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Abstract The Triassic Cuyana rift basin of west-

central Argentina is composed of several asymmetric

half-grabens with sedimentary fill representing diverse

fluvial-lacustrine systems from the syn-rift to post-rift

phases of the basin. The Santa Clara Arriba Formation

(SCAF) consists of Triassic continental deposits crop-

ping out at Santa Clara Creek which represents

deposits of the Santa Clara subbasin located in the

middle area of the rift basin. Integrated sedimentology

and palynology studies of the SCAF have recognized a

deltaic-lacustrine system where low delta plain and

prodelta-lacustrine facies associations characterize the

depositional setting during the final stage of rifting.

Sedimentologic features of the sandstone bodies

entering the lake suggest a low-gradient deltaic system.

The organic matter (OM) rich lacustrine facies and its

palynofacies support a stratified lake interpretation.

The sedimentology and palynology suggest that the

SCAF paleolake was a shallow overfilled lake. Paly-

nostratigraphic analysis constrained a late Triassic

(Carnian-early Norian) age for the SCAF, providing

for the first time a framework for the last infill of the

Santa Clara subbasin of the Cuyana rift basin.

Keywords Upper Triassic � Carnian-early Norian �
Rift � Carbonates � Lacustrine

Introduction

The sedimentary successions of the Triassic Cuyana

rift basin, located in west-central Argentina, have been

thoroughly studied at the Potrerillos-Cacheuta sub-

basin (50 km NW of Mendoza city). The sedimentary

infill constitutes the Uspallata Group (Rolleri and

Criado Roqué 1968; Kokogian et al. 1999; Spalletti

1999; Chebli et al. 2001; Stipanicic 2001). An

uppermost unit of the Uspallata Group, known as

Cacheuta Formation, is the main source rock of the

basin, thus motivating the initial studies in that area

(Rolleri and Criado Roqué 1968; Kokogian and
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Mancilla 1989; Kokogian et al. 1999). On the other

hand, the absence of hydrocarbon in other subbasins,

like the Cerro Puntudo area (70 km SW of San Juan

city) (Benavente et al. 2015) has caused them to

remain less explored. In this regard, a particularly

interesting zone is the Santa Clara subbasin, located in

the east-central area of the rift basin, whose study will

be important to understand the paleohydrology pat-

terns linked to sedimentation in the rift basin since its

deposits consist mainly of fluvial-lacustrine sediments

(Harrington 1971).

The combined analysis of the sedimentary organic

matter, the palynomorph content, and the sedimento-

logic data of the sedimentary successions provides

more complete information to interpret the deposi-

tional settings of sedimentary infill (Tyson 1993;

Batten 1996; Batten et al. 2005; Sabato et al. 2005).

The composition and distribution of dispersed micro-

scopic organic matter particles and palynomorphs

reflect the paleoenvironmental conditions that influ-

enced their production in the original settings, trans-

port to depositional sites, burial, and post-depositional

changes. The integration of that information and

sedimentology data in the context of lacustrine system

controls (tectonics and climate) allow an integrated

understanding of ancient continental depositional

systems (Gierlowski-Kordesch and Kelts 1994).

In the Santa Clara subbasin, the Triassic units

constitute the El Peñasco Group (Stipanicic et al.

2002; Spalletti and Zavattieri 2009), represented by

3000 m thick exposures of mainly fluvial-lacustrine

deposits exposed in the Montaña and Santa Clara

creeks (Harrington 1971) (see Fig. 1). The main focus

of the present study is the paleoenvironmental recon-

struction of the Santa Clara Arriba Formation (SCAF)

(Harrington 1971) in order to understand the paleolake

evolution in space and time in its tectonic and climatic

context during the post-rift stage of the Cuyana basin.

Moreover, we analyze the palynofacies as a comple-

mentary indicator of the depositional environment of

the SCAF to characterize its organic content and what

is more important, well-preserved spore-pollen assem-

blages are analyzed for dating purposes.

Geologic setting

The Cuyana rift basin consists of several asymmetric

half-grabens (Legarreta et al. 1992). It is located in the

Precordillera geologic province (Spalletti and Zavat-

tieri 2009), extending 600 km from the northern Cerro

Puntudo subbasin in San Juan province to the southern

Mendoza province (Strelkov and Alvarez 1984; Spal-

letti 2001; Barredo et al. 2011). Its sediments are

entirely continental and represent the Triassic infilling

(Stappenbeck 1910; Stipanicic 1947; Groeber and

Stipanicic 1953; Spalletti 2001).

