 4/6) colour, forming narrow
small channel bodies of limited lateral extent,
and blackish red (5R 2/2) mudrocks. Interlayered
with these sandstones and mudrocks, thin lime-
stones are present. The uppermost succession is
characterized by massive, yellowish grey (5Y 7/
2) limestones and stromatolitic limestones that
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are olive grey (5Y 4/1) and light olive grey (5Y
6/1). Also, fine-grained very dark red (5R 2/6)
sandstones and mudrocks containing carbonate
cement are present. They are associated with
subordinated greyish green (10G 4/2) tuffs
(Figs 7F and 8). The complete unit in its only
known outcrop reaches 90 m in thickness. Six
facies associations have been defined (Table 3).

Alluvial-fan facies association: Pebbly sand-
stones (a) form tabular strata 20 to 40 cm thick,
with erosive bases and planar cross-stratification
(Sp; Fig. 9A) and a moderate red (5R 4/6) col-
our. Units contain sets 14 cm thick with lenticu-
lar to sheet geometry and asymmetrical pinch
out (Fig. 9A). Medium-grained to coarse-grained
sandstone of this facies is coarser than the simi-
lar facies (a) in the Cerro de las Cabras Forma-
tion in the south half-graben and is poorly
sorted with normal grading and imbricated lag
gravel [including volcanic clasts up to 8 cm
(cobbles) in diameter| at the base of units. Sili-
ceous granules to pebbles (rock fragments,
quartz, feldspar and volcanic clasts) are suban-
gular to subrounded and measure 0-1 to 4 cm.
Towards the top of the units, vertical violet
halos are filled by finer material, giving the fab-
ric a mottled aspect. Also, tubular branching
structures coated by silica (Fig. 9B) are present
in plane view of the top of the units, measuring
2 cm wide and up to 40 cm long.

Interpretation: Similar to facies (a) from the
south half-graben but contains cobble-sized
clasts indicating tractive high-regime flows (Bar-
rier et al., 2010) closer to an alluvial-fan system
of moderate development (Beraldi-Campesi
et al., 2006). Pedogenesis is much more exten-
sive here than in facies (a) in the south half-gra-
ben with the tubular dichotomous structures
interpreted as rhizoliths (Klappa, 1980; Owen
et al., 2008). Development of incipient palaeo-
sols and pedogenic effects is common in ephe-
meral subenvironments in which sedimentation
is discontinuous (Smoot & Lowenstein, 1991).

Stratified intraclastic sandstones (b2) are med-
ium-grained to coarse-grained and dark reddish
brown (10R 3/4). They form lenticular to tabular
geometries ca 0-5 to 1-5 m thick and contain pla-
nar cross-stratification (Sp) and ripple cross-lam-
ination (Sr), normal grading and moderate
sorting. Cosets are 20 cm thick and have quartz
and feldspar clast lags at the base. Ripple bed-
forms form a unique bed of medium-grained
sandstone with asymmetrical crests 3 cm high
and 10 cm spacing. In a few units, flaser bed-

ding and invertebrate traces have been recog-
nized. These traces consist of vertical tubes
8 cm long and 1 cm in diameter in cross-sec-
tion, filled by calcite (Fig. 9C).

Interpretation: Deposition is similar to that in
facies (b1) in the south half-graben but with lit-
tle palaeosol development. Sr indicates that rip-
ples formed under tractive flow processes
(Gierlowski-Kordesch, 1998). The Sp, Sr and fla-
ser bedding characterize deposits dominated by
sheetfloods (Gierlowski-Kordesch & Rust, 1994;
Fisher et al.,, 2008). Invertebrate traces have
been identified as Skolithos and Scoyenia
(Krapovickas et al.,, 2008). They are usually
attributed to arthropods that thrive in unstable
environments (regarding water availability) and
are common in marginal subenvironments of
playa-lake systems (Gierlowski-Kordesch, 1991;
Scott et al., 2009).

Sandflat facies association: Graded sandstones
(c) are composed of dark reddish brown (10R 3/
4), very fine-grained to medium-grained sand-
stones with normal grading. They form tabular
strata 20 to 45 cm thick with erosive bases.
Some layers pinch out and generally are dis-
rupted by massive mudstone lenses up to 2 mm
thick. In a few units it is possible to recognize
faint horizontal lamination (Sh) 0-1 mm thick.
The fabric is mottled and disrupted by cracks
and elongated to subcircular halos 0-5 to 2-5 cm
in diameter that are pale yellowish orange
(10YR 8/6) and greenish grey (5GY 6/1). Verti-
cal cracks are up to 01 cm wide and 5 cm
long. Horizontal cracks are continuous and
1 mm wide and 8 cm long; they are partially
filled by calcite. At the base of the facies units,
abundant subangular calcite intraclasts 0-5 to
8 cm long and carbonate lenses of micrite up to
2 cm thick (Fig. 9D) are present. The fabric also
contains vertical and anastomosing tubules
6 cm long and 1 cm in diameter, filled by sub-
rounded siliceous grains coarser than the grains
in the fabric. The tops of units contain mud
drapes with cracks and circular structures of 1
to 3 cm in diameter filled by calcite. In thin
section, angular to subangular clasts of quartz,
feldspar and rutile 3 mm long are present.
Interstitial space is filled by spar cement and
siliceous grains show corrosion with their
fringes replaced by calcite. Mineralogical analy-
sis of the total rock fraction shows that major
components are calcite and quartz while the
clay fraction is predominantly illite and mica
(Table 4).
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Fig. 6. Rhizohalo patterns and their stratigraphic trends found in palaeosols of mudrock facies (e) of the Cerro de
las Cabras Formation (Anisian), Potrerillos sub-basin (South), Cuyana Basin (17 m, Fig. 4). Colour of the halos
shows the relative position of the palaeowater table. The change from pattern 1 to pattern 2 in the palaeosols of

the succession suggests a rise in the palaeowater table.

Table 2.

Mineralogical composition data of the total rock fraction and phyllosilicates composition of the clay

fraction from mudstones of the Cerro de las Cabras Formation, Potrerillos sub-basin, Cuyana Basin.

Total rock fraction

Phyllosilicates clay fraction

Facies Sample Qz Phy FK P Ca An He Ba Sm /M Cl K
e CC20-12 XX XX X XX XXX - tr XX XXX XX - -
CC19-12 XXX XX XX XX X X - - XXX XX - -

Qz, Quartz; Phy, Phyllosilicates; FK, Potasium feldspar; P, Plagioclase; Ca, Calcite; An, Analcime; He, Hematite;
Ba, Baritine; Sm, Smectites; I/M, Illite/Mica; Cl, Chlorite; K, Kaolinite; e, Mudrock facies. Estimated relative con-
tent: xxx = major components; xx = minor components; X = accessory components; tr = traces.

Interpretation: Faint Sh characterizes sheet-
flood deposits (Fisher et al., 2007a,b, 2008) in
an alluvial plain where confined flows are
scarce (Smoot & Lowenstein, 1991). The massive
fabric is interpreted as a post-depositional effect
of pedogenesis (Gierlowski-Kordesch & Rust,
1994; Retallack, 1994; Wright & Marriott, 2007).
Sheetflood deposits are characterized by the in-
terfingering of coarser and finer material (mud
drapes), indicating waning flows depositing sus-
pended load over bedload within a sandflat
(Smoot & Lowenstein, 1991; Gierlowski-Kor-
desch & Rust, 1994; Fisher et al., 2008). Mud
drapes under subaerial exposure undergo crack-
ing, which provides evidence for the ephemeral
nature of this sedimentary system (Smoot &
Lowenstein, 1991). Interfingering of fine and
coarser sandstone laminae implies fluctuating
inflow that is also distinctive of ephemeral flows
(Nanson et al., 2002; Fisher et al., 2008). Erosive
bases suggest that the initial flow had sufficient
competence to erode the underlying deposit
(Fisher et al., 2007a). This phenomenon
explains how the calcite intraclasts were incor-
porated into the deposit and why clast angula-
rity suggests minor transport. Halos were formed
by roots that generated Fe depletion zones in

the rhizosphere (Kraus & Hasiotis, 2006). Col-
ouration indicates incipient palaeosols with
moderate to good drainage (Kraus & Hasiotis,
2006). Cracking was probably also caused by
root disruption (Retallack, 1994). Vertical and
anastomosed tubules are probably due to the
infaunal activity of organisms (Bromley, 1996;
Buatois & Méngano, 1998) or root activity; the
lack of cutans points towards bioturbation. In
sandstone, associated claystone sediments rich
in smectite and calcite enhance the preservation
potential of traces (Scott et al., 2009). Illitic
clays are common in semi-arid environments of
modern rifts, particularly if associated with
smectites (Scott et al., 2007), where they can
form from zeolitic precursors (Renaut, 1993).
Moreover, illite is abundant in palustrine areas
distal from fluvial or alluvial supply (Calvo
et al., 1989), pointing to authigenesis under
those conditions.

Stratified sandstones (d) are very fine-grained
to medium-grained sandstones of moderate red-
dish brown (10R 4/6) and very pale orange
(10YR 8/2). They exhibit faint to conspicuous
horizontal lamination (Sh), faint ripple cross-
lamination (Sr) and planar cross-stratification
(Sp) (Fig. 9E). Geometry is tabular to lobe-like
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and facies units are 0-15 to 1-2 m thick and mas-
sive towards the top. Sh laminae thickness var-
ies between 0-1 mm and 2 mm in sets 1-5 to
2 cm thick (Fig. 9E); they are disrupted by con-
volute structures. Sr laminae are 0-1 mm thick
and are inclined ca 10°. Planar cross-stratifica-
tion (Sp) is minor in occurrence with sets 2 to
5 cm thick and cosets 15 cm thick. The tops of
units show mud drapes with the fabric contain-
ing cracks filled by subangular mudstone clasts
of up to 1 cm long. Also, angular clasts of cal-
cite 2 mm long are observed at the base of units
along with abundant subangular to subrounded
grains 2 mm in length of quartz and feldspar.
Vertical cracks 0-2 cm wide and 6 cm long are
associated with circular yellowish halos with
irregular margins 1 cm in diameter (Fig. 9F).
Vertical structures up to 0-1 cm wide by 2 cm
long, tapering downwards, occur at the top of
units. Silica nodules 1-5 cm in diameter are
present in the middle of the facies units. Mud
chips of 2 cm size with plastic deformation are
dispersed in the fabric and are oriented parallel
to the stratification surface. Mineralogical analy-
sis indicates that quartz, calcite and analcime
are predominant. The clay fraction is dominated
by smectites (Table 4).

