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ABSTRACT

Well-exposed Triassic rift strata from the Ischigualasto—Villa Unién Basin
(NW Argentina) include a 80 to ca 515 m thick lacustrine-dominated
package that can be correlated across a half-graben using key stratigraphic
surfaces (sequence boundaries, lacustrine flooding surfaces and forced
regressive surfaces). The characteristics of the synrift lacustrine fill in
different parts of the half-graben have been examined and the mechanisms
controlling sedimentation inferred. A variety of sedimentary environments
are recognized including; volcaniclastic floodplain, mildly saline lake and
playa lake, offshore lacustrine, delta front to fluvial-dominated and wave-
dominated deltas, distributary and fluvial channel, and interdistributary
bay. The succession can be divided into four stratigraphic sequences (SS1 to
SS4), the oldest of which (SS1) contains volcaniclastic, fluvial and saline
lake deposits; it is thickest close to the western border fault zone, reflecting
more rapid subsidence here. Accommodation exceeded sediment and water
input during SS1. The second and third sequences (SS2 and SS3) mark the
onset of widespread lacustrine sedimentation, reflecting a balance between
accommodation creation and water and sediment fluxes. Sequences SS2 and
SS3 are represented by offshore meromictic lacustrine and deltaic deposits,
the latter mostly sourced from the flexural and southern axial margins of the
half-graben. The presence of stacked parasequences bound by lacustrine
flooding surfaces is related to climatically induced lake-level fluctuations
superimposed on variable rates of subsidence on the controlling rift border
fault zone. The youngest sequence (SS4) is represented by the deposits of
littoral lacustrine and shallow shelf deltas distinguished by a change in
lithofacies, palaeocurrents and sandstone composition, suggesting a switch
in sediment supply to the footwall margin to the NW. The change in the
sediment source is related to reduced footwall uplift, the possible presence
of a relay ramp and/or supply from a captured antecedent drainage network.
During SS4, the rate of creation of accommodation was exceeded by the
sediment and water discharge. The stratigraphic evolution of lacustrine
strata in the half-graben was mainly controlled by tectonic processes,
including subsidence rate and the growth and evolution of the border
fault zone, but changing climate (inducing changes in water balance and
lake level) and autocyclic processes (delta lobe switching) were also
important.

Keywords Argentina, half-graben, lacustrine delta, stratigraphic architecture,
tectonism, Triassic.
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INTRODUCTION

The evolution of basin-bounding normal fault
zones in rift basins exerts a first-order control on
the vertical stratigraphic evolution and three-
dimensional variability of synrift sequences (e.g.
Gawthorpe et al., 1994; Contreras et al., 1997;
Gupta et al., 1999; Gawthorpe & Leeder, 2000).
However, the factors controlling the stratal geo-
metry and higher frequency cyclicity within
synrift successions are often less certain because
of the difficulty of discriminating between tec-
tonic controls and variations in sediment supply
and/or base level that are determined by climatic
change or autocyclic effects (Dart et al., 1994;
Hardy et al., 1994; Gawthorpe et al., 2003). In
addition, many studies have focussed on coarse-
grained alluvial fan and fan delta systems (e.g.
Colella, 1988; Dart et al., 1994; Soreghan et al.,
1999; Young et al., 2000) in which it is difficult to
correlate between successions in different parts of
the basins (Gawthorpe et al., 2003).

Triassic lacustrine strata from the Ischigualasto—
Villa Unién Basin (NW Argentina) permit com-
parison of the synrift stratigraphic evolution
in different parts of a half-graben, allowing
the mechanisms controlling sedimentation to be
analysed. Basinwide correlation of lacustrine
sequences and parasequences is used to compare
time-equivalent successions developed along
the footwall and flexural margins of the basin.
The aim of the study was to document the vertical
and lateral facies variability within a sequence
stratigraphic framework in order to examine the
significance of tectonic and other controls on
synrift deposition in a large lake basin.

GEOLOGICAL AND TECTONIC SETTING

The Ischigualasto—Villa Unién Basin (Fig. 1A) is
one of a number rift basins that developed on the
western margin of SW Gondwana during the
Early Triassic (e.g. Uliana & Biddle, 1988; Uliana
et al., 1989; Tankard et al.,, 1995; Franzese &
Spalletti, 2001). The basin is a NW-SE trending
half-graben (Milana & Alcober, 1994) at least
120 km long and 50 km wide (Baraldo et al,
1990; Milana, 1998; Fig. 1A) that received con-
tinental sediments mostly from the latest Early
Triassic to the Late Triassic (e.g. Spalletti, 1999).
The Triassic basins have been modified by Neo-
gene and younger compressional tectonics asso-
ciated with the Andean foreland (Fig. 1B). The
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Fig. 1. Triassic rift basins in central-western Argen-
tina. (A) Distribution of recognized depocentres and
isopach map. Note the presence of two rift branches
separated by terrane boundaries (grey dashed lines).
The rectangle indicates the position of Fig. 2. X-X’
corresponds with the trace of the section shown in (B).
Modified after Ramos (1994), Alvarez & Ramos (1999)
and Spalletti (2001). (B) Schematic E-W cross-section
(X-X’) of the Andean foreland showing main structures
and Cainozoic depositional troughs. Modified from
Rossello et al. (2005).
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Andean foreland basin contains 4 to 7 km of
Neogene clastic sediments and is divided by a
NNW-SSE trending basement high (the Valle
Fértil Megafracture; Figs 1B and 2B) into two
troughs: the Bermejo and Pagancillo troughs
(Rossello et al., 1996, 2005). The eastern margin
of the Valle Fértil Megafracture has been inter-
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preted as a major transpressional left-lateral
wrench zone, involving faulting of a crystalline
basement and forming a positive flower structure
(Rossello et al., 1996; Figs 1B and 2B), which
reactivated normal Triassic faults (Fig. 2B). The
sediments of the Ischigualasto—Villa Unién Basin
are uplifted against the western (Valle Fértil
Megafracture) and eastern margin (Safiogasta
Ranges) of the Pagancillo trough (Figs 1B and
2A). In cross-section, the Triassic strata display a
wedge-shaped geometry (Fig. 2B), although dif-
ferences in thickness are not obvious in isopach
maps because of Neogene to Recent erosion
(Fig. 1A). The general NW trend of the flanking
Valle Fértil Megafracture (Fig. 1A) and the thick-
ening of Triassic strata towards that structure
(Fig. 2B) suggest that the orientation of the half-
graben was broadly NW-SE and that the footwall
margin lay to the SW (Ramos & Kay, 1991;
Georgieff, 1992; Milana & Alcober, 1994; Ruiz &
Introcaso, 1999; Rossello et al., 2005). The fill of
the Triassic half-graben is represented by a 2500
to >4000 m thick continental succession, which
can be subdivided into a number of formations
(Fig. 3). Milana & Alcober (1994) and Milana
(1998) distinguished two rift episodes on the
basis of seismic and tectonostratigraphic analysis.
The first phase of rifting is represented in
ascending order by the Talampaya, Tarjados,
Charnares, Ischichuca, Los Rastros, Lomas Blancas
and Rio Chiflén formations (Fig. 3). The oldest
two formations are composed of red alluvial
sandstones and conglomerates, whereas the
remaining formations are dominantly fine-
grained lacustrine deposits. The deposits of the
second rift episode correspond to the Ischigual-
asto and Los Colorados formations, which are
dominantly fluvial units. The lacustrine-domin-
ated succession studied (Chafiares, Ischichuca,
Los Rastros and Lomas Blancas formations)
belongs to the synrift stage of the first rift episode
(Fig. 3). The outcrops of the Ischichuca Forma-
tion are restricted to locations close to the foot-
wall margin and display a lateral (towards the
flexural margin) and vertical transition to the Los
Rastros Formation (e.g. Bossi, 1971; Melchor,
2002). In addition, the Lomas Blancas Formation
is considered partially equivalent to the Los
Rastros Formation (Bossi, 1971; Fig. 3). The
lacustrine package has been assigned to the
Middle to early Late Triassic (e.g. Stipanicic &
Bonaparte, 1979; Stipanicic, 1983; Spalletti et al.,
1999; Zavattieri & Melchor, 1999). Four localities
spread obliquely across the half-graben over a
distance of 95 km were selected for detailed
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study: (i) Quebrada de Ischichuca close to the
footwall margin in the NW; (ii) Rio Gualo in the
east on the central part of the flexural margin; and
(iii) Cerro Morado and (iv) La Torre, both in the
southern part of the half-graben on the hanging-
wall slope (Figs 2 and 4).