The Santa Clara subbasin, is part of the central

area of the rift and is located north of Mendoza

province near the border with San Juan province

(Fig. 1). In this subbasin, the deposits of the Peñasco

Group (Cortés et al. 2003; Spalletti and Zavattieri

2009) are formed by the Cielo, Mollar, Montaña,

Santa Clara Abajo, and Santa Clara Arriba Forma-

tions (Fig. 1) (Spalletti and Zavattieri 2009). The

Peñasco Group overlies Paleozoic deposits (Fig. 1).

The SCAF (Harrington 1971) is composed of 1050 m

of sandstones, siltstones, and mudrocks with tuffa-

ceous sandy interbeds, outcropping at Yaguané hill

(Harrington 1971) (Figs. 1, 2).

The paleontology of the Peñasco Group is mainly

comprised of paleoflora and vertebrate remains (Ne-

sossi 1945; Römer 1966; Rolleri and Criado Roqué

1968; Harrington 1971; Stipanicic 1983; Stipanicic

et al. 2002; López-Arbarello and Zavattieri 2008).

Vertebrate remains confirm a Triassic age due to the

presence of fishes with affinities with Middle Triassic

groups of the North Hemisphere (Bordas 1944).

Moreover, trackways from basal archosaurs confirm

a Middle and Late Triassic age (Anisian-Carnian)

(Römer 1966; Baldoni 1972). Most recent studies

include a sedimentologic characterization of the

lowermost lacustrine unit (Mollar Formation) (Spal-

letti and Zavattieri 2009) and several contributions

regarding the paleontologic content in the middle

lacustrine unit (Santa Clara Abajo Formation) (López-

Arbarello and Zavattieri 2008). However, a more

precise dating of the SCAF is lacking.

Materials and methods

A detailed sedimentary log of the SCAF was measured

at its type locality (Yaguané hill) (see Fig. 1) with

color descriptions following the Rock Color Chart of

the Geological Society of America (Goddard 1980). A

total of 34 outcrop samples were taken. Fifteen

samples were polished as slabs at the Laboratorio de
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Rocas, IANIGLA, Mendoza city, and made into

standard thin sections at the Laboratorio de Cortes,

Universidad Nacional de San Luis. Polished slabs

were viewed under a low magnification microscope

(Nikon NI-150 SMZ 1000) and thin sections under a

petrographic microscope (Olympus BX-51).

Fig. 1 Location map, geologic map, and stratigraphy of the Santa Clara subbasin, which is in the center region of the Cuyana rift basin,

Argentina
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The nineteen remaining samples were used for

palynofacies and palynostratigraphic studies from

which seventeen samples were digested using con-

centrated HCl and HF and part of the resulting organic

matter residue (kerogen) was used to produce ‘‘paly-

nofacies slides’’ (after Batten 1982; Tyson 1993). The

term palynofacies (Combaz 1964) is used to describe

the composition of acid-resistant sedimentary organic

matter (SOM) per layer. The remainder organic

residue was prepared according to standard techniques

for systematic palynology studies (Volkheimer and

Melendi 1976). The relative numbers (%) of the

organic matter (OM) constituents were calculated

(SOM after Tyson 1993) on 500 total particles counted

under 209 magnification on ‘‘palynofacies slides’’

where material was sieved by a 10 lm mesh. The

percentages of sporomorphs and organic walled-

microphytoplankton were calculated on 300 count

palynomorphs as a minimum (Electronic Supplemen-

taryMaterial [ESM] Figure 4a, b). The values given in

ESM Figures 1–3 represent the relative proportions of

each constituent used for the analysis trends. Their

percentages (%) were calculated using the statistical

program PAleontological STatistics (PAST) by Ham-

mer et al. (2001). The palynofacies associations were

discriminated using a combination of qualitative

(optical data) and quantitative (relative abundances/

percentage proportions of OM components) criteria to

categorize phytoclasts and palynomorphs (Table 2)

according to Batten (1996) and Batten et al. (2005).