Interpretation: Sh indicates deposition under
upper flow regime conditions, near the bound-
ary between sub-critical and super-critical flows
(Miall, 1996). These conditions usually occur
during flash floods (Fisher et al., 2007a,b, 2008).
The associated convolute structures are the
result of deposition of material with different
densities (mixed loads) that generate differential
loading and consequent synsedimentary defor-
mation (van Loon, 2009). Sr and rare Sp result
from sheetflood processes (Smoot & Lowenstein,
1991; Gierlowski-Kordesch, 1998; Leier et al.,
2010). Generally, aggradation of these types of
successions is slow because of the long periods
between flood events (Huerta & Armenteros,
2005; Wakelin-King & Webb, 2007). Cracked
mud drapes show the ephemeral nature of sedi-
mentation (Smoot & Lowenstein, 1991; Gierlow-
ski-Kordesch & Rust, 1994) with mud chips
resulting from their erosion (Smoot & Lowen-
stein, 1991; Fisher et al., 2007a). Associated
halos and cracks are attributed to root activity
(Smoot & Lowenstein, 1991; Kraus & Hasiotis,
2006; Rasbury et al., 2006) and the yellow col-
ouration of the rhizohalos indicates moderate to
good drainage (Landon, 1984; Macedo & Bryant,
1987; Kraus & Hasiotis, 2006). Silica nodule
development is common in the vadose zone of

palaeosols by infiltration of meteoric waters and
water table fluctuations (Bustillo, 2010). Smec-
tites characterize soils developed in association
with alkaline volcanics, as discussed with facies
(c). Analcime characterizes marginal lake areas
of alkaline-saline water bodies in association
with groundwater input (Renaut, 1993; Cabaleri
et al., 2013).

Mudflat facies association: Mudrocks (e) form
pale red (5R 6/2) and greyish red (10R 4/2) tabu-
lar strata 0-1 to 1-8 m thick. The fabric is par-
tially massive (Fm) with faint horizontal
lamination (F1) and minor low-angle ripple
cross-lamination (Fr). Towards the top of the
units, the fabric becomes massive (Fm). Horizon-
tal lamination is comprised of alternating lami-
nae of greyish yellow (5Y 8/4) fine sandstone,
3 mm thick, and greyish red (5R 4/2) mud-
stones, 1-5 mm thick. Low-angle ripple cross-
lamination inclines 15° from the stratification
plane. Between laminae, circular structures with
calcite infilling 1 to 5 mm in diameter are recog-
nized (Fig. 9G). One of the most distinctive fea-
tures of this facies is the presence of horizontal
calcite crystal crusts 4 cm long and 0-4 cm thick
with silica laminae 1 mm thick at the base
(Fig. 9H). Microtepee structures 0-5 cm high are
common in the crusts. Intraclasts of microbial
micrite (mat chips) are common; they are sub-
rounded, 2 cm long and 2 mm wide (Fig. 9I)
and contain micritic dark laminae 0-5 mm thick
and ostracode articulated valves (Fig. 9K).

The muddy fabric is disrupted by diffuse halos
of orange, green and grey, which are 0-1 cm wide
and 2-5 cm long. Pattern colour changes at the
base of units show dominant red fabric contain-
ing pink and grey halos 2 cm wide and 6 cm long
(Fig. 9]). Lenses composed of angular grains of
quartz, feldspar, rutile, biotite and lithic frag-
ments 2 mm long, complete oncolites 2 cm in
diameter, fragmented oncolites 1 cm long and cir-
cular structures 0-5 cm in diameter recrystallized
by spar are dispersed in the middle of facies
units. Also dispersed are subrounded micrite in-
traclasts 1-3 cm long and subangular calcite intra-
clasts 3 mm long. Tops of facies units contain
elongated tubular structures, measuring 1 cm
wide by 12 cm long, that taper and branch down-
wards and exhibit calcite infilling and silica coat-
ings. In thin section, a clay fabric (80%) is
observed with patchy micrite and spar. Mineral-
ogical analysis shows that the major components
are quartz and analcime and the clay fraction is
dominated by smectite (Table 4).

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology



14 C. Benavente et al.

Interpretation: Deposition is similar to that
interpreted for facies (e) in the Cerras de las Ca-
bras Formation in the north half-graben: sheet-

flood muddy bedload (Fr) to suspension settle-
out lamination (F1) with post-depositional pedo-
genic processes giving the fabric a massive cha-
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Fig. 7. Outcrop, polished slabs and thin section photographs of the facies defined for the Cerro de las Cabras Forma-
tion (Anisian) in the Potrerillos sub-basin (South), Cuyana Basin. (A) Slab photograph of mottled-nodular limestone
facies (i) (2-5 m, Fig. 4) showing tubule (rhizolith) filled by spar and coated by silica (arrow). Scale is in millimetres.
(B) Thin section microphotograph of (A) showing rhizolith with spar-filled interior immersed in a homogenous mi-
crite (m) with a concentric laminated micrite coating (ml). Planar light (4x). Scale is 2 mm. (C) Outcrop photograph
of laminated limestone facies (k) (17-5 m, Fig. 4) showing tabular geometry of this facies and the laminar planar (Ip)
to domal (d) laminated macrofabric. Length of pen is 14 cm. (D) Slab of C with concave structures and micritic lami-
nae interlaminated with siliciclastic mudstone laminae. Scale is 2 mm. (E) Thin section microphotograph of (D) with
a vertical structure disrupting laminated micritic texture interpreted as a rhizolith in association with peloids (p)
and cutans (arrow). Parallel light (4x). Scale is 2 mm. (F) General view of the outcrop of the Cerro Puntudo Forma-
tion (Anisian), Cerro Puntudo sub-basin, Cuyana Basin (10 to 40 m, Fig. 8) where the mudrock facies (e), stratified
sandstone (d), oncolitic laminated sandstone (h), mottled carbonate mudstone (i), nodular wackestone (j), laminated
limestone (k) and oncolitic floatstone facies (m) crop out. Person is 1-7 m tall.

racter, disrupting original sedimentary features
and producing Vertisols (Gierlowski-Kordesch &
Rust, 1994; Gierlowski-Kordesch, 1998). Interfin-
gered sandstone lenses may indicate tractive
flows mixed with mud bedload (Maroulis & Nan-
son, 1996). Halos are the result of pedogenic pro-
cesses (Catena & Hembree, 2012) and their
colours (yellow to grey halos in red soils) indicate
moderate to good drainage (Kraus & Hasiotis,
2006) with drainage intermediate in size (Macedo
& Bryant, 1987). Elongated tubular structures and
calcite circular structures are interpreted as rhizo-
liths (Klappa, 1980; Huerta & Armenteros, 2005;
Catena & Hembree, 2012). Oolites were probably
transported, as evidenced by their fragmentation
and association with transported siliciclastic
grains. Efflorescence crusts are the result of intra-
sedimentary crystalline growth that occurs in
extremely arid periods, commonly in lake margin
areas (Hardie et al., 1978; Smoot & Lowenstein,
1991; Rosen, 1994; Scott et al., 2010). It is proba-
ble that the limited size of the crusts was con-
trolled by the confinement pressure of the muddy
sediment (Lowenstein & Hardie, 1985; Smoot &
Lowenstein, 1991). Microbialite intraclasts or mi-
critic mat chips are interpreted as the result of
eroded surfaces that were stabilized by biofilms
(Cuadrado et al., 2011; Taher & Abdel-Motelib,
2014). It is probable that these surfaces were colo-
nized when they remained wet due to a raised
water table after the flood. Eventually, the sur-
faces suffered desiccation and were eroded in the
next flooding event. This facies is typical of the
transition area between a muddy sandflat (Gier-
lowski-Kordesch & Rust, 1994) and the outer
zones of the mudflat subenvironment (Surdam &
Sheppard, 1978) in throughflow playa lakes
(Rosen, 1994; Minter et al., 2007; Scott et al.,
2009). Mineralogical composition indicates alka-
line—saline waters (Renaut, 1993; Cabaleri et al.,
2013) in semi-arid zones or in strongly seasonal
climates (Scott et al., 2007).

Laminated siltstones (f) are muddy siltstones
that exhibit faint horizontal lamination (F1) and
a partially mottled to massive fabric (Fm) of
moderate red (5R 5/4) and greyish red (10R 4/2)
colour. Facies units are tabular and measure 0-7
to 1.2 m thick with erosive bases. Laminae are
0-1 mm to 1 cm thick and form units 2 cm thick
alternating between red and greyish red. Lami-
nation is disrupted by convolute structures 5 cm
long and 3 cm high (Fig. 9L). Grains of sub-
rounded and subangular quartz, feldspar, rutile
and biotite measure 0-1 to 2 mm in length and
are associated with disrupting tubular structures
and halos (Fig. 9M). Fibrous-radial calcite
(Fig. 9N) and silica in the carbonate halos sur-
round the tubular structures. There are also sub-
angular calcite intraclasts 3 mm to 1-5 cm long.
The massive fabric is disrupted by horizontal
structures 5 cm wide and 1-5 cm thick, and ver-
tical tubules of 0-4 cm in diameter and 5-5 cm
long that branch and taper downwards, both
filled with calcite and coated by silica. Also
present are circular pink halos 0-5 cm in diame-
ter with angular grains of quartz and feldspar
0-1 mm in length. In thin section, a detrital tex-
ture with angular and subrounded siliciclastic
grains contains mostly angular, homogenous
micrite intraclasts 80 pm long with straight fila-
ments 20 pm wide and 150 to 250 pm long, and
circular structures with two external walls
40 pm in diameter. Other carbonate grains are
oolites 800 um in diameter; the nuclei show
spar replacement of algae fragments and the cor-
tex contains parallel filaments arranged radially.
Bioclasts include scarce ostracode valves
200 pm long recrystallized by spar. Microspar
patches are present in the fabric as well as mi-
crogranular silica. Mineralogical analysis of the
total rock fraction shows quartz and analcime as
major components. The clay fraction is mainly
smectite, illite and mica (Table 4).
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Interpretation: F1 characterizes mudflat sedi-
mentation (Hardie et al., 1978; Gierlowski-Kor-
desch & Rust, 1994). The thin sandy lenses are