FACIES ASSOCIATIONS

The lacustrine deposits studied lie above a dis-
conformity (Rio Gualo, Cero Morado and La Torre)
or a correlative conformity (Quebrada de Ischich-
uca) on the alluvial Tarjados Formation. The top
of the lacustrine section is marked by a contact
with the overlying fluvial deposits of the Ischi-
gualasto Formation. The lacustrine deposits
include the Chaifares, Ischichuca, Los Rastros
and Lomas Blancas formations (Fig. 3) and dis-
play a marked change in thickness from NW to SE.
The overall package is ca 515 m thick at Quebrada
de Ischichuca, 215 m thick at Rio Gualo and 82 m
thick at La Torre (Fig. 4). The section exposed at
the fourth locality, Cerro Morado, is partial and
only includes the Chariares Formation.

Twelve facies associations are recognized (des-
cribed in detail in Table 1) and these can be
further grouped according to the depositional
environment interpreted. The depositional envi-
ronments include volcaniclastic floodplain (VF
facies association), saline lake (SL1 and SL2
facies associations), offshore lacustrine (OL1 and
OL2 facies associations), lacustrine delta front
and shelf (DF1 and DF2 facies associations),
lacustrine delta plain (DP1, DP2 and DP3 facies
associations), and lacustrine shelf deltas and
littoral settings (SD1 and SD2 facies associations).
Figure 5 provides examples of the facies associ-
ation and Figs 6 and 7 illustrate the component
lithofacies.

VF facies association

The VF facies association is characterized by
structureless reworked or primary fine-grained
ash-fall tuffs and volcaniclastic sandstones dis-
playing no preferred cyclicity (Fig. 5A). This
facies association (corresponding to the Chafares
Formation) is recorded at all localities; it overlies
the Tarjados Formation and displays lateral
changes that can be linked to the inferred
geometry of the half-graben. The thickness of
the VF facies association is commonly in the
range of 44 to 51 m, although at the La Torre
locality it is reduced to 2 m (Fig. 4). At Quebrada

© 2007 The Author. Journal compilation © 2007 International Association of Sedimentologists, Sedimentology, 54, 1417—1446



1420 R. N. Melchor

A j

68°00° W
Pagancillo

K t’ CAMPO DE
Québ.rqgaj\de = TALAMPAYA
Ischichuca

SAN JUAN
%
>
o3
?
(5N
O] Moder_n'%‘-_ 00,
deposits ‘g, ' y: =5 _ e
Cretaceous- =
Tertiary units |,

[T Rio Chiflén Group*, .
A3
=] Los Colorados Fm.

ha .°

[ Ischigualasto Fm.

[] Los Rastros Fm.

Ischichuca +
- Chanares Fms.
Basaltic rocks
(mostly Triassic)
Upper Palaeozoic and
Lower Triassic sediments

Basement rocks
/ Trace of seismic line
/@’ National road !

LS :
e e’ o
e Fe
0 10 20 km 5 ‘.‘.Ef‘:;:-:’,';;:.
I 1 i Lipitis s
State road T T

Agua de la Pel

2

\Isghigualist
Park./

&
P
)

e
| Pt iy

B
SW 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 NE
1000—0L 011U L L1 o
500
0
s00-F el Triassic (rifting 1) 500
Triassic (rifting1) 1000
15007 - 1500
L2000
- 2500
3000
3500
|4109 1 _~" Faulttraces .- Limit of seismic image
m

© 2007 The Author. Journal compilation © 2007 International Association of Sedimentologists, Sedimentology, 54, 1417—1446



Synrift lacustrine sedimentation, Argentina 1421
NW SE
. Sedimentary Rifting
AGE GrouP Formation environment episodes
S ColoRADOSE | Fuvial channels oo il
T + Floodplain =l
= S [Flodplan+High| L | £
£l & - ISCHIGUALASTO sinuosity rivers | £ | &
4] <« T ' %)
3 it A (TR
S [ LOSRASTROS/Rio chirLon| SMallow 1acustrine Ipost.rf
o 3 - e delta / Fluvial -
Fig. 3. Stratigraphic relationships £ — 9 T ' Shallow to deep 3
and summary palaeoenvironmental T lakes @
settings for the lithostratigraphic e T CHARRARES - - - 2 “[Volcaniclastic dep. -||F
units of the Ischigualasto—Villa = ' ~x - b
Unién Basin. Also indicated are | 9 :| Fluvial/aeolian | £ | £
the two Triassic rifting episodes Z RRRRRNRRRRRNRRRE) (%
recognized in the basin (Milana g Braided rivers
& Alcober, 1994) and the location =
of studied lacustrine-dominated K
package. Modified from Stipanicic "
& Bonaparte (1979), Caselli et al. Permian|,, anzo PATQUIA Basement Pre-rift

(2001), Melchor (2002, 2004) and
Stipanicic & Marsicano (2002).

[T G

de Ischichuca, thickly bedded and massive grave-
ly volcaniclastic sandstones (probably deposited
by gravity-flow processes) overlie well-bedded,
reworked ash-fall deposits with common wave
ripples and mudstone interbeds, suggesting a
shallow sub-aqueous setting for deposition
(Fig. 6B). At Rio Gualo the VF facies association
is mostly represented by structureless and re-
worked, silt-sized, ash-fall deposits with poorly
developed palaeosols (Figs 5A and 6A), although
the upper part of the local succession shows
laminated and rippled green siltstones and fine-
grained sandstones. Most of the facies association
at Rio Gualo represents deposition of distal
pyroclastic sediment and epiclastic reworking in
a floodplain setting. Pyroclastic deposition was
dominantly sub-aerial, although subordinate
sedimentation in shallow ponds is recognized
towards the top of the succession (laminated and
wave-rippled tuffaceous mudstones and silt-
stones. At Cerro Morado (Fig. 4), the succession
is similar to that exposed at Rio Gualo, although
better developed palaeosols with indurated hori-
zons showing accumulation of silica (silcretes)
occur. The reduced thickness of the VF facies
association at La Torre (Fig. 4) is attributed to

“~~" Erosive contact £ Lateral facies change

epiclastic reworking of pyroclastic deposits close
to the border of the basin.

SL facies associations

The saline lake (SL) facies associations are
restricted to the Quebrada de Ischichuca locality
(Fig. 4), which suggests that they have a limited
areal extent and probably are related to a rapidly
subsiding local depocentre. Stratigraphic rela-
tionships indicate that the fluvial facies associ-
ation (F) at Rio Gualo is partially correlative with
the SL facies associations (Fig. 4).

Shallow mildly saline lake facies association
(SL1)

Facies association SL1 is represented by thinly
bedded variegated mudstones, sandstones, and
minor micrite organized in coarsening-upward,
metre-scale cycles (Fig. 5B). Deposition of the
SL1 facies association took place in a relatively
shallow, mildly saline lake, as suggested by
faunal remains (mainly conchostracans and ga-
noid fish scales), scarce evaporite minerals, the
dominance of sheet-like beds, and sedimentary
structures produced by low-energy currents

Fig. 2. Geological map and cross-section of the Ischigualasto—Villa Unién Basin. (A) Geological map showing the
location of the main outcrops mentioned in the text and interpreted seismic line shown in (B). Compiled from a range
of sources, including Romer & Jensen (1966), Bossi & Herbst (1968), Stipanicic & Bonaparte (1979), and Page et al.
(1997). (B) Geoseismic line showing the structure of the basins flanking the Valle Fértil Megafracture. The line is
flattened on the base of Tertiary strata. Note the change in thickness of Triassic strata, the flower structure related to
late Tertiary deformation, and the abrupt western limit of the Triassic sediments. Modified from Rossello et al. (2005).
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Synrift lacustrine sedimentation, Argentina
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Fig. 5. Detailed graphic logs illustrating the characteristic features of each of the facies associations (see also Table 1

and text for discussion).
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1428 R. N. Melchor

Fig. 6. Examples of the main facies associations. (A, B) Volcaniclastic floodplain (VF). (C, D) Shallow, mildly saline
lake (SL1). (E, F) Playa lake (SL2). (A) Poorly bedded to massive tuffs and tuffaceous siltstones at Rio Gualo (Fig. 3).
(B) Well-bedded tuffs and tuffaceous sandstones with interbedded mudstones at Quebrada de Ischichuca. (C) General
view of three complete shallowing-upward lacustrine cycles (triangles). (D) Close-up of variegated mudstones with
poorly defined lamination and irregular gypsum laminae. (E) Close-up showing the gradual vertical passage from
dark shales to dolomitic micrite (bed top indicated by a white arrow) and overlying dark shales with sand-filled
wedges connected by a thin sandstone bed (bridged crack infillings), which are indicated by black arrows. (F)
Photomicrograph of dolomitic micrite showing brecciated to clotted texture. Note crescentic laminated clay cement
(arrowed).