Their distribution was analyzed through the outcrop-

ping section stablishing the relationships between

organic components per sample, and the SOM prove-

nance (according to their terrestrial/lacustrine index).

The palynologic slides are housed in the Paleopa-

lynological Slide Collection of the IANIGLA, CCT-

CONICET-MENDOZA, Argentina under numbers:

MPLP 3318–3336 (Mendoza-Paleopalinoteca-Labo-

ratorio de Paleopalinologı́a). The microscopic study

was done with a transmitted light microscope (Olym-

pus BX50) and the photomicrographs were taken with

an Olympus digital camera. Coordinates of specimens

are denoted by an England Finder (EF) reference.

Results

Sedimentology

The lower section of the SCAF contains fine sandstone

to siltstone layers with wavy bedding, trough cross-

stratification, and ripple cross-lamination in 0.5–2.0 m

thick units. They constitute 50–100 m thick packages

alternating with siltstones and rarely mudstones for a

total 800 m thickness. The upper section of the unit

consists of stratified, very fine sandstones that alter-

nate with organic-rich finely-laminated mudrocks

(Fig. 2). This latter is the focus of this contribution

(Fig. 3a). Details about the facies defined for the entire

formation (lower and upper sections) are presented in

Table 1 and a brief overview of the facies associations

follows.

Facies associations

Facies association a

This facies association is represented by facies St–

Sw1–Sra1–Srs–Fh–Fc–Tl (Table 1; Fig. 3b–e) and

characterized by very fine to medium, poorly to well

sorted sandstones, grayish orange (10YR7/4) in color.

They form tabular to lenticular strata and 0.5–5 m

thick units, and are laterally continuous for several

tens of meters with inclined bedding and sharp to

erosive bases (Fig. 3b). Tabular to lenticular layers are

composed of wavy bedding defined by muddy silt-

stone alternating with fine sandstone (Sw1) (Fig. 3c)

and sandstones with ripple cross-lamination (Sra).

Symmetric ripples (Srs) are commonly associated with

Sw1. Facies Sw1 presents vertical tubes (Fig. 3d),

5 cm long and 1 cm wide with passive infill (Fig. 3e).

Facies Sw1, Srs, and Sra form units up to 25 m thick

and are capped by thin (2 cm) pale green (5G7/2)

siltstones with plant remains, vertebrate footprints,

and tubes (Fh). Also associated with these facies are

thin (0.2 m) coaly mudstone (N1) interbeds (Fc).

Sandy, lenticular, laterally amalgamated layers of 1 m

thick, show trough cross-stratification (St). Tuffaceous

sandstones (Th) are interbedded with facies Fh (Fig. 2,

17 m).

Interpretation Trough cross-stratifed sandstones

(St) forming sandy lenticular and laterally amalga-

mated bodies represent channelized tractive flows

bFig. 2 Stratigraphic log of the Santa Clara Arriba Formation in

the Santa Clara subbasin, Cuyana rift basin, Argentina (Location

of log is shown in Fig. 1)

J Paleolimnol

123



J Paleolimnol

123



likely associated with a tributary fluvial system. Coaly

mudstones interbedded with St are interpreted as

suspension settle-out deposits formed in ponds or

lakes within floodbasins laterally adjacent to distribu-

tary channels on the delta plain (Nadon 1994;

Makaske 2001) with high OM accumulation. Sw1

and Sra forming sheet-like sandstones indicate non-

channelized tractive flows entering a body of water,

probably a lake on a lower delta plain (Benvenuti

2003; Rajchl et al. 2008; Barrier et al. 2010; Bos

2010). Fh facies points to suspension settle-out

processes from waning tractive flows entering a body

of water (Larsen and Smith 1999) or simply overbank

flow into lake flood basins from channel tributaries

(Makaske 2001; Stoner and Holbrook 2010). Srs show

wave reworking processes on sand within the delta

front (Nadon 1994). Mudcracks, interpreted as desic-

cation cracks, within the muddy siltstone layers in the

wavy bedding (Sw1) indicate short periods of expo-

sure between sedimentation events. On the other hand,

vertebrate footprints indicate that the delta plain lake

was not very deep. The vertical tubes in Sw facies are

interpreted as invertebrate burrows within the lake of

the lower delta plain. Since outcrop is not well

exposed being interrupted by faults, this interpretation

is preliminary.