formed by low-energy tractive flows. Fm fea-
tures, including halos and branching tubules,
indicate exposure and vegetation forming inci-
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Fig. 9. Outcrop, polished slabs and thin section photographs of the facies defined for the Cerro Puntudo Forma-
tion (Anisian) at the Cerro Puntudo sub-basin (North), Cuyana Basin. (A) Outcrop photograph of pebbly sandstone
facies (a) (150 m, Fig. 8) with planar cross-stratification (Sp). Scale is in centimetres. (B) Outcrop photograph of
pebbly sandstone facies (a) (170 m, Fig. 8) showing rhizoliths coated by silica. Hammer head is 16 cm long. (C)
Outcrop photograph of stratified intraclastic sandstone facies (b2) (260 m, Fig. 8) where an invertebrate trace fossil
(Skolithos) is present. Pen is 1-5 cm wide. (D) Outcrop photograph of graded sandstone facies (c) (1-5 m, Fig. 8)
showing intraclasts of carbonate (i) at the base of the sandstone. Hammer is 35 cm long. (E) Outcrop photograph
of stratified sandstone facies (d) (5 m, Fig. 8) showing low-angle ripple cross-lamination (Sr) and planar cross-
stratification (Sp). Scale is in centimetres. (F) Slab photograph of stratified sandstone facies (d) (5 m, Fig. 8) with
faint Sr alternating with massive layers disrupted by mottling and rhizohalos (rh). Scale is 2 mm. (G) Slab photo-
graph of mudrock facies (e) (6 m, Fig. 8) with F1 showing circular structures interpreted as rhizolith cross-sections
(r). Scale is 2 cm. (H) Slab photograph of mudrock facies (e) (1-5 m, Fig. 8) with calcitic laminae disrupting the
fabric with no displacive textures. Scale is in millimetres. (I) Slab photograph showing microbialite intraclasts
interspersed with planar lamination (arrows) and circular structures interpreted as rhizolith cross-sections (r)
(2-5 m, Fig. 8). Scale is in millimetres. (J) Slab photograph of diagenetic alteration of mudrock facies (e) (25 m,
Fig. 8), bioturbation is interpreted as rhizohalos. Scale is 1 cm. (K) Thin section microphotograph of mudrock
facies (e) (14 m, Fig. 8) with articulated ostracode valves. Calcite is highlighted by Alizarin Red S staining. Paral-
lel light. Scale is 250 pm (10x). (L) Outcrop photograph of laminated siltstone facies (f) (35 m, Fig. 8) with convo-
lute lamination composed of siltstone and carbonate laminae. Scale is in centimetres. (M) Slab photograph of
laminated siltstone facies (f) (1-5 m, Fig. 8) showing a rhizohalo with a silicified rhizotubule. Scale is 1 mm. (N)
Thin section microphotograph of the laminated siltstone facies (f) (1-5 m, Fig. 8) of fibrous-radial calcite in the
rhizohalos disrupting the siltstone. Scale is 200 pm (5x). Parallel light.

Table 4. Mineralogical composition data of the total rock fraction and phyllosilicates composition of the clay
fraction, from sandstones, mudstones and siltstones of the Cerro Puntudo Formation, Cerro Puntudo sub-basin,
Cuyana Basin.

Total rock fraction Phyllosilicates clay fraction

Facies Samples Qz Phy FK P Ca An He Ba Sm I/'M Cl K
¢ CP14 XXX XX X XX XXX X X XXX

d CP64 XXX XX X XX XXX XXX X XXX

e CP36 XXX XX X XX XX XXX X XXX XXX

f CP25 XXX XX X XX XXX X XXX

Qz, Quartz; Phy, Phyllosilicates; FK, Potasium feldspar; P, Plagioclase; Ca, Calcite; An, Analcime; He, Hematite;
Ba, Baritine; Sm, Smectites; I/M, Illite/Mica; Cl, Chlorite; K, Kaolinite. Estimated relative content: xxx = major
components; xx = minor components; X = accessory components; tr = traces; ¢, Graded sandstone facies; d, Strati-
fied sandstone facies; e, Mudrock facies; f, Laminated siltstone facies.

pient palaeosols (Gierlowski-Kordesch & Rust,
1994; Gierlowski-Kordesch, 1998; Kraus &
Aslan, 1999; Huerta & Armenteros, 2005), simi-
lar to the processes forming the massive textures
in facies (e). Oolites and bioclasts are considered
allochthonous to the facies, and they were pro-
bably removed from nearby subenvironments
during flooding events. Tubules in the oncolite
cortices are interpreted as cyanobacteria (Riding,
1991b). The circular structures with a double
external wall are interpreted as transversal
sections of microbial filaments. These micro-
organisms are considered the producers of the
microbialites by biologically induced precipita-
tion in adjacent carbonate facies (Freytet & Ver-
recchia, 1998; Fliigel, 2004; Arenas et al., 2007).

Fibrous-radial calcite cement indicates diagene-
sis in a vadose zone (Alonso-Zarza et al., 1992),
though this calcite habit has also been associ-
ated with geothermal effects in facies related to
springs (Jones & Renaut, 2010). These characte-
ristics indicate moderate to good drainage for
palaeosols (Landon, 1984; Kraus & Hasiotis,
2006). Long branching structures are interpreted
as root moulds (Klappa, 1980). The circular
cracking pattern of the fabric suggests that the
disruption was caused by mechanical root
action (Kraus & Aslan, 1999) with circular cal-
cite structures interpreted as smaller root
moulds (Smoot & Lowenstein, 1991). Convolute
structures are interpreted as synsedimentary
deformation of the substrate by differential load-

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology
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ing (van Loon, 2009). Analcime characterizes
alkaline and/or saline marginal lake environ-
ments (Renaut, 1993; Cabaleri et al., 2013),
whereas smectite, illite and mica are typical of
deposition and diagenesis in arid depositional
settings and seasonal climates (Scott et al.,
2007).

Carbonate channel facies association: Oncoli-
tic wackestone (g) is light olive grey (5Y 6/1) to
light greenish grey (5GY 8/1) and forms lenticu-
lar strata 10 to 30 cm thick and ca 6 m in lateral
extent. Units show sharp lower contacts and are
closely stacked (Fig. 10A). Oncolite layers
within a micritic fabric with inverse grading
contain oncolites that are 0-1 to 3 cm in diame-
ter, poorly sorted and dispersed. Oncolites are
circular and concentric but the biggest ones can
be ellipsoidal (Fig. 10B). Their cortex is micritic
with a 1 mm thick silica coating. The nuclei
have spar recrystallization (Fig. 10B). Dispersed
in the fabric, there are abundant subrounded
micrite intraclasts 0-25 mm long and fragmented
oncolites. The top of the facies units contains
mud drapes with numerous vertical cracks 1 mm
wide by 2-5 mm long, that branch and taper
downwards. The fabric contains circular green
and violet halos 1-5 and 2 cm in diameter, respec-
tively. Dispersed in the micritic fabric are grains
(2 mm) of quartz, feldspar, rutile and biotite.
Interpretation: The geometry and sharp lower
contacts of the facies units indicate channelized
tractive flows with oncolites and micritic car-
bonate transported by high-energy currents as
bedload. Genesis of oncolites in fluvial channels
has been described in ancient systems (Gier-
lowski-Kordesch et al., 1991; Verrecchia et al.,
1997; Zamarreno et al., 1997; Arenas et al.,
2007; Meléndez et al., 2009) as bio-induced by
algae and cyanobacteria during flood episodes.
The size of the oncolites suggests that the flow
had medium competence (Zamarreno et al.,
1997; Arenas et al., 2007) with inverse grading
indicating a rise in flow energy with time. The
association of this facies with the mudrock
facies (e) (see Table 3) indicates that deposition
was due to tractive flows within the muddy
sandflat to mudflat. The formation of mud
drapes and their cracking provides evidence for
ephemeral channel deposition (Smoot & Lowen-
stein, 1991). Since the fluvial channels were
ephemeral, the oncolites were probably gener-
ated in a different subenvironment and were
only transported by floods. There are reports of
recent oncolite formation in spring-fed ponds

where they occur in shallow subenvironments
(Winsborough et al., 1994). Also, there are
reports of pisoliths forming due to accretion
rather than due to rotation in Holocene spring
pools (Risacher & Eugster, 1979; Jones & Renaut,
1994). The channel stacking pattern indicates
moderate subsidence with exposure allowing
some pedogenesis, as indicated by the rhizoha-
los.

Oncolitic laminated sandstone (h) is very fine-
grained sandstone with dispersed oncolites
(40% of facies) within horizontal laminae (SI).
The facies units form moderate yellow (5Y 7/6)
to dark yellowish orange (10 YR 6/6) tabular
units 20 cm thick with an erosive lower contact.
Laminae in the sandstone are 1 mm thick and
form units 3 mm thick (Fig. 10C) with disrup-
tion at the top of the units by vertical cracks
1 cm long. Oncolites are ellipsoidal, 0-1 to
1-5 cm long and are imbricated at the base of
the unit (lags; Fig. 10C). There are complete,
fragmented and aggregated oncolites. The onco-
litic cortices are micritic and show concentric
lamination (Fig. 10D) with up to four laminae
and alternating light and dark crenulated micri-
tic laminae. External laminae can contain Fe
oxides. Oncolitic nuclei can have spar recrystal-
lization, whereas fragmented oncolites contain
nuclei filled by sandy material.