(Fig. 6C and D). Coarsening-upward cycles reflect
water-level changes, probably accompanied by
marked variations in the surface area of the lake
(Fig. 5B). Fine-grained sediments and tuffs were
deposited mostly underwater in a low-energy
environment and deposition of coarser sediments

took place in shallower waters probably linked to
unconfined sheetflooding and shoreline proces-
ses. Micrites were deposited in lake mudflats and
display palustrine features (Armenteros & Daley,
1998) that suggest repeated wetting and drying of
lacustrine carbonate mud.

© 2007 The Author. Journal compilation © 2007 International Association of Sedimentologists, Sedimentology, 54, 1417—1446



Perennial playa-lake facies association (SL2)
Facies association SL2 is characterized by
shallowing-upward cycles composed of dark
mudstones with paper lamination overlain by
mud-cracked dolomitic micrite (Fig. 5C). This
facies association is interpreted as the product
of sedimentation in a moderately deep, perennial
playa lake surrounded by extensive dry mudflats
(e.g. Hardie et al., 1978; Roberts et al., 1994),
which suffered marked changes in lake level. The
succession contains lithologic (dolomitic micrite,
gypsum laminae, zeolites), stratigraphic (shallow-
ing-upward cycles; Fig. 5C) and biologic (conc-
hostracan and notostracan remains) features that
point to arid/semi-arid climatic conditions. How-
ever, the occurrence of dolomite-calcite mixtures
and scarce evaporites suggests that marked eva-
porative conditions were rarely achieved during
deposition. Finely laminated dark mudstones
indicate accumulation by settling from suspen-
sion on an oxygen-deficient lake bottom, pointing
to probable water stratification due to salinity
contrasts either as result of increased influx of
fresh surface water (ectogenic meromixis) or
saline groundwater input (e.g. Anderson et al.,
1985; Renaut & Tiercelin, 1994). Vertical sand-
stone crack infillings (Fig. 6E) are interpreted as
desiccation cracks produced by exposure of
water-saturated, lacustrine muds following lake-
level draw down with later infilling by wind-
blown or sheetflood sand (Hardie et al., 1978;
Allen, 1984: p. 545; Astin & Rogers, 1991; Rogers
& Astin, 1991; Gierlowski-Kordesch & Rust,
1994). Additional evidence for repeated water-
level changes are the palustrine dolomitic micrite
(Fig. 6F), including brecciated-nodular and clot-
ted-peloidal microtextures, which are considered
to reflect repeated flooding and drying of lime
mud (e.g. Smoot & Olsen, 1988, 1994; Armenteros
& Daley, 1998; Freytet & Verrecchia, 2002).

The cycles recognized within this facies associ-
ation (Fig. 5C) are comparable in lithologic com-
position, thickness and transgressive-regressive
character to the Van Houten cycles recognized in
the Newark Supergroup of eastern North Amer-
ica, which represent precession cycles of 21 kyr
duration (Olsen, 1986, 1990).

Fluvial channel facies association (F)

The fluvial channel facies association was only
recorded at the Rio Gualo locality and is repre-
sented by a 21 m thick, fining-upward succession
that overlies an erosive unconformity resting on
the VF facies association (Fig. 5D). This facies

Synrift lacustrine sedimentation, Argentina 1429

association represents deposition in fluvial chan-
nels and adjacent floodplain ponds, as suggested
by the general fining-upward tendency, bounding
erosive surface and sedimentary structures. The
channel-fill deposits are composed of quartzo-
lithic sandstones with a significant amount of
sand-sized ovolcanic clasts. The latter are basic to
intermediate volcanics and might represent
reworking of the deposits of the underlying VF
facies association.

OL facies associations

Offshore lacustrine (OL) facies associations are
well represented in three of the localities studied
(Fig. 4) and include stratified freshwater lake
(OL1) and holomictic freshwater lake (OL2) facies
associations. A lacustrine setting for these facies
associations is inferred from the ubiquitous
occurrence of Conchostraca (e.g. Tasch, 1969;
Frank, 1988; Gray, 1988) and is in agreement with
the abundance of plant remains, presence of
insects, sedimentary structures and lithology
(Table 1). A freshwater setting is indicated by
the presence of the alga Plaesiodictyon mosella-
num (Brenner & Foster, 1994; Zavattieri & Mel-
chor, 1999) and by relatively high C/S ratios (cf.
Berner & Raiswell, 1984). The main differences
between the two facies associations are the
thickness, colour and organic carbon content of
the shales: OL1 is composed of thick, black paper
shales with moderate to high organic carbon
content, whereas OL2 comprises thinner interca-
lations of green or brown laminated shales with a
lower organic content. Both facies associations
are laterally correlative in the localities studied.
This correlation and the common features be-
tween both facies associations suggest probable
deposition in a single lake basin, both below
(OL1) and above (OL2) the thermocline.

Stratified freshwater lake facies association
(OL1)

The OL1 facies association is characterized by
thick (up to 40 m thick) fossiliferous, monoton-
ous black shale successions with fine to very fine
(millimetre to sub-millimetre) lamination inter-
bedded with thin sideritic marlstone laminae
(Fig. 5E). This facies association only crops out
at Quebrada de Ischichuca, where six stacked and
laterally continuous dark shale intervals of uni-
form thickness were identified. These microlam-
inated black lacustrine shales (Fig. 7A) are
pelagic/hemipelagic deposits that accumulated
mostly by settling from suspension, below fair-

© 2007 The Author. Journal compilation © 2007 International Association of Sedimentologists, Sedimentology, 54, 1417—1446
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weather wavebase in the absence of bottom-living
burrowing invertebrates (e.g. Olsen, 1985; Talbot
& Allen, 1996). The above-mentioned features
indicate the prevalence of oxygen-deficient or
anoxic bottom waters, which is common in
permanently stratified (and probably deep) lakes
(e.g. Demaison & Moore, 1980; Katz, 1995). This
kind of lake usually sustains high surface pro-
ductivity and occurs in warm, humid climate
regimes with minimal seasonal contrasts (e.g.
Talbot, 1988; Parrish, 1998). These features are in
agreement with the palaeolatitude estimated from
palaeomagnetic data (Prezzi et al., 2001) and
palaeoclimate information from vertebrate and
plant remains (e.g. Bonaparte, 1969; Volkheimer,
1969; Artabe et al., 1998) for the Ischigualasto—
Villa Unién Basin. The absence of carbonate in
the pelagic sediments suggests carbonate under-
saturation in the lake waters or perhaps just in the
hypolimnion during highstands, as is the case
with Lake Malawi (e.g. Finney & Johnson, 1991;
Pilskaln, 2004). The formation of sideritic marl-
stone laminae (Fig. 7A) and siderite concretions
probably occurred in a thin zone of methane
oxidation located close to the sediment surface
during early diagenesis (Raiswell, 1988), which is
favoured by low sulphate concentrations, high
sedimentation rates and high organic carbon
concentration (Curtis & Coleman, 1986; Mozley,
1989).

Holomictic freshwater lake facies association
(OL2)

The OL2 facies association is represented by
olive-green or brown fossiliferous shale succes-
sions (up to 17 m thick), interbedded with side-
ritic marlstone, siltstone and tuff laminae
(Fig. 5E). This facies association was deposited
by settling from suspension of fine-grained detri-
tus from well-mixed lake waters, in offshore

Synrift lacustrine sedimentation, Argentina 1431

settings. As mentioned above, it is considered
probable that this facies association was depos-
ited in the epilimnion of the same, large lake
where the OL1 facies association was deposited,
the latter representing deposition in the hypo-
limnion.

Delta front and delta shelf facies associations
(DF)

The delta front and delta shelf facies associa-
tions comprise coarsening-upward and thicken-
ing-upward = siltstone-dominated successions.
A distinction can be made between fluvial-
dominated and wave-dominated deltas based
mainly on the abundance of wave-generated
structures in the delta front facies (Fig. 5F and
G). In addition, distributary channel sandstones
(DP1 facies association) are considerably thinner
than the associated delta front facies (DF) in the
case of the wave-dominated delta deposits
(Table 2). The ratio between the thickness of
distributary channel sandstones and DF facies in
each delta lobe of wave-dominated, flexural-
margin deltas (Rio Gualo) is always lower than
0-2, whereas it is in the range of 0-35 to 0-95 for
fluvial-dominated deltas emplaced in footwall or
flexural margins (Quebrada de Ischichuca and La
Torre).