Facies association b

This facies association includes facies Sw2–Sra–Fl

(Table 1; Fig. 3f–h) and is characterized by finely

laminated mudrocks (Fl) of black color (N1) and

0.05–2.50 m thick with laminae 0.5 mm thick

(Fig. 3f). The mudrocks have plant remains and fish

scales and also pyrite-rich concretions from 5 to 20 cm

in diameter that grew along layers horizontally

(Fig. 3g). Thin sections of Fl facies show abundant

OM aggregates preserved with pyrite (Table 1, ESM

Figure 5, 32). These aggregates are characterized by

rounded dark and opaque centers and they are

approximately 10 lm in diameter. The mudrocks are

interbedded with thin (2 mm), laterally lensoid and

discontinuous layers of very fine sandstone from the

lithofacies Sw2 and Sra. In thin section, this very fine

sandstone/muddy siltstone (Sw2 facies) also has thin

(40 lm) laminae of micrite (Fig. 3h). Thin sections of

the Fl show spar infilling vugs and voids (Fig. 3i).

Interpretation Fl was deposited as suspension

settle-out plumes in the offshore of the paleolake.

Thin layers of Sw2 and Sra interbedded within Fl

indicate minor contribution of tractive flows into the

nearshore area dispersing sediment to the profundal

zone characterizing the transition from the prodelta

sedimentation towards the offshore (Fig. 2, 450 m,

arrow; Fig. 3a, arrow) (Horton and Schmitt 1996). In

this area, tractive flows from the delta front serve an

underflows onto the lake bottom (Sturm and Matter

1978; Cohen 1990; Johnson and McCave 2008). The

OM aggregrates found in Fl are formed by coccoid

algae remains that were preserved from oxidation. The

spar in Fl is interpreted as secondary cement infilling

vugs and voids. Micritic wavy laminae in Sw2 facies

are interpreted as algae biofilms that favored substrate

biostabilization (Noffke et al. 2001).

Depositional setting

The overall depositional setting proposed for the

SCAF is a lower delta plain (facies association a)

associated with prodelta deposits in a lacustrine

system (facies association b). This might point to a

gentle-sloped delta entering a shallow paleolake

(Hamblin 1992; Rajchl et al. 2008), and could explain

the lack of a facies association representative of the

delta front subenvironment (Kroonenberg et al. 2005)

in the low delta plain-prodelta-lacustrine facies tran-

sition found for the SCAF. That type of delta-

lacustrine system is common in the hinge margins of

rift basins during the sag stage (Hamblin 1992; Liu and

Yang 2000), though a post-rift stage it is presumed for

bFig. 3 Outcrop photographs and thin sectionmicrophotographs

of the facies associations defined for the Santa Clara Arriba

Formation (late Triassic), at the Santa Clara subbasin, Cuyana

rift basin. a General overview of the upper section of the SCAF

showing the change in the stacking pattern from progradational

to aggradational (arrow) and again to progradational (arrows).

b–e Photographs of facies association a. b Tabular to lenticular

sandstones (line) with sharp bases and associated with Sw1 and

Sr with abundant vertical tubes disrupting lamination. c Detail

of b showing Sw1 disrupted by vertical tubes (arrow). d Plane

view of silt drapes with abundant polygonal desiccation cracks

and cross-sections of tubes. e Detail of the vertical tubes

disrupting lamination in Sw1 facies showing passive infill. f–
i Photographs of facies association b. f Detail of very fine

lamination in the OM-rich mudstones of Fl facies. g Variable

size pyrite-rich concretions aligned in the Fl facies. hMicropho-

tograph showing the micrite lamination (arrows) in a very fine

silty sandstone of the Sw2 facies. Scale is 2 mm. i Micropho-

tograph showing spar intergrowth in the OM-rich mudstones of

the Fl facies. Scale is 2 mm
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the SCAF deposits in agreement with the tectonic

framework of the Cuyana rift, which did not reach a

sag stage (Kokogian and Mancilla 1989; Barredo et al.