Interpretation: Laminated sandstones (Sl) are
generated by upper flow regime currents (Miall,
1996) as a result of sheetflooding (Hardie et al.,
1978; Smoot & Lowenstein, 1991; Gierlowski-
Kordesch, 1998). The sharp erosive base of the
facies unit indicates an abrupt change in sedi-
mentation and possible incision of channelized
tractive flows (Fisher et al., 2008). The oncolites
originated in the channelized streams flowing
from adjacent spring ponds. Their formation
involves biomineralization of microbes that
developed around a precipitation nucleus and
caused precipitation of carbonate coatings
within Ca-rich waters (Freytet & Verrecchia,
1998; Shiraishi et al., 2008). Therefore, these
oncolites are considered allochthonous and were
probably transported as bedload by tractive
flows (Gierlowski-Kordesch et al., 1991; Miall,
1996; Verrecchia et al., 1997; Zamarreno et al.,
1997; Arenas et al., 2007). The size of the onco-
lites indicates flows of medium competence
(Zamarreno et al., 1997; Arenas et al., 2007) and
their imbrication within lags shows that the gen-
eral direction of channel flow was NNE, away
from coalescent alluvial fans. These palaeocur-
rent data differ from the previously determined
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palaeocurrent direction of south-east and south
at the locality (Sessarego, 1986) in a NNW-SSE
aligned basin (Lépez-Gamundi & Astini, 2004).
Intergrowth in some oncolites was caused by
confinement pressure (Fliigel, 2004). Vertical
small cracks reflect root disturbance between
flood events.

Palustrine limestones facies association: Mot-
tled carbonate mudstones (i) are micritic with a
mottled and disrupted fabric of light bluish grey
(6B 7/11) and light greenish grey (5G 8/11).
They form lenticular beds 75 cm thick and 30 m
in lateral extent. The fabric is disrupted by verti-
cal cracks 1 cm wide and 3 cm long (Fig. 10E).
Two types of cracks can be recognized. One type
shows clay linings and a branching pattern
tapering downwards; they are also associated
with tubular structures. The other type of crack
is devoid of clays and consists of single crack
morphology. Pale yellowish orange (10YR 8/6)
halos surround tubular structures and cracks.
Changes in the colour of the fabric from red to
violet and green are present (Fig. 10F). Towards
the top of the facies units are concentrations of
angular grains of quartz, feldspar and rutile ca
3 cm long. In thin section, the fabric is micritic
with 30% detrital material including homoge-
nous micrite intraclasts (Fig. 10G).

Interpretation: Lenticular geometry of the
units with limited lateral extent and a homoge-
nous micritic fabric indicate that these lime-
stones were precipitated subaqueously within
ponds in a mudflat area [associated with facies
(f) — see Table 3], probably in shallow low-
energy ponds, colonized by plants causing pedo-
genic alteration, a similar depositional pattern to
facies (i) in the Cerro de las Cabras Formation in
the South sub-basin. The branching cracks are
interpreted as rhizobrecciation (Freytet & Plazi-
at, 1982) because they are associated with tubu-
lar structures interpreted as rhizoliths (Klappa,
1980). Simple cracks are interpreted to be the
result of desiccation (Smoot & Lowenstein,
1991). Observed changes in the fabric colour are
attributed to changes in groundwater to surface-
water levels (Freytet & Plaziat, 1982; Alonso-
Zarza & Wright, 2010).

Nodular wackestones (j) are micritic with dis-
persed nodules of light bluish grey (5B 7/11) to
light greenish grey (5G 8/11) (Fig. 10H). They
form tabular units 0-11 to 3 m thick with wavy
upper contacts with cracked mud drapes filled
by calcite. The nodules are ellipsoidal and sub-
rounded and two types have been identified: (i)

massive micritic nodules 3 to 5 cm in diameter
and (ii) nodules with distinct nuclei (Fig. 10I)
calcitic in composition and with silica coating
(Fig. 10]). These nodules can contain internal,
silicified concentric laminae and are immersed
in pale red (10R 6/2) halos. At the top of the
facies units, tubular structures protrude from the
rock as nodule extensions. Among the nodules,
there are horizontal cracks less than 1 mm wide
and up to 8 cm long and vertical cracks less
than 1 mm wide and 3 cm long. Microbialite
fragments with flat alternating light and dark mi-
critic laminae, each 1 mm thick, are dispersed
randomly in the wackestone. In addition, frag-
ments of the underlying sandstones (up to 4 cm
long) and of the underlying mudrocks (up to
5 cm in length) are suspended in the micrite.

Interpretation: Geometry and sedimentological
characteristics of this facies, including nodule
development, rhizobrecciation, rhizohalos and
rhizoliths, imply similar deposition to that of
facies (i) in both half-grabens of the Cuyana
Basin: carbonate palustrine areas in a mudflat
environment [associated with facies (f) — see
Table 3]. The colour of the rhizohalos is charac-
teristic of moderate-well drained palaeosols
(Kraus & Hasiotis, 2006; Tanner & Lucas, 2006,
2012). Mud drapes with cracks at the top of the
units confirm that the deposit was formed under
ephemeral conditions. In this setting, transporta-
tion and deposition of the fine sediments by
pedogenic mud aggregates, not as suspension
settle-out, is the most plausible mechanism that
allows carbonate precipitation in a siliciclastic
mudflat (Gierlowski-Kordesch, 1998). This even
explains the large clasts of underlying facies
suspended in the micrite, showing that flooding
events moving these clasts were not clouded
with suspended siliciclastic mud. Microbial in-
traclasts clearly were transported from adjacent
facies (k).

Laminated limestones (k) are micritic, medium
dark grey (N5) to dark grey (N3) with flat or
domal lamination (Fig. 10K). The facies units
vary in thickness from 5 cm to 1:05 m and their
lateral extent is 18 to 100 m. The geometry of
the beds is tabular to lenticular. These lami-
nated limestones have vertical, horizontal and
polygonal cracks. Vertical cracks are up to 1 mm
wide and 4 cm long. Polygonal cracks are 3 to
10 cm long and are filled by angular chips of
mudstone 3 cm long (Fig. 10L). A lateral varia-
tion in this facies is composed of carbonate
lenses and layers with conical structures formed
by multiple carbonate layers (Fig. 10M). Tetra-
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Fig. 10. Outcrop, polished slabs and thin section photographs of the facies defined for the Cerro Puntudo Forma-
tion (Anisian) in the Cerro Puntudo sub-basin (North), Cuyana Basin. (A) Outcrop photograph of the oncolitic wa-
ckestone facies (g) (22-7 m, Fig. 8) showing complete and fragmented oncolites. Hammer for scale is 33 cm. (B)
Slab photograph of oncolitic wackestone facies (g) (22-7 m, Fig. 8) with circular to ellipsoidal, poorly sorted onco-
lites. Scale is 1 cm. (C) Slab photograph of the oncolitic laminated sandstone facies (h) (22-5 m, Fig. 8) with ellip-
soidal oncolites suspended in fine sandstone with underlying horizontal lamination and ripple cross-lamination.
Scale is in millimetres. (D) Thin section microphotograph of the oncolitic laminated sandstone facies (h) (22-5 m,
Fig. 8) where two intergrown oncolites (white arrow) are suspended in a micrite-detrital matrix. Siliciclastic
grains of fibrous shape are probably strontianite (orange arrow). The scale is 5 mm (20x). Plane light. (E) Outcrop
photograph of the mottled carbonate mudstone facies (i) (2-5 m, Fig. 8) composed of planar lamination disrupted
by vertical cracks attributable to rhizoliths (arrows) and mudcracks. Centimetre scale. (F) Outcrop photograph of
the mottled carbonate mudstone facies (i) (21 m, Fig. 8) where two types of diagenetic alteration can be seen, sep-
arated by a dotted line. The upper portion of the outcrop is composed of vertical structures interpreted as rhizo-
liths (arrow) with a green colour within the red silty mudstone interpreted as gleying. Hammer for scale is 33 cm.
(G) Thin section microphotograph of the mottled carbonate mudstone facies (i) (2-5 m, Fig. 8) with a micritic-
detrital fabric containing subrounded calcite intraclasts (arrow). Scale is 2 mm (4x). Parallel light. (H) Outcrop
photograph of the nodular limestone facies (j) (20 m, Fig. 8). Average thickness of the strata is 1-55 m. Hammer
for scale is 35 cm. (I) Slab photograph of the nodular wackestone facies (j) (20 m, Fig. 8) with carbonate nodules
composed of micrite. Scale is 1 cm. (J) Outcrop photograph of the nodular wackestone facies (j) (20 m, Fig. 8)
showing a diagenetically altered nodule with one silicified lamina. Scale is 2 cm. (K) Outcrop photograph of the
laminated limestone facies (k) (15-5 m, Fig. 8) with domal structures. Centimetre scale. (L) Outcrop photograph
showing cracks of the laminated limestone facies (k) (15-5 m Fig. 8), interpreted as polygonal desiccation cracks.
Hammer for scale is 35 cm. (M) Outcrop photograph of the laminated limestone facies (k) (15-5 m, Fig. 8) where a
conical structure composed of carbonate and mudstone microbial lamination can be seen. The structure is inter-
preted as a possible groundwater discharge area. Centimetre scale. (N) Outcrop photograph of bedding plane of
the laminated limestone facies (k) observed in (L) (15-5 m, Fig. 8) exhibiting a footprint of a posterior limb of a
basal archosaur. Centimetre scale.

pod footprints up to 15 cm long form partial
trackways (Fig. 10N). Tepee structures 2 cm
high are observed in the laminae of the fabric
along with spherical nodules 0-5 mm in diame-
ter and ellipsoidal nodules 1-5 cm wide and
2-2 cm long located towards the top of the units.
They have a calcite nucleus of 1-5 cm in diame-
ter and micrite coatings 3 mm thick, and disrupt
the fabric. Carbonaceous remains up to 2-5 cm
long are preserved on laminae. In thin section,
crinkly and domal lamination is composed of
discontinuous and crenulated laminae 1 to 2 mm
thick and forms units 2 cm thick that alternate
between light and dark micritic laminae. Domal
lamination shows continuous or discontinuous
crenulated micritic laminae up to 2 mm thick.

In thin section, the fabric is micritic with si-
liciclastic detrital content (35%) as well as bio-
clasts and is laminated (Fig. 11A). In these
micritic laminae, disruptive circular structures
with a micrite nucleus are 4 pm in diameter
with an external radiating halo 2 pm thick
(Fig. 11B). Two types of tiny tubular structures
are recognized: (i) hollow tubes with a simple
micritized wall, 10 pm wide and up to 100 pm
long (Fig. 11C); and (ii) tubes measuring 20 pm
wide and 80 pm long with a double external
wall that consists of fibrous spar with the tube
interior containing dense opaque dark masses of

OM. Bioclasts are articulated ostracode valves
10 pm x 200 to 320 pum in width and length
with a few being ellipsoidal in shape
600 pm x 350 pm (Fig. 11D). Siliciclastic grains
are angular quartz and feldspar, 40 to 400 pm,
and oriented parallel to the stratification surface.
Spar and microspar, microgranular quartz and
chalcedony (Fig. 11E) fill voids and cavities
present between the laminae. Silicification in
the facies reaches up to 40% by volume. Chalce-
dony under a microscope with a gypsum plate
shows increased birefringence in the north-east
and south-west quadrants, diagnostic of length
slow chalcedony.