Delta front and delta shelf in fluvial-dominated
deltas (DF1)

The DF1 facies association is composed of 4 to
14 m thick, coarsening-upward and thickening-
upward siltstone-dominated successions with
interbedded sandstone beds lacking a significant
amount of wave-generated or storm-generated
structures (Fig. 5F). This facies association dis-
plays a basal transition to OL (offshore lacustrine
shales, both OL1 and OL2) and is truncated at the

Fig. 7. Outcrop examples of main facies associations. (A, B) Offshore lacustrine (OL). (G, D) Delta front (DF). (E, F)
Delta plain (DP). (G, H) Shelf deltas and littoral lacustrine (SD). (A) Monotonous succession of finely laminated black
shales with marlstone intercalations (indicated by arrows) from SS3 at Quebrada de Ischichuca locality. Hammer for
scale is 0.35 m long. (B) Succession of offshore lacustrine (OL), delta front (DF) and delta plain (DP) facies associ-
ations from a wave-dominated delta of SS3 at Rio Gualo. (C) Thinly bedded, siltstone-dominated deposits
(land-derived density flows) from the delta front of a river-dominated delta deposit (SS2) at Quebrada de Ischichuca.
(D) Wave-rippled siltstones and sandstones from upper delta front deposits at La Torre belonging to SS3. The scale is
0.1 m. (E) Deposits of crevasse or secondary channels (DP2) showing lateral accretion surfaces (bracketed by arrows)
overlain by coarse-grained distributary channel sandstones (DP1). Example from SS2 at Quebrada de Ischichuca. (F)
Detail of the previous figure showing bedding in the interval with lateral accretion surfaces (bracketed by arrows)
showing bed composed of fine-grained sandstone and siltstone with wavy-bedding and carbonaceous mudstone
interbeds. (G) Two shallowing-upward and coarsening-upward cycles composed of laminated siltstone and wave-
rippled or parallel laminated sandstones (SD2 facies association) from SS4 at Quebrada de Ischichuca. White arrows
indicate the top of each cycle. (H) Convexo-planar, isolated hummocky lens (SD1 facies association) from SS4 at
Quebrada de Ischichuca. Top of lens indicated by arrows.

© 2007 The Author. Journal compilation © 2007 International Association of Sedimentologists, Sedimentology, 54, 1417—1446
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Table 2. Thickness of distributary channel sandstones
in comparison with associated delta front facies
association for fluvial-dominated and wave-dominated
deltas for the different studied sections.

Delta type DP1 (m) DF (m) DP1/DF
Fluvial dominated deltas
Quebrada de Ischichuca
76 114 0-67
52 70 0-74
8-4 8-8 0-95
La Torre
55 16-2 0-34
4-4 12 0-37
Wave-dominated delta
Rio Gualo
30 17:4 017
4-0 24-6 0-16
15 113 013

DP1, distributary channel sandstones; DF, delta front
and shelf.

top by DP1 (distributary channel sandstones) or
has a gradual passage to DP2 or DP3 (interdis-
tributary bay deposits; Fig. 7B). The presence of
thinly bedded, well-sorted siltstones, showing
graded laminae with abundant mica flakes and
plant debris (Fig. 7C) attest to land-derived den-
sity flows with low sediment concentrations,
probably surge-like turbidity currents (Mulder &
Alexander, 2001). Related facies suggest depos-
ition in a distal deltaic lobe setting as hyper-
pycnal flows of fluvial origin (e.g. Bates, 1953;
Mulder & Alexander, 2001). Graded sandstone
beds either represent turbidity-flow deposits
resulting from catastrophic floods or are linked
to suspension clouds generated by storms. The
depositional slope on the delta front was probably
low, by analogy with sandy foresets prograding
into standing freshwater elsewhere (e.g. Kostic
et al., 2002) and the shelf deltas of Lake Malawi
(Johnson et al., 1995). In the case of the Ischi-
gualasto-Villa Unién Basin, this inference is
supported by: (i) the parallelism and considerable
lateral extent of bedding and lamination; (ii) the
transitional passage to underlying black shales;
(iii) the scarcity of soft sediment deformation
structures; and (iv) the lack of significant scouring
by coarse-grained sediments. Comparison with
possible modern analogues (the flexural margin
shelf deltas of Lake Malawi; Johnson et al., 1995)
suggests that the DF facies association would
include the toe of slope of the deltaic shelf (thick
siltstone succession) and intermediate and upper
part of the delta front (coarser-grained interval).

Delta front and delta shelf of wave-dominated
deltas (DF2)

The DF2 facies association includes coarsening-
upward and thickening-upward siltstone-domin-
ated successions with sandstone interbeds that are
considerably thicker (11 to 25 m thick) and
displays greater influence of oscillatory flows than
those of the DF1 facies association (Fig. 5D).
Facies association DF2 was only identified at Rio
Gualo. DF2 represents a delta front and its basin-
ward extension as a wave-dominated delta lobe
that prograded into well-mixed lake waters, as
suggested by the accompanying OL2 facies associ-
ation. Finely laminated graded beds, which are
interpreted as underflow deposits, represent the
background sedimentation in a well-oxygenated
setting. Between underflow events, finer-grained
overflow sediments settled and were reworked by
oscillatory flows. Deposition of coarse-grained
sediments during occasional high-energy storm
events (hummocky cross-stratified beds) punctu-
ated background sedimentation.

Delta plain facies associations (DP)

The delta plain facies associations include dis-
tributary channel sandstones (DP1), crevasse or
secondary channels (DP2) and crevasse deltas
and levées (DP3). DP facies associations generally
overlie DF (delta front and shelf) and are covered
by the OL (offshore lacustrine shales) facies
associations. As illustrated in Fig. 8, distributary
channel sandbodies (DP1) are scoured into and
display lateral transitions to interdistributary bay
deposits (DP2 and DP3). DP facies associations
are composed of a tabular intercalation between
finer-grained sediments of offshore lacustrine and
coarser-grained delta front facies associations
(Fig. 9A and B). At some horizons, distributary
channel deposits (DP1) sharply overlie laminated
shales (OL) and contain scattered slump and
mass-flow deposits.

Distributary channel sandstones (DP1)

The DP1 facies association is typically composed
of plano-convex sandbodies showing thick sets of
fine-grained to medium-grained trough cross-
stratified sandstone (Fig. 5H). This facies associ-
ation displays sedimentary structures, sandbody
geometries and stratigraphic relationships that
characterize distributary channels in a delta-plain
setting (e.g. Elliot, 1986; Figs 5H, 8 and 9B); it is
more thickly developed in association with the
deposits of fluvial-dominated deltas at Quebrada
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Fig. 8. Detail of lateral correlation and interpretation of relationships between distributary channel sandstones
(DP1), crevasse or secondary channels (DP2), and crevasse deltas plus levée deposits (DP3) for two laterally equiv-
alent sections measured at Quebrada de Ischichuca in SS2. Legend as for Fig. 5.

de Ischichuca. Here, the relatively high apparent
channel width/depth ratio, the large variability of
palaeoflow indicators, the sandbody geometry,
and the dominant grain-size are indicative of
laterally unstable channels of moderate sinuosity,
probably of the mixed-load type (Hirst, 1991;
Orton & Reading, 1993). The largest channel
observed at Quebrada de Ischichuca (Fig. 9A
and B) is encased in finer-grained delta plain
sediments, which is suggestive of repeated shift-
ing by avulsion (Orton & Reading, 1993), probably
as a consequence of lobe progradation (Jones &
Schumm, 1999). Large channel width/depth ratio
indicates a reduced channel slope. The fine-
grained deposits that cap the channel fills are
interpreted as abandonment deposits (including
poorly developed palaeosols and thin coal beds),
which are sharply overlain by black shales,
reflecting lobe inundation. Channel sandstones
are arkosic arenites with abundant plagioclase

grains (Qa1-s52 F24-26 L2328, 1 = 5).

Crevasse or secondary channels (DP2)
The DP2 facies association contains fining-
upward, metre-scale cycles composed of cross-

bedded sandstones overlain by fine-grained rocks
which are suggestive of fluvial sedimentation
(Fig. 5I). Vertical and lateral facies relationships
indicate deposition in minor delta plain channels
(Fig. 8). Each fining-upward cycle represents
sedimentation in a crevasse channel (cf. Elliot,
1986) as suggested by the presence of common
reactivation surfaces and lateral correlation with
crevasse deltas and levée deposits (DP3 facies
association; Fig. 8). These minor channels were
dominated by lateral accretion on point bars
(Fig. 7E). Relatively thin fining-upward cycles
also point to frequent avulsions, as is common
in many deltaic distributary channels (e.g. Elliot,
1986; Wells et al., 1994). Upon abandonment, the
channel was infilled by interdistributary bay
muds with abundant plant debris and reworked
by low-energy oscillatory flows (Fig. 7F).