2011). Furthermore, sedimentation in delta systems of

the hanging wall has been characterized as fine-

grained deposits forming fewer, thicker, and sandier

sequences than in the foot wall of rifts (Hamblin 1992;

Soreghan and Cohen 1996). This is consistent with the

proposal of the SCAF as being the infill of the Cuyana

rift during late Triassic coincident with a post-rift

stage of the basin. This lacustrine systemmay be of the

overfilled type since a large river system is connected

to a freshwater lake (Bohacs et al. 2000, 2003; Bohacs

2012). These type of lakes are formed within a tectonic

basin as subsidence slows and the accommodation rate

decreases, like during an early post-rift stage. A

shallower basin would allow drainage to remain open

and thus enabling overfilled lake conditions.

Palynology

Palynofacies analysis

Different components (palynomorphs, phytoclasts and

amorphous organic matter [AOM]) and their features

(size, shape, state of preservation) were identified in

the palynofacies (Table 2; Fig. 4a–l). For the prodelta-

lacustrine lithofacies associations, four groups of

samples (Palynofacies assemblages A–D) (Figs. 4m–

x; ESM Figure 3) were recognized. However, there

are transitional characteristics of the organic compo-

nents among established palynofacies assemblages.

Palynofacies A (samples 3319, 3320, 3334, 3335,

3336) (Fig. 4m–o; ESM Figures 1–3) It is

characterized by highly terrestrial components.

Common brown biostructured plant debris (woody

particles, tracheids, cuticles and other tissues) occur

together with translucent plant tissues and a high

proportion of diverse terrestrial palynomorphs in good

preservational state (Fig. 4m–n). Gymnosperm pollen

(saccate and sulcate) dominates over diverse

pteridophytic and bryophytic spores (commonly in

tetrads); the ephedrale polyplicate grains are also

common (ESM Figure 4). Samples 3319 and 3320

have the highest amount of vascular palynomorphs

(Fig. 4m–o; ESM Figure 3). Sample 3336 presents

organic vascular plant debris (mainly palynomorphs

and woody fragments) highly corroded and obliterated

by pyrite crystals (Fig. 4o). The AOM is mainly

fibrous to membranous and in less proportion than in

the other palynofacies assemblages. Unstructured

debris (black and brown-dark phytoclasts) are minor

components; however, the ratio of opaque and

translucent phytoclasts fluctuates between these

samples (ESM Figures 1–3).

Interpretation The relative abundance of sporo-

morphs with respect to other palynomorphs (espe-

cially microphytoplankton) indicates proximity to

terrestrial sources. Sporomorph concentrations cap-

able of diluting all other components are also generally

restricted to the vicinity of active fluvio-deltaic

sources (Tyson 1993). The iron supply along with

bacterially-favored syngenetic formation of pyrite

occurs from OM decomposition (Martin 1999). The

palynofacies represents the highest percentage of total

terrestrial material interpreted as fluvial input to the

lacustrine depositional environment associated with

the prodelta subenvironment of the SCAF paleolake

(Fig. 5).

Palynofacies B (samples 3321, 3322, 3329, 3330)

(Fig. 4p–r; ESM Figures 1–3) The fibrous and

spongy AOM is the dominant component in this

assemblage (69 up to 86 %), mostly in dispersed

fragments rather than in masses or clottes.

Biostructured brown to dark-brown phytoclasts are also

common (Fig. 4p; ESM Figures 1–3). Unstructured

phytoclasts (brown–black fragments) are comparatively

fewer in proportion than in palynofacies A, and black

debris are scarce. Well preserved gymnosperm pollen

grains are abundant components (Fig. 4 p–q; ESM

Figures 1–3); pteridophytic tetrad spores are also

observed. The aquatic component is mainly represented

by Botryococcus colonies (Fig. 4l, r; ESM Figure 4).

Interpretation This palynofacies exhibits high ter-

restrial input (Fig. 4p–q) suggesting that the degrada-

tion of terrigenous organic components contributed to

the production of AOM and the palynofacies assem-

blages contain phytoclasts that suggest transportation

due to their highly oxidized state (Fig. 4p). However,

the presence of algal components (Fig. 4r), which are

absent in Palynofacies A, points to a more lakeward

subenvironment (Fig. 5). Botryococcus is a chloro-

coccalean green algae that characterizes lacustrine,

fluvial, and deltaic facies in continental sequences.
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Palynofacies C (samples 3318, 3324–3328, 3331)

(Fig. 4s–u; ESM Figures 1–3) It is dominated by

spongy and fibrous highly degraded AOM forming

large masses or aggregates that include angular and

small black–brown fragments and opaque particles

(Fig. 4s–t). Rounded or angular opaque equidimen-

sional phytoclasts (highly oxidized) occur together

with degraded unstructured particles indicating

transport (samples 3324–3328, 3331). Scarce woody

fragments and other structured terrestrially-derived

organic debris are minor constituents (Fig. 4s–u; ESM

Figures 1–3). Palynomorphs (gymnospermous pollen

grains) are also very scarce and poorly preserved

(ESM Figures 4a–b).