Interpretation: Geometry of the facies indi-
cates deposition in a spatially limited subaque-
ous shallow environment with low energy. This
setting probably received a Ca-rich water sup-
ply from springs (Nickel, 1985); this is sug-
gested by the conical carbonate-layered
structure interpreted as a possible discharge
apron (Jones & Renaut, 2010) preserved in the
facies. The laminae were formed by biologically
induced carbonate precipitation (Freytet & Ver-
recchia, 1998; Dupraz et al., 2009; Taher & Ab-
del-Motelib, 2014). Domal laminae indicate
irregularities in the substrate and their recum-
bent margins indicate that the micro-organisms
acted as biostabilizers of the substrate (Hof-
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mann, 1975; Arp et al., 2005; Taher & Abdel-
Motelib, 2014). Type 1 and type 2 tubules are
identified as filamentous algae (Riding, 1991a)
and the micrite accumulations (ma) correspond
to coccoid cyanobacteria (Hofmann, 1975; Frey-
tet & Verrecchia, 1998; Freytet et al., 1999). Cir-
cular structures with a micrite nucleus and
external halos are interpreted as spherulites
(Freytet & Verrecchia, 2002). These structures
form by carbonate precipitation due to rapid

degasification (CO, loss) usually in hydrother-
mal settings (Leslie et al., 1992; Perri et al.,
2012). This formation and the discharge apron
deposit constitute the evidence for groundwater
as the principal water supply for this facies.
Structures disrupting the fabric are pedogenic
nodules and cracks formed from subaerial expo-
sure (Freytet, 1973; Freytet & Plaziat, 1982;
Alonso-Zarza & Wright, 2010). Tepee structures
were formed during exposure of the microbia-
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Fig. 11. Outcrop, polished slabs and thin section photographs of the facies defined for the Cerro Puntudo Forma-
tion (Anisian) in the Cerro Puntudo sub-basin (North), Cuyana Basin. (A) Thin section microphotograph of the
laminated limestone facies (k) (7 m, Fig. 8) with millimetre-scale discontinuous carbonate laminae alternating
with thin mudstone laminae. Scale is 500 m (2-5x). (B) Thin section microphotograph of the laminated limestone
facies (k) (10 m, Fig. 8) with a spherulite. Scale is 5 m (40x). (C) Thin section microphotograph of the laminated
limestone facies (k) (10 m, Fig. 8) with filamentous cyanobacteria in transversal and longitudinal section. Scale is
80 m (10x). (D) Thin section microphotograph of the laminated limestone facies (k) (15 m, Fig. 8) with an ostra-
code with articulated valves. Scale is 100 m (40x). (E) Thin section microphotograph of the laminated limestone
facies (k) (15 m Fig. 8) where micrite has been replaced by length slow chalcedony (20x). Scale is 100 m. Plane
light. (F) Polished slab photograph of the mudrock facies (e) (27 m, Fig. 8) showing subrounded calcite intraclasts
within the siltstone and along the thinner laminae of mudstone. Scale is 0-5 cm. (G) Outcrop photograph of the
oncolitic floatstone facies (m) (27-5 m, Fig. 8) showing unsorted oncolites of various sizes, both supported and
unsupported in micrite. Centimetre scale. (H) Rock slab of the oncolitic floatstone facies (m) (28 m, Fig. 8) show-
ing the oncolitic fabric with simple and composite concentric oncolites. Centimetre scale. (I) Thin section micro-
photograph of the oncolitic floatstone facies (m) (29 m, Fig. 8) showing an oncolite with filamentous algae (arrow)
radially extending from the nucleus-filled cortex. Scale is 100 m (4x). (J) Thin section microphotograph of the on-
colitic floatstone facies (m) (29 m, Fig. 8) with spar-filled fragmented thalli (t) and gyrogonites (g) of charophytes
suspended in micrite. Scale is 500 m (10x). (K) Thin section microphotograph of the oncolitic floatstone facies
(m) (29 m, Fig. 8) with articulated ostracode valves in which hinge is preserved (arrow). Scale is 100 m (20x).

Plane light.

lites as a consequence of desiccation (Bernier
et al., 1991; Fligel, 2004). The carbonaceous
remains are plant or root fragments with pre-
served OM, perhaps part of the hygrophytes of
the palustrine area. Preserved OM and colour
of the fabric indicate that the palaeosols formed
within very poor drainage (Kraus & Hasiotis,
2006), perhaps near the groundwater table. This
is opposite to the moderate to well drained pal-
aeosols identified from the (j) facies. Triassic
microbialites developed in flooded areas of the
mudflat where there was groundwater supply;
similar conditions have been proposed for other
ancient examples (Risacher & Eugster, 1979;
Smoot & Lowenstein, 1991; Arp et al., 2005;
Tanner & Lucas, 2006) and for Recent deposi-
tional settings (Winsborough et al., 1994). Cir-
cular structures with a micritic nucleus and
external radiated halos are cross-sections of rhi-
zoliths (Smoot & Lowenstein, 1991; Gierlowski-
Kordesch, 1998).

The tetrapod footprints belong to basal archo-
saurs probably related to the wunique bone
remains found in the sub-basin (Mancuso,
2009). For the Middle Triassic (El Portezuelo
Formation), in the Rincén Blanco sub-basin
(Cuyana Basin; Fig. 1), footprints and track-
ways have been found as the only evidence of
the presence of tetrapods in lake margin areas
as well (Marsicano & Barredo, 2004). In this
case, the facies that bears the footprints repre-
sents a carbonate palustrine setting and preser-
vation of footprints suggests that the water
table was near the surface, linked to the nearby
lake level. Cracks indicate that microbialites or
stromatolites were exposed at times. It is very

likely that the footprints were preserved in this
facies because of the increased preservation
potential provided by the rapid biomineraliza-
tion triggered by the microbialites (Gehling,
1999; Scott et al., 2007, 2010). Silica indicates
environments with alkaline waters (Platt, 1989)
and nearby volcanic activity linked to fluids
during early diagenesis (Benavente et al.,
2015), similar to the silica found in many other
facies here.

Lacustrine limestones facies association: Lam-
inated marlstones (1) are dusky blue (5PB 3/2)
and pale red purple (5RP 6/2) with horizontal
lamination (F1) forming tabular strata 10 cm
thick. Lamination is 0-1 to 0-2 mm thick and
forms sets 2 to 9 mm thick and units 2 cm thick
(Fig. 11F). Laminae alternate between light and
dark calcite and clay and also contain rounded
calcite intraclasts 1 mm thick (Fig. 11F). The
marlstones can contain mudstone or very fine
sandstone 1-7 cm thick. The microfacies show a
detrital siliciclastic matrix with 35% carbonate
(micrite).

Interpretation: Lithology and the presence of
Fl indicate suspension (micrite) with some
small-scale tractive flows (sandstone laminae) as
the mechanism of transport and deposition in a
mixed carbonate and siliciclastic pond setting in
the outer area of the mudflat, closer to the silici-
clastic alluvial plain.

Oncolitic floatstones (m) contain dispersed
oncolites (matrix-supported) within micrite con-
taining gyrogonites of charophytes; units are 10
to 70 cm thick with lenticular geometry and are
medium grey (N5) and dark grey (N3). There are
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3 cm thick siliciclastic mud drapes and mud
lenses between the oncolitic units (Fig. 11G).
Oncolites measure 1 to 12 cm in diameter; they
are spherical and can be simple or composite
(Fig. 11H). Nuclei are replaced by spar and the
margins can show a thin lamina of Fe oxides.
Cortices of the oncolites are ca 50 um thick and
have straight or slightly curved tubules 10 to
20 pm wide, with micrite walls and radial orien-
tations (Fig. 11I). Nuclei consist of charophyte
thalli or their reproductive structures (gyrogo-
nites; Fig. 11]). Phytoclasts are dispersed in the
micrite and can also be encased within onco-
lites. Bioclasts (5%) are dispersed in the micrite
and consist of ostracode valves 200 um long, re-
crystallized by spar (Fig. 11K). In thin section,
the micrite contains scarce siliciclastic grains of
quartz, biotite, hematite, feldspar and lithic frag-
ments (10%), and abundant carbonate grains
represented by the oncolites (75%). Microspar,
spar, microgranular quartz and chalcedony are
randomly distributed within the micritic texture.
Chalcedony is length slow and shows high bire-
fringence in the north-east and south-west quad-
rants under the gypsum plate; it is present in
patches in the micritic texture.

Interpretation: Oncolites of this facies were
generated by carbonate precipitation upon
charophyte thalli and gyrogonites. The tubules
observed in the oncolites and coatings are fila-
mentous algae remains (Benavente et al., 2012);
these algae induced carbonate precipitation
(Platt & Wright, 1991; Shiraishi et al., 2008;
Dupraz et al., 2009). Similar associations
between charophytes and filamentous epiphytes
have been described previously (Martin-Closas,
1999; Arp et al., 2005). The presence of charo-
phytes in this facies indicates that the palaeo-
environment was a maximum of 10 m deep
(Cohen & Thouin, 1987) and that waters were
well oxygenated. Phytoclasts with micrite coat-
ings constitute evidence for vegetation cover in
adjacent areas, probably hygrophytes with the
submerged portion of their stalk coated with car-
bonate (Liutkus et al., 2005; Arenas et al., 2007;
Liutkus & Wright, 2008). This carbonate coating
process is ubiquitous in this facies and is com-
mon in modern Ca-rich shallow pond settings
(Winsborough et al., 1994; Arenas et al., 2000;
Alonso-Zarza, 2003; Arenas et al.,, 2007) and in
ancient examples (Freytet & Verrecchia, 2002;
Arp et al., 2005; Amezcua et al., 2012). Diagene-
sis is predominantly spar cementation. Micro-
granular quartz and chalcedony are the result of
very early diagenesis where the deposits inter-

acted with more acidic groundwater fluids
(Benavente et al., 2015). Length slow chalce-
dony indicates sulphate-rich (SO,) waters (Bu-
stillo, 2010), perhaps hydrothermal. Due to the
features described and the lack of evidence for
exposure, the facies is interpreted as represent-
ing shallow to deeper Ca-rich ponds (Risacher &
Eugster, 1979; Calvo et al., 1989).