Crevasse deltas and levées (DP3)

The DP3 facies association comprises thinly
bedded heterolithic and cross-laminated facies
arranged in metre-scale coarsening-upward
cycles (Fig. 5]J). Related facies associations and
sedimentary features (e.g. abundant wave and
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of the mosaic (second delta lobe of SS2) and tabular geometry of darker intervals (black shales of OL1 facies
association). Orientation of the outcrop is N25°E, which is roughly perpendicular to the mean palaeocurrent
direction (compare Fig. 4). (B) Interpretative drawing of mosaic distinguishing between the different facies associ-
ations. Note apparent change of channel position in successive delta lobes (L1-L3) and the interval corresponding to

each sequence (SS1-SS4).

climbing ripples, heterolithic lithology, in situ
tree stumps) of the DP3 facies association suggest
deposition in interdistributary bays in a delta
plain environment (Figs 5] and 8). The crevasse
delta deposits might represent the infilling of
shallow lakes by small deltas. Levée deposits
correspond to fine-grained sediments marginal to
crevasse channels that were sub-aerially exposed
and colonized by plants. Small associated conv-
exo-planar sandbodies (Fig. 5]J) are distinctive
and probably represent small crevasse lobes,
which are an important component of deltaic
levée successions (Elliot, 1986). Levée deposits
are laterally correlated with crevasse channel
sediments (Fig. 8).

Shelf delta and littoral lacustrine facies
associations (SD)

The SD facies associations are typified by thick
(up to 50 m) siltstone-dominated successions
with current and wave structures interbedded
with parallel-laminated and wave-rippled sand-
stones (Fig. 5K and L). These facies associations
were mostly encountered in the uppermost part of
the section measured at Quebrada de Ischichuca
(Fig. 4). A comparison with the underlying facies

associations (DF-DP; Fig. 4) suggests a change of
mean palaeotransport direction and provenance.
The coarser-grained sandstones from the SD
facies association are lithic volcanic arenites
(Q24-36 Fg—22 Lso-ps, n =5). These changes are
interpreted as reflecting a major modification in
basin configuration, as discussed below.

Wave-dominated littoral lacustrine facies
association (SD1)
The wave-dominated littoral lacustrine facies
association (SD1) is distinguished from the sim-
ilar siltstone-dominated delta front and delta
shelf facies associations (DF) by: (i) a greater
proportion of sandstone (40% against 13%) and a
reduced amount of claystone; (ii) the presence of
hummocky lenses, parallel-laminated sandstone
beds and heterolithic beds; and (iii) the absence
of an upward transition to DP2 and DP3 facies
associations (interdistributary bay deposits). The
sandstones are volcanic-derived lithic arenites
with abundant plagioclase grains, contrasting
with the composition of the underlying delta
plain facies associations (DP), which are arkosic
arenites.

Deposition of SD1 was influenced by oscilla-
tory and combined flows in a permanently
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sub-aqueous, nearshore lacustrine setting. Coar-
sening-upward cycles of SD1 are interpreted
as shallowing-upward successions representing
progradation of high-energy nearshore sedi-
ments over lower-energy offshore lacustrine
sediments (Figs 5K and 7G). The background
sedimentation corresponds to siltstone-domin-
ated intervals. Inversely graded and wave-influ-
enced siltstone lamina sets are interpreted as
quasi-steady or waxing hyperpycnal turbidity
current deposits (Mulder & Alexander, 2001).
The interbedded sandstone beds represent den-
sity flows of higher sediment concentration and
claystone partings correspond to deposition
from interflow/overflow currents. Parallel-lamin-
ated sandstone beds were deposited by high-
energy combined flows, as suggested by the
common association with hummocky lenses
(Fig. 7H). The latter structures are comparable
with anisotropic hummocky cross-stratification
(Midtgaard, 1996), which is linked to deposition
from oscillatory-dominant combined flow with a
slightly stronger unidirectional flow component.
Eyles & Clark (1986) and Martel & Gibling
(1991) reported the presence of hummocky
lenses in lacustrine deposits — similar to those
reported herein — and interpreted them as
reflecting sediment starvation.

Shallow shelf delta facies association (SD2)
The SD2 facies association comprises coarsen-
ing-upward cycles composed of thin dark
claystone, thick laminated siltstone and cross-
bedded, medium-grained sandstone (Fig. 5L).
Each cycle is interpreted as the record of
progradation of small deltas into a shallow lake.
Finely laminated claystones represent sedimen-
tation from settling in an open lake; these were
succeeded by silty deposits of sub-aqueous
mouth bars, and occasional thinly laminated
siltstone intervals related to dilute river plumes.
Sandstone beds dominated by planar lamination
were produced by friction-dominated river flows
in moderately shallow water. Partial modifica-
tion or complete reworking of sandstone beds by
waves and occasional storm events indicates
deposition above wavebase and moderate to
strong lake basin energy. The accumulation of
fine-grained tuffs or tuffaceous sediments with
cross-lamination is interpreted as sub-aqueous
ash-fall deposits, partially reworked by currents
and mixed with epiclastic sediment. SD2 cycles
are similar to those described by Melchor et al.
(2003) for the Los Rastros Formation at Ischi-
gualasto Park.

Synrift lacustrine sedimentation, Argentina 1435

CORRELATION OF SECTIONS

The sections were correlated using three types
of stratigraphic surface: (i) the unconformity
between the Tarjados and Chafiares formations;
(ii) lacustrine flooding surfaces; and (iii) a
forced regressive surface (Fig.4). Aside from
lacustrine flooding surfaces f2 to f5 (Fig. 4), the
correlated horizons are considered to be se-
quence boundaries because they mark a sharp
change in lithofacies that can be correlated
regionally and attributed to the end of periods
of base-level fall or an increase in the rate of
lake deepening (Van Wagoner et al., 1988, 1990;
Christie-Blick, 1991). Four tectonostratigraphic
sequences are recognized, SS1 to SS4 from base
to top. The expression of sequence boundaries
in fault-controlled rift basins is complicated
because subsidence may outstrip the rate of
base-level fall in parts of the basin. The
sequence boundary will be expressed here as
an increase in the rate of deepening rather than
a basinward shift in facies (e.g. Emery & Myers,
1996). Thus the base of SS1 is marked by the
presence of incised fluvial channels only in the
hangingwall (Rio Gualo), and the base of SS2
coincides with a flooding surface (f1) which
places deep lacustrine facies (OL2) on top of
fluvial channel facies (F) at Rio Gualo, and
offshore lacustrine (OL1) on saline lacustrine
(SL2) at Quebrada de Ischichuca.

The lowermost stratigraphic surface is the
unconformity between the Tarjados and Chaifi-
ares formations (Fig. 4), marked by the contact
between red, coarse-grained sandstones with
pedogenic features (top of the Tarjados Forma-
tion) and grey, massive pyroclastic deposits
(base of the Chafiares Formation). The upper
10 to 15 m of the Tarjados Formation shows
pedogenic features throughout the basin,
although the type and development of the
palaeosols change laterally. The topmost palaeo-
sol varies between a well-developed silicified
calcrete (Rio Gualo), a moderately developed
silcrete with abundant siliceous rhizoliths (Cerro
Morado), a well-developed calcrete (La Torre),
and scattered siliceous rhizoliths (Quebrada de
Ischichuca). The greater degree of development of
palaeosols on the eastern flexural margin
localities (Rio Gualo, Cerro Morado and La Torre)
compared with the the footwall margin (Quebrada
de Ischichuca) suggest that a disconformity
on the flexural margin can be traced with a
correlative conformity near the border fault
margin.
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Lacustrine flooding surfaces (f1-f5; Fig. 4) are
distinguished by the sharp superposition of
lacustrine shales (OL facies association) over
coarser-grained sediments and are traceable be-
tween the footwall and flexural margin of the
half-graben (Fig. 4). Most flooding surfaces repre-
sent the contact between lacustrine shales and
underlying fluvial cross-bedded sandstone or
palaeosols (DP1 facies association). Thin impure
coals may underlie the contact and the first few
metres of the lacustrine shale above the flooding
surface commonly contain a greater amount of
organic remains (including plant, insect and fish
remains, and conchostracans). In particular, the
first flooding surface (f1) is represented by the
inferred basinward onlap of offshore lacustrine
black shales (OL) onto saline lake, fluvial or
volcaniclastic floodplain facies associations (SL,
F and VF), depending on the section considered.
This surface coincides with a sequence boundary
(SB2) and is considered to be more significant
than the other lacustrine flooding surfaces as it
marks a major expansion of the lake basin.