Interpretation Highly degraded AOM points to

aerobic degradation and/or to indicate a trend to

increasingly reducing conditions where its high per-

centage is attributed to high dysoxic-anoxic microbial

productivity. Tyson (1993) indicates that high per-

centages of AOM reflect enhanced preservation under

reducing conditions and sedimentation from active

sources of terrestrial organic matter. This interval can

be interpreted as a relatively shallow, high-energy

subenvironment with terrestrial organic input and

reducing conditions in more profundal conditions in

the SCAF paleolake (Fig. 5).

Palynofacies D (sample 3323) (Fig. 4v–x; ESM

Figures 1–3) This palynofacies assemblage is

dominated by large spongy masses of AOM

(88.2 %) (Fig. 4v–x; ESM Figures 1–3). They have

a smooth surface and no internal lineations. Small

poorly preserved Botryococcus colonies are identified

(Fig. 4w–x). Opaque lath-shapes or small polygonal

phytoclasts reach only 1.4 % and they are mostly

included in the AOM masses. Palynomorphs are rare

and they are also included in the AOM aggregates

(Fig. 4w).

Interpretation The spongy large masses of AOM in

association with Botryococcus suggest that most of the

AOM aggregates result from degradation of this

chlorophytic algae. This type of AOM is generally

indicative of low energy, stagnant, oxygen-depleted

environments (Tyson 1993). The palynofacies char-

acterizes the profundal deposits of the SCAF paleo-

lake (Fig. 5).

Palynostratigraphic analysis

The palynoflora assemblages constitute the unique

paleontologic data to establish the age of the Santa

Clara Arriba Formation, in addition to its stratigraphic

relationships (Stipanicic et al. 2002; Spalletti and

Table 2 Principal components (palynomorphs and organic debris) identified within Palynofacies A–D characterized for the Santa

Clara Arriba Formation (Late Upper Triassic), Santa Clara subbasin, Cuyana rift basin, Argentina

Palynomorphs and organic

debris

Description and main features Interpretation

Palynomorphs (PAL) Spores and pollen grains; fungal remains; freshwater algae

(Fig. 4m–o, l)

Vascular plants spores and pollen

Structured Phytoclasts

(SOM)
Structured OM remains, mainly woody fragments, cuticles

(epidermal cells, leaves and stems of vascular plants) with

cellular structures, tubes and filaments, etc. (Fig. 4a, b, e–k)

Plant tissues derived from vascular

plants (herbaceous and

parenchyma)

Non-Structured Phytoclasts

(NSOM)
Mainly woody and cuticular, highly degraded fragments,

yellow–brown or orange–brown in color, angular in shape and

small, without cellular structures. Black–brown to nearly

black, highly degraded (without organic structures) particles,

angular in shape and variable in size. Resin particles, yellow–

orange in color or transparent with globular aspect and

concoidal fractures (Fig. 4c–d)

Probably derived from woody

remains

Opaque Black Debris

(OBD)
Opaque dark–brown small particles, polygonal in shape

(rectangular to triangular) (Fig. 4c, n–o)

Derived from highly oxidized

woody remains (inertinite and

vitrinite)

Amorphous Organic Matter

(AOM)
Masses or aggregates with variable texture, fluffy, clotted,

granular, fibrous, spongy etc., varying from colorless, through

yellow to pale brown or brown–orange or brown (Fig. 4a, c, d,

i–j, p–x)

Derived from highly degraded

terrestrial matter and/or algal

remains
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Zavattieri 2009). Two brief palynologic reports have

been previously published on the SCAF (Zavattieri

and Batten 1996; Zavattieri 2002). The palynofloral

assemblages contain 93 species of spores, pollen

grains, and algae (ESM Figure 5; ESM Table 1). The

systematic description of the palynomorphs is pre-

sently under study. The information presented here,

and the specimens figured (ESM Figure 5), should be

regarded as a rough guide to characterize the SCAF

assemblages and may provide a basis for comparison

with other Argentinian and Gondwanan (mainly

Australia and New Zealand) palynofloras (ESM

Table 1). The SCAF continental diverse microflora

is dominated by gymnospermous grains (saccate bi-

and monosaccate, sulcate, and polyplicate pollen) and

bryophyte and pteridophyte spores (ESM Figures 4,

5). Biostratigraphically significant taxa recorded in the

SCAF palynoflora are in grey in the taxonomic listing

(ESM Table 1).