Subordinate Tuffs (Tf) form tabular strata 25
to 50 cm thick, are very pale blue (5B 8/2) and
are interbedded with the facies of the palustrine
and lacustrine limestone facies associations (i, j,
k, 1 and m).

Interpretation: These tuffs represent the acidic
volcanic activity in the region (Lépez-Gamundi
& Astini, 2004; Mancuso, 2009) that contributed
to silicification of the carbonate deposits.

Stacking pattern analysis (Markov Chain
analysis)

The working hypothesis for both units was H:
The facies transitions observed in the Cerro de
las Cabras and Cerro Puntudo formations are
random. The Markov matrix (Krumbein & Dacey,
1969; Parks et al.,, 2000) showed that in both
cases the facies transitions were random and
therefore the hypothesis was accepted (see Sup-
porting Information). Therefore, for the Cerro de
las Cabras Formation the most likely transitions
to occur were: (b1) — (i) — (k) — (¢) — (a). How-
ever, no real organized stacking was observed in
the log.

For the Cerro Puntudo Formation the most
likely transitions to occur were: (e) — (k) — (Tf) -
(e) = (b2) — (i) — (j) — (e) — (m). This was not the
real stacking pattern observed in the log either.
In both cases, this means that the probability
that one facies passes to another is the same and
is not determined by the underlying lithology.

DISCUSSION

Cerro de las Cabras palaeolake

For the Cerro de las Cabras Formation, two
facies associations are proposed: (i) sandflat and
mudflat; and (ii) carbonate palustrine subenvi-
ronment. These subenvironments form a playa-
lake depositional setting (Hardie et al., 1978;
Smoot & Lowenstein, 1991; Arp et al., 2005) in
the low accommodation transfer zone of the
South sub-basin (Fig. 12). In this setting, surface
water + sediment supply was through sheetfloo-
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Fig. 12. Diagram (not to scale) of the palaeoenvironmental reconstruction for the lacustrine section of the Cerro
de las Cabras Formation (Anisian) at the Potrerillos sub-basin, South area, Cuyana Basin.

ding from a distal alluvial-fan system recorded
in the underlying Rio Mendoza Formation
(Toledo, 1987; Kokogian & Mancilla, 1989).

The sandflat and mudflat deposits have abun-
dant sedimentary features (mud drapes, mud-
cracks, mud chips and pedogenesis) that
indicate subaerial exposure, showing that the
surface water + sediment supply was ephemeral
(Gierlowski-Kordesch & Rust, 1994; Gierlowski-
Kordesch, 1998). Between sedimentation epi-
sodes, palaeosol development was dominant.
These palaeosols developed under good to mod-
erate drainage and vegetation cover (Klappa,
1980; Kraus & Hasiotis, 2006; Liutkus & Wright,
2008). Mineralogy of the fine siliciclastic sedi-
ments was dominated by smectites that charac-
terize vertic soils (Gierlowski-Kordesch & Rust,
1994; Gierlowski-Kordesch, 1998; Paik & Lee,
1998). Smectites are common in depositional
settings, where there is an alkaline volcanic
provenance (Scott et al., 2007) under seasonal
climate (Wakelin-King & Webb, 2007). This
interpretation agrees with the tectonic and cli-

matic setting described for the Triassic Cuyana
rift basin (Artabe et al., 2001; Spalletti, 2001).
Carbonate palustrine subenvironments are
characterized by the primary biogenic precipita-
tion of carbonates (Alonso-Zarza, 2003; Gier-
lowski-Kordesch, 2010). These carbonates have
abundant subaerial exposure features indicating
deposition in a very shallow palustrine setting
(Freytet & Plaziat, 1982; Alonso-Zarza & Wright,
2010). In these limestones different degrees of
pedogenesis are recognized. The mottled-nodu-
lar limestone facies (d) has abundant pedogenic
features such as rhizoliths, rhizohalos and crack
systems. According to the classification pro-
posed by Alonso-Zarza et al. (1992), this facies
characterizes an intermediate situation between
a palustrine and a pedogenic subenvironment.
In that classification, the laminated limestone
facies (e) represents stromatolitic or microbialitic
development under subaqueous conditions, but
with subsequent exposure features (microtepee
structures and rhizobrecciation). This corre-
sponds to a palustrine subenvironment of shal-
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low carbonate ponds of limited extent that
developed in the distal zone of an alluvial-fan
system, fed mainly by groundwater supply
(Calvo et al., 1989; Huerta & Armenteros, 2005;
Meléndez et al., 2009). With the siliciclastic
mud probably bound up in pedogenic mud
aggregates, the carbonates were able to precipi-
tate in clear water within the basin (Talbot
et al., 1994; Gierlowski-Kordesch, 1998);
although no direct evidence of these peds has
been found at this time. The conditions for their
formation are all met in this rift basin, namely
volcanic activity, smectitic mineralogy of clays
and seasonal climate (Gierlowski-Kordesch & Gi-
bling, 2002). Generally, playa-lake systems form
in the lowest areas of the basin and can be open
or closed hydrological systems (Hardie et al.,
1978; Rosen, 1994). For the Cerro de las Cabras
palaeolake, the nearby location of rift shoulders
generated probable rainshadow areas (after Gier-
lowski-Kordesch & Gibling, 2002). This explains
the dominance of groundwater supply to the
system and suggests that the pedogenic and sub-
aerial exposure features were caused by phreatic
level fluctuations (Meléndez et al., 2009) or
regional water table level oscillations from lake
level changes (Renaut et al., 2013).

There are discrete intervals (Fig. 6) of facies
repetitions that would be expected to result from
cyclic patterns in the stacking pattern of this
succession. However, the Markov analysis con-
firmed that the facies transitions observed are
random. This is logical in a playa-lake system
where facies transitions and stacking patterns
reflect the palaeohydrology and its fluctuations
through time through non-Walterian patterns
(Rosen, 1994). These palaeohydrological changes
connected to the synrift stage of the half-graben
are interpreted as being controlled by tectonics
and regional climate, reflecting pulses of subsi-
dence and aggradation alternating with pulses of
little to no sedimentation, erosion and palaeosol
development (Alonso-Zarza et al., 2012). In the
succession, it is possible to determine an overall
increasing subsidence shown by an increase in
strata thickness preservation and predominance
of palustrine facies associations (Pla-Pueyo
et al., 2009) with stromatolite development
towards the top (Fig. 4). This succession shows
mostly aggradation. Coarser facies (a and b1) of
the sandflat facies association show evidence for
bedload transport (flat bed and sheetfloods).
These deposits represent the episodic inflow of
siliciclastics and water from a distal alluvial fan
(Vandervoort, 1997) and aggradationally inter-

stratify with the biogenic and pedogenic lime-
stone facies (d and k). Palaeosol development
suggests a constant subsidence with few unal-
tered sediments. In this succession, the lime-
stone units record the subaqueous processes of
carbonate precipitation marking the flooding
events (Fig. 4), but these units also show fea-
tures of subaerial exposure. These short fre-
quency variations in single units are diagnostic
of an evaporative facies association where flood-
ing and exposure events are condensed into a
thin deposit; thus, this evaporative facies associ-
ation corresponds to an underfilled lake type
(Bohacs et al., 2000). This is also in agreement
with other geological features, including low
OM preservation and low-diversity biotic assem-
blages. However, the truly characteristic feature
of an evaporative facies association that has not
been found is evaporite development (Bohacs
et al., 2000). Rosen (1994) points out that in
playa-lake systems the development of evapor-
ites occurs when a hydrological system is closed
for surface water and groundwater. An open
groundwater system will not allow the accumu-
lation of ions to produce evaporites, even
though the surface drainage is closed. This
implies open groundwater flow for the Cerro de
las Cabras palaeolake, as has been confirmed
from geochemical data (Benavente, 2014).
According to the Bohacs et al. (2000) lake-type
model, underfilled lakes have persistently closed
hydrology for surface water. Rosen (1994) con-
firms that very few playa lakes are actually
closed to all water supply; playas that do not
accumulate evaporites have open throughflow in
subsurface groundwater. An example of ephem-
eral underfilled lakes without thick evaporite
layers is the Jurassic East Berlin Formation from
the Hartford rift basin of the USA (Gierlowski-
Kordesch & Rust, 1994; Bohacs et al., 2000).

Cerro Puntudo palaeolake

This system developed in the low gradient plain
of the ramp or platform margin of the rift at its
northern tip (Lépez-Gamundi & Astini, 2004)
with wide lateral drainage networks supplying
water + sediment. In these areas of moderate to
low subsidence (Gawthorpe & Leeder, 2000),
shallow lakes of very low gradient commonly
develop (Platt & Wright, 1991; Alonso-Zarza
et al., 1992; Pla-Pueyo et al., 2009; Alonso-Zarza
& Wright, 2010). Usually, these lakes are fed by
groundwater in arid and dry areas (Billi, 2007).
Six facies associations have been identified
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(Fig. 13): (i) distal alluvial fan; (ii) sandflat; (iii)
muddy sandflat to mudflat; (iv) carbonate chan-
nels; (v) palustrine limestones; and (vi) lacus-
trine limestones. These facies associations
represent six subenvironments that form part of
a lacustrine depositional system (Hardie et al.,
1978; Smoot & Lowenstein, 1991).

The alluvial-fan facies association is characte-
rized by coarse deposits that reflect the transi-
tion from tractive processes in confined flows of
the proximal fan to the more distal zone domi-
nated by sheetfloods (Fisher et al., 2008). The
supply of water and sediment was ephemeral, as
indicated by the abundant pedogenic features
(Fisher et al., 2007a). The sandflat is character-
ized by sheetflood deposits that reflect the
expansion of the turbulent flow from channeli-

zed flow near the source area to a distal flow
deceleration as water enters the lake margin
(Fisher et al., 2007a,b). The ichnofacies Skoli-
thos and Scoyenia described by Krapovickas
et al. (2008) have been identified as part of the
most distal zone of the alluvial fan in transition
to the sandflat. These ichnofacies are composed
of opportunistic organisms in soft and firm sub-
strates that allow them to thrive during flooding
periods (Gierlowski-Kordesch, 1991; Scott et al.,
2012). This is consistent with an unstable envi-
ronment that alternates between wet and arid
periods.