A single forced regressive surface at the base of
SS3 is marked by the erosive superposition of
distributary channel sandstones (DP1 facies
association) on offshore lacustrine shales (OL) in
all localities studied. The coarser-grained DP1
facies association lying above the forced regres-
sive surface displays deformational features and
mass-flow deposits.

BASIN FILL HISTORY

Depositional dynamics and sequence
stratigraphic evolution

The analysis of the available sedimentologic and
stratigraphic information on the lacustrine-dom-
inated fill of the Ischigualasto—Villa Unién Basin
permits the recognition of four tectonostrati-
graphic sequences which correspond to four
major episodes of synrift sedimentation. The
palaeogeographic evolution for the package stud-
ied along with inferred lake-level changes and the
sequence stratigraphic framework are illustrated
in Fig. 10 and summarized in Table 3.

SS1: Pyroclastic eruptions, low-energy shallow
lakes, and flexural margin rivers (VF, SL and F
facies associations)

The first sequence boundary (SB1) separates the
red beds of the Tarjados Formation from the
overlying VF facies association (Chafiares Forma-
tion). The lower sequence (SS1) includes the
deposition of abundant pyroclastic deposits that
were reworked in alluvial settings (VF facies
association). Fluvial sedimentation (F facies
association) became more localized and occurred
lateral to two kinds of low-energy shallow lakes
(shallow mildly saline lake and perennial playa
lake of SL facies associations). This sequence is
thicker (197 m) along the northern footwall mar-
gin and thins out (to 2 m) on the southern part of
the flexural margin (Fig. 4). The VF and F facies
associations represent the lowstand deposits of
the first sequence. The inclusion of the fluvial
deposits (F facies association) in the lowstand
wedge is tentative and based on sedimentary
features and on the correlation of the upper and
lower bounding surfaces (Fig. 4). The VF facies
association displays similar thickness in three of
the localities studied, although it is poorly
developed along the southern part of the flexural
margin. This difference is related to a combina-
tion of erosion and a low rate of accommodation
creation. Similarly, the character of the VF facies
association changes from NW to SE (Fig. 4;
Table 3). Predominantly sub-aqueous deposits
were found in the northern footwall margin
(Quebrada de Ischichuca), mixed sub-aqueous
and sub-aerial deposition with poorly developed
palaeosols on the flexural margin to the east (Rio
Gualo) and dominantly sub-aerial deposition
with better-developed palaeosols on the flexural
margin to the south (Cerro Morado). The upper
part of the lowstand wedge (VF facies association)
contains shallow lacustrine deposits (Rio Gualo
and Quebrada de Ischichuca) and gravity-flow
deposits (Quebrada de Ischichuca), suggesting the
transition to transgressive/highstand deposits.
The latter are represented by two types of saline
lake deposits (SL facies associations). The first
type of lake was shallow, mildly saline, and domi-
nated by fine-grained clastic sedimentation (SL1
facies association). The lake was hydrologically

Fig. 10. Sequence stratigraphy superimposed on summary lithologic succession from Quebrada de Ischichuca, and
block diagrams illustrating the palaeoenvironmental and palaeogeographic evolution of the studied lacustrine basin
fill. 1, Quebrada de Ischichuca; 2, Rio Gualo; 3, Cerro Morado; 4, La Torre; VFM, Valle Fértil Megafracture (border
fault zone); LST, lowstand system tract; TST, transgressive system tract; HST, highstand system tract; SB, sequence
boundary; f, lacustrine flooding surface; P, parasequence. Key as for Fig. 5.

© 2007 The Author. Journal compilation © 2007 International Association of Sedimentologists, Sedimentology, 54, 1417—1446



Synrift lacustrine sedimentation, Argentina 1437

500

SS4 ——»

450

it
4——SD1————»=4-SD2 —»
(/)]
7]
=

-
-

—4— TST/HST —>—?LST ——— >« 2TSTHST>
W
=
iy
3
-
[$,]

[
-

SS3

b
A SS2 & SS3
3
-
- [n} L
<
N = P
ae
n 250
f2
\ 4 .”rSB 2 200 * fl
A
SS1
=
(2]}
£
|—
(1]
[
= 10—
(2}
(/2]
/'\ Mountains
/ E Active volcano
¥ === .= Border fault
A i\.Chaﬁa"es =~ Flexural margin
Formation
- o \\ \ Normal faulting 0 10 20km
it
% @ Inferred wind direction Scale for block diagrams
w# S
Tarjados
Formation

© 2007 The Author. Journal compilation © 2007 International Association of Sedimentologists, Sedimentology, 54, 1417—1446



R. N. Melchor

1438

LSH/LSL
IST €SS
SaUO}Spues sej[ep sej[ap sej[ap
JISONIY A1ddns onsero pajeuTwiop pereurwiop pejeuTwiop
8uamns (S 10 )  9jerspowr 0] MO -I9ATI -aAeM -[etanyy
90uepIsqNs pum urSIewWl  'UOT)EPOWWIODIE UOT}BOTIBI}S pue ayey pue aye| pue aye|
pesesmdu]  MOT ‘pruny [eIXE I0 ySty Ia1e\\ OT}OTUIOTOUT OT}OTUIOTOUT OT}OTUIOTOUX
‘JJLIuks Ajres pUB WIBA\ [BINXS]] WOI] ‘[IJ peouereg ‘aInso[0 urseg Jjo uoruwifrdy jo uotuwidy jo woruwrjodA  ISH/LSL 2SS
UOTJBO[TIRI}S
Iaem
aurfeg "saSueyo
[9Ad]-I9yEeM
1dniqy -urseq
MO[J-ySnoIy}
PeJ
90uepIsSqNs -Iajempunosd sjeppnu A1p
yuatdrouy (¢) urSrew I0 8IMsO[D pue oyer-ederd
‘Juudhs Ajreq JPIIB-TWAS  [BINXO[J WOI] urseq Arerodwsa, Sursstn $SuISSTIN [eTUULIBg
UOTJEOTTIBNS
Iaem
Arezoduia],
‘'sagueyd
90uepIsSqNs [oAd[-IajeM
juardioug [enpein aye[ aulfes
‘JJLIuks Ajreq Jpue-Tureg uMmouyu "9INSO[D UIseq SursstN J8ursstN  A[prrx moqeyS  ILSH/LS.L
syisodep Te1angy
£q uref1aa0
A[qeuriojuooun syisodap
£1ddns [TeMm300] (9301011S) ‘spuod pue mory £yaerd
OTISE[D MO 0} 950[2 urerdpoog (sfosoaered) OT}SE[DTUBIOA
‘TUOTIEPOTWUIOII. UOT}RJUSWITPAS onsedoIrAd urerdpooryy 3 18]
Mo paseaIoul [el10B-ONS onse[ooidd onse[oolAd
JLIuks Ajreq Jpue-Tureg umomyu) ‘paIyIepun ‘utseq pasorD) ATISOIN [e1I9B-qNS snoanbe-qng IST 1SS
WISTU0}29 ], SUOT}IPUOD  BAIB 9OINOS A1ddns pue ASo10IpAH (¥ ‘€) [BINXA[} (2) eINXa[} (1) [Temioo; AydeiSnens
OTyRWI[D00Ee ] UONEPOWWIOIDY UIeYINOg uIe)sey — UI9ISOM-THON aouenbag

swaysAs [euonisoda(g

‘(0T 81 Os[e @8s) UISeq UOTU[) B[[IA-0}Se[end
-TUDS] o1} Ul [BAIS)UI POJRUTWIOP-9ULI}STIOR] PAIpNIs 91} JO UOTIN[0Ad ITU0}09} pue odnewroosered ‘ejuswruoriauosered ‘orgdeiSnens jo Arewrmng ‘g a[qe],

© 2007 The Author. Journal compilation © 2007 International Association of Sedimentologists, Sedimentology, 54, 1417—1446



Synrift lacustrine sedimentation, Argentina 1439

closed and might have developed temporary
stratification. Lake-level changes were gradual
and probably accompanied by variations in lake
salinity/alkalinity. The passage to the second type
of saline lake (SL2 facies association) is marked
by a gradual increase in the proportion of dark
shales and dolomitic carbonate beds, and repea-
ted evidence for sub-aerial exposure and desicca-
tion. The setting where the SL2 facies association
was deposited is envisaged as a playa lake sur-
rounded by dry mudflats. Basin-centre deposits
record the aggradational stacking of moderately
organic-rich dark muds during lake flooding and
dolomitic mud plus scarce evaporite minerals
during lake desiccation. The changes in water
level were frequent and marked, as inferred from
the abundance of sandstone-filled cracks encased
in laminated black shales. The fringing mudflats
were repeatedly flooded and desiccated, which
resulted in the formation of common vadose and
palustrine features and preservation of tetrapod
tracks. The minor preservation of evaporites sug-
gests that the playa lake suffered only temporary
hydrological closure or was a groundwater-fed,
through-flow playa basin (Rosen, 1994).