Steevesipollenites claviger (ESM Figure 5: 42)

recorded in SCAF is a diagnostic species of Car-

nian—early Norian age recovered in the Crater-

isporites rotundus Zone (de Jersey 1975; de Jersey

and Raine 1990). However, C. rotundus has not been

recorded up to now in the SCAF. ESM Table 1 shows

the distribution of the selected and diagnostic species

that characterize the Duplexisporites problematicus

(=Striatella seebergensis) and Polycingulatisporites

crenulatus Zones of eastern Australia and those of

Annulispora folliculosa Zone of New Zealand, both

designated as Carnian–early Norian in age (ESM

Figure 5). Absence of the cheirolepidiacean pollen

Classopollis (=Corollina) in this assemblage also

suggests that the SCAF type section was deposited

before the late Norian because its appearance in

Triassic sequences in Argentina is recorded by the late

Norian–Rhaetian range (Zavattieri and Batten 1996)

(ESM Table 1). Therefore, the SCAF can be assigned

preliminary to the late Triassic in age (Carnian-early

Norian) based on the similar composition of the

continental palynologic zonations from the Aus-

tralasian Mesozoic. Thus, its deposition is proposed

to have occurred before the Patagonian late Triassic

palynofloras of the Paso Flores (Zavattieri and Mego

2008) and Comallo (Zavattieri et al. 1994) formations

(ESM Table 1). The SCAF palynoflora conforms to

the Ipswich phytogeographic province of the Gond-

wanan Triassic.

bFig. 4 Microphotographs of the palynofacies and their main

components recorded in the SCAF section (Upper Triassic) at

the Santa Clara subbasin, Cuyana rift basin, Argentina. a–lMain

palynological components: a Carbonized (charcoal) traqueid

fragment and very degraded AOM (MPLP 3324B R25/3) 9 40.

b Tube of probable algal remain (MPLP 3329A E26/5) 9 40.

c Unstructured phytoclast derived from mechanical breakdown

of larger plant debris, opaque black debris and granular AOM

masses (MPLP 3321E C35/2) 9 40. d Very degraded phyto-

clast derived from vascular plant, faint lineation of the organic

structure is preserved (MPLP 3331B J25/2) 9 10. e Fungal

structured filament (MPLP 3322B X30/0) 9 40. f Lath-shaped
structured woody particle, very degraded AOM, palynomorph,

and opaque black debris (MPLP 3329A Y30/0) 9 20. g Brown

(oxidized) cuticle fragment and palynomorph with pyritic

degradation (MPLP 3336C K42/1) 9 40. h Structured woody

phytoclast strongly degraded with partially visible cellular

structure (MPLP 3318A H40/0) 9 40. i Cuticle fragment with

epidermal cells of higher plants and very degraded pale yellow

granular AOM (MPLP 3326B T26/0) 9 40. j Very degraded

cuticle fragment and very degraded pale yellow granular AOM

masses (MPLP 3318A H43/3) 9 20. kWell preserved cuticular

fragment (MPLP 3334A C30/0) 9 20. l Botryococcus sp.