It is presumed that the thicker siliciclastic
mudrock to siltstone successions of the muddy
portion of the sandflat formed by accumulation
of tractive pedogenic aggregate transport (Gier-

/ CERRO PUNTUDO PALAEOLAKE \
. Palustrine )
Distal Sandflat and limestones Mudfiat Carbonate Lacustrine
aluvial fan mudflat channels limestones

Foot wall

- Conglomerate

Sandstone ¥ | Pedogenesis
Stromatolitic fabric

- Siltstone/Mudstone

- Horizontal lamination

T Limestone e | Oncolitic fabric
=== Planar cross-stratification <=0 | Nodular fabric

= | Mottled fabric 4 | Sphenophyta
<> | Ostracoda ¥ | Lycophyta
S | Charophyta % | Springs
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J

Fig. 13. Diagram (not to scale) with the palaeoenvironmental interpretation of the Cerro Puntudo Formation (Ani-

sian), Cerro Puntudo sub-basin (North), Cuyana Basin.
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lowski-Kordesch & Rust, 1994). Pedogenic mud
aggregates are formed in rift basins because of
the formation of expandable clays (smectite)
found in Vertisols that typically produce the
sand-sized peds (Talbot, 1994; Gierlowski-Kor-
desch & Gibling, 2002). In the Cerro Puntudo
sub-basin (north half-graben), the clay assem-
blage is dominantly smectitic and the climate
conditions are inferred as an arid regime with
seasonality. Deposits of the muddy sandflat are
thick (Fig. 8) which suggests equilibrated subsi-
dence and water + sediment supply along with
bedload transport of mud. These mudrocks were
previously interpreted as deposits of a deep lake
setting (Sessarego, 1986) and the lack of lamina-
tion was explained as a result of a non-stratified
palaeolake (Lopez-Gamundi & Astini, 2004).
However, the study of the mudrocks and muddy
siltstones at a microscale level has revealed
abundant pedogenic features (cracked mud
drapes, mudcrack systems and rhizoliths) and
interbedded sandy and muddy bedload, indicat-
ing that the fines were deposited from waning
flows as tractive pedogenic aggregates. Also, mi-
crobialites imply that biofilms stabilized the
substrate and were associated with Ca-rich flu-
ids. This supports a Ca-rich groundwater supply
probably linked to basement Palaeozoic lime-
stones or alkaline volcanics at very specific
points in the system, possibly through springs
linked to the half-graben faults (Scott et al.,
2007; Renaut et al., 2013). This groundwater
input is consistent with a humid playa lake (Li-
utkus & Wright, 2008).

Mineralogy corresponds to smectitic and illitic
clays with high analcime content. It is likely
that smectite was formed from diagenesis of the
abundant alkaline volcanic rocks in the area
(Cuadros et al., 1999; Deocampo, 2004) and its
presence points to an extremely seasonal palaeo-
climate (Scott et al.,, 2007; Wakelin-King &
Webb, 2007). Analcime also formed from diage-
netic alteration of alkaline volcanic rocks,
within alkaline waters (Boles & Surdam, 1979),
supporting the alkaline chemistry of the Cerro
Puntudo palaeolake.

Scarce channel bodies in the system are sandy
to micritic and their bedload is dominantly onc-
olites. Orientation of the channels is normal to
the rift bounding faults (Gawthorpe & Leeder,
2000), which implies that the channels were
secondary, not axial. These channels formed as
connections between the oncolitic ponds
sourced by groundwater and related to topo-
graphy (Winsborough et al, 1994; Amezcua

et al., 2012) with high water supply transporting
the oncolites as bedload (Nichols & Fisher,
2007).

The palustrine limestones precipitated under
subaqueous conditions but were subsequently
exposed (Freytet & Plaziat, 1982; Alonso-Zarza
et al., 2012) in the proximal carbonate mudflat,
in contrast to the lacustrine limestones that
show no features of subaerial exposure and dia-
genesis under subaqueous conditions. These two
subenvironments characterize the Ca-rich water
supply setting. Due to the tectonic context of the
sub-basin, including active faulting during the
early synrift, it is likely that the Ca-rich waters
were supplied through springs (Liutkus et al.,
2010). Presence of sedimentary structures inter-
preted as possible discharge aprons in the palus-
trine facies (k) supports this possibility (Renaut
& Tiercelin, 1994; Jones & Renaut, 2010). Car-
bonate precipitation in spring areas is favoured
by rapid degasification (CO, loss; Renaut et al.,
2002) and also in this case the micro-organisms
would have been involved in the process
through induced biogenic precipitation (Arp
et al., 2005; Dupraz et al., 2009). Moreover, in
this spring-sourced facies (k), the presence of
spherulites might indicate the possibility of
hydrothermal groundwater (Renaut et al., 2013).

The subenvironments described form part of a
playa-lake system (Rosen, 1994). Development of
crystalline efflorescent crusts suggests that the
water discharge at the surface was balanced by
evaporation. Contrary to what is commonly
thought, crystalline crusts depend on the
amount of discharged water to the surface from
shallow groundwater; this commonly occurs in
throughflow playa lakes (Rosen, 1994).

In the sedimentological log (Fig. 8), a domi-
nantly aggradational stacking pattern is identi-
fied. The distal alluvial-fan facies (a and b) and
the sandflat facies (c and d) accumulate aggrada-
tionally with the biogenic limestones in the
ramp or platform margin of the basin. In general,
in the succession a minor retrogradational ten-
dency can be seen from metres 0 to 2-5 of the
log (Fig. 8) which can be linked to an increase
in subsidence. From that point towards the top
(point A, Fig. 8) several shallowing-upward
assemblages can be seen, where the sediments
with pedogenic and exposure features (e and f)
represent shallowing and the limestones (k) rep-
resent deepening that allowed stromatolite for-
mation. However, towards the top of the
sedimentological log (point A, Fig. 8), limestone
units thin and exhibit exposure features (i and
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j). This trend could indicate a decrease in subsi-
dence. Towards the top of the lake succession
(point A’, Fig. 8), the channelized flows (g and
h) reflect spring water flowing downhill, per-
haps as a result of a series of block faults along
the margin of the basin (Winsborough et al.,
1994; Amezcua et al., 2012). Subsequent units
of the lacustrine limestone facies association (Il
and m) provide evidence of the most significant
deepening of the lake system (22 to 30 m,
Fig. 8), corresponding to the highest subsidence
recorded in the succession. The thickening-
upward units of facies (m) also indicate increas-
ing subsidence. Minor progradation might be
recorded as sheetflood deposits reach the sub-
aqueous deposits of the margin of the palaeo-
lake, as in two points in the sedimentological
log (5 to 10 m and 35 to 38 m, Fig. 8). An aggra-
dational-progradational stacking pattern com-
monly defines a fluctuating profundal facies
association diagnostic of a balanced-fill lake
type (Bohacs et al., 2000). This is in agreement
with the freshwater to salinity tolerant biotic
assemblage found for the unit composed of cy-
anobacteria, charophytes and ostracods. Geo-
chemical data point to an open hydrology for
the lake system (Benavente, 2014) that character-
izes balanced-fill lakes during the time when the
accommodation space mainly equilibrated with
the water + sediment supply. More detailed
sampling is needed to recognize the occasionally
closed hydrology. Nevertheless, the progradation
in this succession is minor but is commonly
linked with palustrine systems in playa lakes
(Fregenal-Martinez & Meléndez, 2010). The
restricted areal extent of the studied succession
cannot confirm this lake-type interpretation.
More studies are required to determine whether
the Cerro Puntudo indeed can be interpreted as
a balanced-fill lake type.

Development of palaeosols and their thick-
nesses are linked to times when subsidence sur-
passes water + sediment supply with
considerable periods of exposure (Pla-Pueyo
et al., 2009; Alonso-Zarza et al., 2012). However,
palaeosol thickness does not increase towards
the top of the succession while the development
of subaqueous facies does increase (k and m).
This indicates a balance between the increment
in subsidence and the water + sediment supply
up to a point (A’ to 30 m, Fig. 8), and then
again a diminution in the water + sediment sup-
ply. These variations in subsidence were proba-
bly linked to the tectonic pulses of the synrift
stage.

Markov Chain analysis has shown that the
facies transitions are random here as well. This
is probably related to particular characteristics
of playa-lake systems, in which the hydrology
and groundwater supply are very important fac-
tors in the variations of the setting. In this sys-
tem, it is most likely that the facies transitions
are determined by the hydrological fluctuations
rather than by Walter’'s Law (Rosen, 1994).
Hydrological fluctuations were probably related
to the tectonic instability of the synrift stage as
well as climate variations through time.

Tectonic versus climatic sedimentary control

The portion of the Cuyana rift studied here
consisted of two half-grabens (north and south;
Legarreta et al.,, 1992; Loépez-Gamundi, 2010;
Barredo et al., 2011) with opposing master fault
positions (Loépez-Gamundi, 2010). This pattern
is similar to the tectonic structure of the East
Africa rift system (Cohen, 1990; Renaut & Tier-
celin, 1994). In this context, in the Potrerillos
sub-basin (southern half-graben) the master fault
is located to the west and in the Cerro Puntudo
sub-basin (northern half-graben) it is located to
the east.

The Cerro de las Cabras palaeolake developed
in the Potrerillos sub-basin near the transfer
zone of the basin (southern half-graben) while
the Cerro Puntudo palaeolake developed at the
ramp or platform margin of the (northern half-
graben) rift. These zones are similar from a
tectonic point of view since both represent the
lowest subsidence ratios in the basin (Cohen,
1990; Fig. 14). Lopez-Gamundi & Astini (2004)
interpreted the Cerro Puntudo Formation as the
infilling of a relatively low accommodation zone
in the rift. Moreover, this low accommodation
zone most probably represents the northern tip
of the rift (Lépez-Gamundi & Astini, 2004).