and palaeo
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SS2: Stratified freshwater lakes and highstand
deltas (OL, DF, DP)

A second sequence boundary (SB2) coincides
with the onset of widespread freshwater lacus-
trine sedimentation in the basin and is distin-
guished by offshore lacustrine shales (OL) that
onlap onto saline lake, fluvial or volcaniclastic
floodplain facies associations (SL, F and VF),
depending on the position within the basin
(Fig. 4). SS2 also displays thickness changes (40
to 135 m) and is divided by lacustrine flooding
surfaces (f2—f3; Fig. 4) into a series of 12 to 80 m
thick, shallowing-upward parasequences. Each
parasequence is composed of OL, DF and DP
facies associations, in ascending order. The sec-
ond sequence is mostly interpreted as transgres-
sive/highstand deposits because of the dominance
of lacustrine shales and the progadational stack-
ing of parasequences (Legarreta et al., 1993). The
greater amount of organic remains above the
lacustrine flooding surface probably reflects strati-
graphic condensation during transgression.

The architecture of this sequence can be
observed at Quebrada de Ischichuca, where large
outcrops are available with a strike roughly
perpendicular to the mean palaeocurrent direc-
tion, which is towards the NW (Fig. 9). At this
location, delta front and delta plain facies
associations (DF, DP) form 10 to 42 m thick

Hydrology

Open basin
No water
stratification

Southern

flexural (3, 4)
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(Continued)

SS, stratigraphic sequences; LST, lowstand system tract; TST/HST, transgressive & highstand system tracks; 1, Quebrada de Ischichuca; 2, Rio Gualo; 3, Cerro

Morado; 4, La Torre.

stratigraphy
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depositional lobes with a lens-shaped cross-
section separated by 13 to 40 m thick tabular
black shale intervals (Fig. 9A and B). Each of the
lobes contains a single plano-convex channel
sandbody showing prominent wings encased in
delta plain and delta front facies (Fig. 9B). Three
deltaic lobes can be recognized in the sections
analysed. These lobes change position upsection
towards the NE (Fig. 9B). The largest depositional
lobe (L2 in Fig. 9B) is up to 42 m thick and at least
3 km wide. These dimensions compare favourably
with the lowstand lobes of the Dwangwa delta,
which is the largest of the flexural margin deltas of
Lake Malawi (Scholz, 1995).

The second sequence reflects sedimentation in
a meromictic and freshwater lake (OL) associated
with the development of fluvial-dominated and
wave-dominated deltas (DF, DP; Fig. 10). Lake
processes varied across the basin. In the area
close to the footwall (Quebrada de Ischichuca),
laminated black shale was deposited in anoxic
bottom waters, which favoured the preservation
of organic matter (OL1 facies association). The
common presence of early diagenetic siderite also
points to strongly reducing conditions, at least
below the sediment-water interface. Along the
flexural margin of the half-graben to the east and
south, offshore lacustrine shales are olive green
and have a lower organic carbon content (OL2
facies association). The implied lateral correla-
tion between OL1 and OL2 facies associations
and the location of the latter on the flexural
margin of the basin suggests OL2 was deposited
in well-mixed, oxygenated waters of the epilim-
nion of the same lake where OL1 was deposited.

The deltas associated with the deep lacustrine
shales can be classified as either fluvial-domin-
ated (Quebrada de Ischichuca and La Torre) or
wave-dominated (Rio Gualo). In the fluvial-dom-
inated deltas, pelagic/hemipelagic prodelta muds
were replaced landward by silty surge-like tur-
bidity-flow deposits that constructed a very gently
sloping delta front and shelf, as suggested by the
lack of steep clinoforms or stratigraphic evidence
for sub-lacustrine fans. The delta-top fluvial
channels had high to moderate sinuosity, mixed
sediment load and low channel slopes. On the
delta plain, the major distributaries were separ-
ated by wide interdistributary bays or shallow
lakes into which small crevasse deltas prograded
(Fig. 8). The mean orientation of palaeocurrent
indicators for the channels associated with flu-
vial-dominated delta lobes of the second sequence
is N317° (n = 30; Fig. 4), which suggests that they
were sourced from the flexural margin of the half-

graben (Fig. 10). In contrast, the wave-dominated
deltas of SS2 (Rio Gualo) contain coarser-grained
and thicker delta front successions, which display
a dominance of wave and storm structures
superimposed on silty surge-like turbidity-flow
deposits. The palaeocurrent data for the wave-
dominated delta lobes is towards N326° (n = 12,
Fig. 4), which also suggests a flexural to southern
axial source for these sediments.

SS3: Stratified freshwater lakes and highstand
deltas (OL, DF, DP)
The third sequence boundary (SB3) is marked by
a forced regressive surface that juxtaposes dis-
tributary channel sandstones (DP1 facies associ-
ation) above offshore lacustrine shales (OL) in all
localities studied. In addition, the sandstones
overlying the surface contain deformational fea-
tures (slumps, convolute bedding) and are later-
ally equivalent to mass-flow deposits at Quebrada
de Ischichuca. This abrupt facies superposition
and the associated deformational features are
interpreted as a product of a marked and/or rapid
decrease in base level, which resulted in a
basinward translation of facies belts, suggestive
of a forced regression (e.g. Dam & Surlyk, 1992;
Posamentier et al., 1992; Lemons & Chan, 1999).
The third stratigraphic sequence (SS3) is the
thinnest and varies less in thickness (70 to
30 m). This sequence is also subdivided by
lacustrine flooding surfaces (f4 and f5; Fig. 4)
into parasequences, which are up to 60 m thick.
The third sequence (SS3) involves the same
facies associations as SS2, and is composed of a
stacked pair of delta lobes at each of the localities
studied (Figs 4 and 10). The earlier delta lobes are
thin (2 to 7 m) and rest erosively on laminated
black shales (OL). The coarse-grained deposits of
this delta lobe represent a lowstand delta and are
covered by black shales considered as transgres-
sive and highstand deposits (cf. Dam & Surlyk,
1992).The upper SS3 delta lobes exhibit features
similar to those of the underlying lobes at Rio
Gualo and La Torre, although they are considerably
thinner (45 to 6:5 m thick). At Rio Gualo, the
second delta lobe is capped by 0-15 m thick impure
coal. The second SS3 lobe is only represented by a
15 m thick succession of delta-front silty deposits
(DF facies association) at Quebrada de Ischichuca.

SS4: Shallow wave-dominated lake and shelf
delta (SD facies associations)

The fourth sequence boundary (SB4) is recog-
nized by the superposition of a thick siltstone-
dominated succession (SD facies associations) on
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offshore lacustrine shales (OL) and by a change in
sandstone provenance (cf. Miall & Arush, 2001).
SS4 is well represented only at Quebrada de
Ischichuca, where it is at least 105 m thick. This
sequence documents the existence of a lake
influenced by fair-weather and storm waves,
probably under a windy climate. SS4 contains
sub-aqueous wave-dominated shoreline lacus-
trine sediments (SD1 facies association) consid-
ered as lowstand deposits, which are overlain by
small sandy delta lobes (SD2 facies association)
that would represent transgressive/highstand
deposits. The latter are arranged in coarsening-
upward and shallowing-upward, 6 to 15 m thick
parasequences. Similar parasequences were
recognized at Ischigualasto Park (Milana, 1998;
Melchor et al.,, 2003), although it is unclear
whether these footwall parasequences can be
correlated. The wave-dominated littoral lacus-
trine sediments (SD1 facies association) are
envisaged as peripheral to deltaic deposits (SD2)
and reflect shoreline progradation. The abun-
dance of wave and storm structures suggests
location in an area of wave attack (Fig. 10).

SS4 exhibits a marked palaeocurrent and sand-
stone provenance change, in comparison with the
previous sequences. Palaeocurrent data indicate
transport from the SE in the previous sequences
and this changed to the SW for SS4 (Figs 4 and
10). Sandstone composition changed from arkosic
(average composition Qe F2g Ly for SS2 and SS3)
to volcanic lithic arenites (average composition
Q29 F14 L5, for SS4). These changes reflect a major
modification in basin configuration and are ten-
tatively assigned to the end of the synrift phase.