(MPLP 3324C D28/0) 9 40. m–x Palynofacies characteriza-

tion: m Palynofacies A (terrestrial source), dominated by

palynomorphs, phytoclasts and AOM in small clottes (MPLP

3319B F43/4) 9 10. n Palynofacies A (terrestrial source)

showing palynomorphs and small phytoclasts included in the

AOM large masses (MPLP 3334A C37/4) 9 10. o Palynofacies
A (terrestrial source), showing large palynomorphs and car-

bonized structured vascular plant phytoclasts strongly degraded

by pyritic crystals (MPLP 3336C U22/3) 9 20. p Palynofacies

B (mainly terrestrial source) dominated by large masses of

granular AOM and common structured phytoclasts and paly-

nomorphs (MPLP 3321E C25/1) 9 20. q Palynofacies B

showing large masses of granular AOM, common well-

preserved palynomorphs, and small structured phytoclasts

(MPLP 3322B V44/1) 9 10. r Palynofacies B large masses of

fibrous AOM including land plant detritus, very degraded

granular AOM, well-preserved palynomorphs and small struc-

tured phytoclasts (MPLP 3329A R44/0) 9 20. s Palynofacies C
(mainly aquatic in origin). Dominated by very degraded

granular AOM masses, some of them with palynomorphs and

phytoclasts included inside (MPLP 3326A Y23/2). t Palynofa-
cies C (mainly aquatic in origin) dominated by fibrous and

granular AOM, with minor components of phytoclasts and

palynomorphs (MPLP 3331A C43/0) 9 20. u) Palynofacies C
(mainly aquatic in origin) granular AOM masses mainly fluffy

and clotted granular aspect, scarse structured phytoclasts and

palynomorphs (MPLP 3325B Y42/3) 9 20. v Palynofacies D

(lacustrine), dominated by masses of variable size and texture,

dark brown in color, dense and/or fibrous in aspect being mainly

plant-derived palynodebris (MPLP 3323A F39/2) 9 10. w Pa-

lynofacies D (lacustrine) showing AOM granular masses very

degraded and orange globular masses derived from algal

material (MPLP 3323C X31/1) 9 10. x Palynofacies D

(lacustrine) AOM of fibrous aspect derived from plant material

and globular yellow–orange masses from degraded Botryococ-

cus colonies (MPLP 3323C X37/)1 9 20. (Color figure online)
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Discussion

The SCAF deltaic-lacustrine system is interpreted as a

shallow lake developed in a shallowing basin as

consequence of a declining subsidence. Most likely,

this is linked to the post-rift stage of the Cuyana rift

that has been recognized basin-wide for the different

subbasins during the late Triassic (Kokogian and

Mancilla 1989; Barredo et al. 2011).

The SCAF deposits could represent sedimentation

in the hinged margin of the Santa Clara subbasin.

Therefore, for the SCAF paleolake, relatively low

accommodation space led to deposition of the low

delta plain facies association linked to a prodelta-

lacustrine facies association. The observed succession

(arrow, Fig. 2) points to some possible abrupt facies

change from the lower delta plain facies association to

the prodelta-lacustrine facies association suggesting a

modest lake level change from hydrologic changes

from increased rainfall. An increased subsidence

(possibly linked to tectonic reactivation) leading to

water and sediment supply surpassed by the accom-

modation space might be a possibility that needs to be

further explore with regional sedimentology data.

More data from other parts of the subbasin are needed

to clarify the changes in the sedimentary succession of

the SCAF.

Productivity of the lake, as recorded by the total

organic carbon (TOC), is moderate to high with

dominant land plant contribution, indicating overfilled

lake conditions (Bohacs et al. 2000, 2003; Bohacs

2012). The OM preservation was favored by high

productivity and low destruction favored by the

paleolake stratification or a low dilution factor indi-

cating less fine-grained input. The presence of biotur-

bation associated with sandy lenses that disrupt the

mudrock lamination supports oxygen entering the

stratified lake through low-energy turbidity currents or

density underflows (Lambert et al. 1976; Buatois and

Mángano 2004).

Conclusions

The Santa Clara Arriba unit was a deltaic-shallow

stratified lacustrine system developed probably in the

hinge margin of one of the subbasins within the

Cuyana rift. A general decreasing subsidence sur-

passed by water and sediment supply may point to an

overfilled lake type development (Bohacs et al.

2000, 2003; Bohacs 2012) in an overall shallow

post-rift basin that allowed an open drainage.

The AOM was derived from degradation of conti-

nental terrigenous and algal material input from

proximal environment of the lake supporting a shallow

lacustrine depositional setting for facies association b

of the SCAF. Palynostratigraphic analysis allowed

constraining the relative age of deposition of the

SCAF as late Triassic (Carnian-early Norian) and

dating the latest deposits of the Cuyana rift basin at the

Santa Clara subbasin.
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