Patterns observed in both studied formations
can be caused by tectonics combined with cli-
matic factors (Carroll & Bohacs, 1999; Bohacs
et al., 2000; Alonso-Zarza et al., 2012). In the
studied successions, the stacking pattern reveals
mostly aggradation alternating with minor pro-
gradation indicating moderate increasing subsi-
dence with accompanying water + sediment
supply. Aggradational and minor progradational
patterns reflect pulses of major subsidence
accompanied by the supply and pulses of subsi-
dence surpassing the supply, respectively.
Changes in subsidence controlled by tectonics
during the synrift influenced palaeohydrological
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CUYANA RIFT BASIN

Fig. 14. Diagram (not to scale) of the Potrerillos sub-basin (South) and Cerro Puntudo sub-basin (North) with car-
bonate lacustrine systems development in the tectonic setting of the Cuyana Basin rift, Mendoza and San Juan
provinces, Argentina. Only the sedimentary infill that represents the studied systems has been included. Modified

after Legarreta ef al. (1992).

fluctuations and affected the variable stacking
pattern and facies transitions. In this stage, the
existence of numerous isolated sub-basins of
limited extent is common (Gawthorpe & Leeder,
2000). Tectonics influenced the drainage net-
works, the palaeotopography and the location of
springs, among other features. However, this
does not rule out a climatic influence most prob-
ably affecting the phreatic level fluctuations and
surface-water input. Additional geochemical
studies will aid in clarifying climatic influence.
Nevertheless, the evidence provided points to a
strong tectonic control reflected in subsidence
pulses that conditioned sedimentation. The

strong seasonal climate with extensive subaerial
exposure may have been influenced by a regio-
nal rain shadow in a subsiding basin.

In order to frame a model for carbonate accu-
mulation in continental rifts, a comparison to
two other examples in the geological record
from Europe is summarized in Table 5: the Mio-
cene deposits of the Teruel Graben (Spain;
Alonso-Zarza et al., 2012) and a Triassic succes-
sion in the Germanic Basin (Arp et al., 2005).
Calcium-rich lakes associated with alluvial red
siliciclastic mudrocks in the Teruel Basin con-
tains facies similar to those in the Cuyana Basin,
including similar palustrine structures, like
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cracks, mottling and nodules, and lacustrine wa-
ckestones and floatstones; however, they also
record some high-energy carbonates as well
(packstones and rudstones). The interpreted
high energy, ramp-like Miocene palaeolake is
located in the escarpment region along the bor-
der fault. This is opposite to the location with a
lower gradient palaeoenvironment of the two
studied palaeolakes of the Triassic Cuyana rift
basin. Calcium-rich playa-lake systems also are
present in the Triassic Arnstadt Formation in
the extensional Germanic Basin (Arp et al,
2005). The Arnstadt Formation carbonates are
dominated by mainly dolomitic facies, espe-
cially the pedogenic and groundwater dolo-
cretes. Clearly the Mgrich lower Triassic
sediments influenced the chemistry of the Nori-
an lake waters in this German basin. All of three
the rift basins have carbonate source rocks to
supply the Ca needed for thick carbonate accu-
mulations (after Gierlowski-Kordesch, 1998;
Gierlowski-Kordesch et al., 2008; Gierlowski-
Kordesch, 2010; Alonso-Zarza et al., 2012)
whether through surface water or groundwater.
Variability in the locations of palustrine and
lacustrine carbonate deposits within two of the
rift basins (Table 5) show that carbonate envi-
ronments can exist anywhere in a rift basin as
long as the sediment input is dominated by
localized spring activity or overland erosion of a
mostly carbonate landscape, perhaps linked
with the binding of fine siliciclastic muds into
pedogenic mud aggregates (Gierlowski-Kordesch,
1998; De Wet et al., 2002; Renaut et al., 2013).
Clearly provenance and hydrology are key con-
trols in carbonate accumulation in continental
rift basins.

Palaeohydrology

Although the Cerro de las Cabras and Cerro
Puntudo palaeolakes provide abundant evidence
indicating subaerial exposure, the described pal-
aeosols contain remains of a well-developed
vegetation cover including herbaceous hygro-
phytes, sphenophytes and lycopsids (Mancuso,
2009). This suggests that, even though the local
conditions in the half-grabens were arid, the pal-
aeosols contained sufficient humidity to allow
such vegetation cover (i.e. a high groundwater
table in that area of the rift); which supports
humid playa-lake types (Liutkus & Wright, 2008)
with differing hydrological balances (Rosen,
1994). However, the rift context was arid and
the surface water + sediment supply was scarce

and ephemeral (Hardie et al., 1978). The Cerro
de las Cabras underfilled palaeolake probably
had an open subsurface hydrology allowing
throughflow of ions. This condition prevented
the accumulation of thick evaporites because
usually, in this type of system, the evaporation
and the water supply ratio are in equilibrium
(Rosen, 1994). The Cerro Puntudo palaeolake
was also a hydrological open system at some
time during its lifetime, both to surface water
and to groundwater supply. In both cases, the
groundwater fluctuations that controlled the
changes in the palaeolake level could be linked
to tectonics as well as climate.

The extensive carbonate sedimentation can be
linked to groundwater sources because of the
sedimentary features confirming groundwater
discharge at the surface and a lack of limestone
deposits in proximal sandflat areas, ruling out a
clastic overland supply of carbonate (see Gier-
lowski-Kordesch, 2010). This fact points to
springs linked to faulting (Winsborough et al.,
1994; Amezcua et al., 2012) because groundwa-
ter circulation in rifts is affected by fault geome-
try (Jones & Renaut, 2010). Moreover, springs
sustain limited lakes and ponds in areas affected
by volcanism as is the case for some lakes of the
East Africa rift (Renaut et al., 2002). In the case
of the Cerro Puntudo Formation, a discharge
apron area has been identified, supporting a
groundwater supply through springs and a com-
plex palaeohydrology of the sub-basin (Renaut
et al., 2002). It is most likely that these systems
formed in the lowest areas of the basin fed by a
high water table in the nearby rift shoulders
(Renaut et al., 2013). Groundwater level fluctua-
tions caused pedogenesis and subaerial exposure
of the deposits (Meléndez et al., 2009).

Palaeoclimate

Microflora studies for the Middle Triassic of
Argentina show an affinity with the Ipswich mi-
croflora assemblage defined for Australia (Zavat-
tieri & Batten, 1996; Zamuner et al., 2001). This
type of flora has been linked to temperate-warm
to colder climate conditions (Zamuner et al.,
2001). A subtropical seasonal regime with wet
summers and dry winters (Artabe et al., 2001;
Stipanicic & Volkheimer, 2002) has been pro-
posed for the central-west Triassic basins of
Argentina. However, for the Cuyana Basin, com-
plex rift tectonics pushed the local climate con-
ditions  towards  aridity = (Stipanicic &
Volkheimer, 2002). In the Cerro de las Cabras
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and Cerro Puntudo formations, the abundant
vertic soils indicate seasonality most probably
caused by the rift topographic features inducing
a rain shadow effect. Nevertheless, the presence
of sphenophytes and lycopsids (Mancuso, 2009)
confirm the existence of a wet season sustaining
a high water table in some areas. This is indeed
in agreement with the sedimentological, miner-
alogical and palaeontological data found for the
half-grabens of the Cuyana Basin. Moreover, in
the southernmost point of the Southern Hemi-
sphere (Patagonia), during the Triassic, a typical
warm-temperate climate (dry summers—wet win-
ters) is recognized through the reconstruction of
phytogeographic provinces (Scotese et al., 1999;
Quattrocchio et al., 2011).

CONCLUSIONS

In the Potrerillos (southern) and Cerro Puntudo
(northern) sub-basins of the Cuyana rift basin
two carbonate palustrine-lacustrine depositional
systems have been characterized as playa lakes
with abundant microbialites. These systems
were independent, were fed by a spring system
and developed in moderate subsidence areas of
the rift. Development of the lake systems in low
to moderate accommodation tectonic settings
with a Ca-rich hydrological provenance contri-
butes new information on facies modelling for
carbonate sedimentation in rift basins.

The Cerro de las Cabras system represents a
sandflat and mudflat, and a carbonate palustrine
setting with evidence of ephemeral conditions.
However, the palaeosol characteristics indicate a
rising water table. The Cerro Puntudo system,
linked with a distal alluvial fan, formed a sand-
flat, muddy sandflat to mudflat, a carbonate
palustrine setting, carbonate channels and a car-
bonate lacustrine subenvironment. The evidence
for ephemeral conditions is widespread, except
in the lacustrine facies where mineralogy sup-
ports alkalinity of lake waters. Mineralogy sup-
ports seasonally arid conditions for both
palaeolake systems (wet and dry periods); this
agrees with global palaeoclimatic models for the
Triassic, taking into account the local effects in
the rain shadow areas of the Cuyana rift. In both
palaeolake successions, it is possible to recog-
nize increasing subsidence through time.

The Cerro de las Cabras and Cerro Puntudo
microbialites were formed by filamentous cyano-
bacteria. Autotrophic algae were found in asso-
ciation with Charophyta algae and ostracods.

These micro-organisms passively induced the
biomineralization of the structures (biologically
induced precipitation). The limiting factor for
the process was the availability of Ca, primarily
sourced by Ca-rich groundwater, not by eroding
limestone in the surface drainage area.

The dominantly aggradational stacking pat-
terns of the Cerro de las Cabras succession char-
acterize an underfilled playa lake with open
subsurface hydrology. In this case, the stacking
pattern and biota strengthen the interpreted
underfilled lake type. Underfilled lakes without
thick evaporite accumulations may be closed to
surface-water supply but open to groundwater
movement. The Cerro Puntudo aggradational-
minor progradational succession is difficult to
interpret due to lack of outcrop exposure across
the basin to confirm a balanced-filled lake inter-
pretation, although palaeontological and geo-
chemical data support it. Nevertheless, both
cases show that playa-lake systems have facies
arrangements forming complex mosaics (random
successions as confirmed by Markov Chain
analysis) mainly determined by palaeohydrologi-
cal fluctuations dependent on climate and tec-
tonics in concert (see Bohacs et al., 2003).

Comparison of the Ca-rich systems studied
with similar ones in other extensional basins
strengthens the need for an integrated sedimen-
tary model considering palaeohydrology and
provenance as important controls on sedimenta-
tion patterns. Application of these concepts to
other rift basins globally will aid in developing
new carbonate sedimentation models for fresh-
water limestones in extensional settings.
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