DISCUSSION

The character and evolution of the studied Ischi-
gualasto—Villa Unién basin fill is comparable
with that of other low-latitude lacustrine rift
basins (e.g. Scholz et al., 1998). The main features
in common are the presence of flexural margin
unconformities that are replaced by a correlative
conformity at the footwall (i.e. SB1 and SB3;
Fig. 4) accompanied by a basinward translation of
facies belts and evidence for repeated lake-level
changes (Scholz et al., 1998).

Controls on sedimentation and basin
development

SS1 (volcaniclastic deposits, saline lakes and
fluvial deposits; VF, SL, F) corresponds to an
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underfilled basin state, when the rate of potential
accommodation exceeded water and sediment fill
(Carroll & Bohacs, 1999, 2001; Withjack et al.,
2002). The distribution of shallow lacustrine (SL)
and fluvial (F) deposits (mainly at Quebrada de
Ischichuca and Rio Gualo, respectively) suggests
that saline lacustrine facies were restricted to
deeply subsided, internally drained depressions
located close to the master fault during early
stages of basin development. It is not possible to
ascertain whether deposition took place in more
than one depocentre during this sequence.

The second and third sequences (SS2 and SS3;
offshore lacustrine shales and delta lobes, OL, DF,
DP) represent balanced-fill basin conditions,
when water and sediment inflows regularly filled
the lake to sill level and may have created surface
outflows (Carroll & Bohacs, 1999). Elsewhere, this
basin state is commonly evidenced by fluctuating
deep facies (Olsen, 1990; Carroll & Bohacs, 1999,
2001; Withjack et al., 2002). In the sections
studied, a number of changes in lake level can
be inferred from the stacking of lacustrine para-
sequences and by the stratigraphic evidence for a
forced regression at the base of SS3 (Fig. 4). Given
the current understanding of fault evolution in
rift basins (e.g. Gawthorpe & Leeder, 2000), the
similar stratigraphic development of SS2 and SS3
in different parts of the half-graben is consistent
with an advanced stage of fault linkage leading to
the development of a single larger depocentre.
The development of stratified lakes with thick
pelagic-hemipelagic sediments was facilitated by
an increase in subsidence rate, accompanied by a
favourable hydrologic balance. Palaeocurrent data
and the position of the studied sections within
the half-graben suggest that the deltas were
mainly sourced from the flexural margin. This
inference is in agreement with the marked pro-
gradational character of the delta lobes, which is
typical of flexural and axial margin deltas
(Scholz, 1995). A similar thickness and width of
the largest recorded delta lobe of SS2 and those of
the modern Dwangwa delta (Lake Malawi) sug-
gest that some of the highstand delta lobes could
have reached a surface area of several tens of
square kilometres (i.e. in the range ca 40 to
100 km? after Scholz, 1995). Furthermore, the
existence of large drainage basins on the flexural
margin of the half-graben, as suggested by the
presence of moderate to large channel sandbodies
in the delta plain, indicates reduced relief and
limited faulting on that margin, as is typical of
half-graben development (Scholz, 1995). The
location of wave-dominated deltas on the eastern
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flexural margin and the large thickness of delta
front facies compared with the associated distrib-
utary channel sandstones (DP1/DF ratio; Table 2)
can be linked with their tectonic and palaeogeo-
graphic setting. The thick wave-dominated delta-
front succession may have resulted from reduced
subsidence in a ramp-like flexural margin setting
that created a large and shallow shelf frequently
affected by wave and storm processes. Lacustrine
deltaic parasequences are not easily related to
lake-level changes, except when independent
evidence is available (e.g. Lemons & Chan,
1999). The correlation of lacustrine flooding and
forced regressive surfaces between three sections
separated by about 95 km, and parasequences
showing similar lithofacies in different parts of
the half-graben (Fig. 4), suggest that the stacking
pattern of the parasequences in SS2 and SS3
corresponds to lake-level changes that affected
the entire basin. The silty delta front facies
representing the upper delta lobe at Quebrada
de Ischichuca (Fig. 4) suggests more limited
progradation of the flexural margin deltas into
the footwall area at this time.

The main controlling factor during SS2 and SS3
deposition was fault-induced subsidence accom-
panied by a favourable hydrologic balance,
whereas lake-level variations that produced the
lacustrine parasequences were probably driven
by short-term climatic fluctuations because of the
similarity between footwall and flexural margin
sequences. The apparent translation of the locus
of distributary channel position at Quebrada de
Ischichuca (Fig. 9B) may correspond to auto-
cyclic delta-lobe switching.

The deposits of SS4 (lake nearshore and shelf
delta, SD) are interpreted as representing an over-
filled basin state. In other lacustrine basins, this
state is typified by sediment and water fluxes
exceeding the rate of accommodation creation and
dominance of fluvial-lacustrine facies (Carroll &
Bohacs, 1999; Withjack et al., 2002). The achieve-
ment of an overfilled state is related to change in
basin configuration, as evidenced by the litho-
facies, palaeocurrent and provenance data. The
mean palaeocurrent data and the known half-
graben physiography suggest that the sediments
were mainly sourced from the footwall margin
during deposition of SS4, as opposed to a flexural/
axial source for SS2 and SS3 (Figs 4 and 10).
Footwall margin uplifts typically deliver low
sediment volumes to rift basins except for streams
entering the basin at relay ramps between stepping
border faults or transverse antecedent drainage
(e.g. Leeder & Gawthorpe, 1987; Gawthorpe &

Leeder, 2000; Withjack et al., 2002). Both alterna-
tives could apply here. The changes in sandstone
provenance can be understood by comparison with
the studies on the influence of rift basin asymmetry
on modern sand composition in Lake Tanganyika
by Soreghan & Cohen (1993). These authors noted a
marked increase in the amount of lithic grains in
footwall sands in relation to flexural margin, axial
and accommodation (rift transfer zone) sands.
Although it is not clear if this pattern is common
to continental rifts or a local effect because com-
parable studies are scarce (Garzanti et al., 2001),
similar sand compositional variation is inferred
here for the hangingwall (SS2 and SS3) and
footwall (SS4) margins of the basin. The location
of the deposits of SS4 at the northern part of the
half-graben implies that the moderate wave energy
inferred for the SD facies associations could relate
to increased wind energy as a result of greater lake
fetch in the direction of maximum elongation of the
basin (Fig. 10).

CONCLUSIONS

The studied synrift lacustrine-dominated succes-
sion of the Triassic Ischigualasto—Villa Unién
Basin (Charfiares, Ischichuca, Los Rastros and
Lomas Blancas formations) can be divided into
four sequences in which there are lacustrine
parasequences and surfaces that can be correlated
across and along the basin. The fine-grained to
medium-grained lacustrine deltaic successions
can be correlated between the flexural and foot-
wall margins of the half-graben. These deltas
display gentle foreset slopes and the development
of shallow shelfs. Variations in the character of
successive sequences were primarily controlled
by the tectonic evolution of the half-graben and,
secondarily, by changing climatic conditions.
Most of the sediments were sourced from the
flexural or southern axial margin of the half-
graben, although the upper part of the succession
records the input of sediment from the footwall
margin.

The oldest stratigraphic sequence (SS1) is com-
posed of volcaniclastic and fluvial deposits com-
posing a lowstand wedge (VF and F facies
associations) succeeded by transgressive/high-
stand deposits restricted to more deeply subsiding
areas close to the main border fault, represented
by saline lake deposits (SL facies associations).
The activity of the border fault system and the
poor development of fluvial drainage on the
flexural margin of the half-graben (reduced clastic
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supply) controlled the location and character of
this sequence. The palaeoclimate was probably
semi-arid, although strong evaporative conditions
were not achieved. The playa-lake cycles are
comparable with Van Houten cycles.

Increased subsidence and the development of
a large fluvial drainage network on the flexural
margin of the half-graben (favoured by a positive
hydrologic balance) dictated the deposition of
the sequences SS2 and SS3. A large, thermally
stratified lake received sediment mostly from the
flexural margin via fluvial-dominated and wave-
dominated deltas. Both types of deltas display
differences in the thickness of delta front and
distributary channel thickness, as well as in the
amount of wave-generated structures, which can
be related to position within the half-graben.
Lacustrine flooding surfaces bound para-
sequences that reflect lake-level changes assigned
to climatic oscillations. Delta-lobe switching of
autocyclic origin also operated during SS2.

Sequence SS4 reveals a change in lithofacies,
palaeocurrents and sandstone composition. The
sediments were now sourced from the footwall
margin reflecting access to new routes of sedi-
ment input from the west, probably related to the
presence of relay ramps or captured antecedent
drainage.
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