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1 | INTRODUCTION

1,2

Abstract

The architecture of lacustrine systems is the result of the complex interaction be-
tween tectonics, climate and environmental parameters, and constitute the main forc-
ing parameters on the lake dynamics. Field analogue studies have been performed
to better assess such interactions, and their impact on the facies distribution and
the stratigraphic architecture of lacustrine systems. The Yacoraite Formation (Late
Cretaceous/Early Palaeocene), deposited during the sag phase of the Salta rift basin
in Argentina, is exposed in world-class outcrops that allowed the dynamics of this la-
custrine system to be studied through facies analysis and stratigraphic evolution. On
the scale of the Alemania-Metan-El Rey Basin, the Yacoraite Formation is organized
with a siliciclastic-dominated margin to the west, and a carbonate-dominated margin
to the east. The Yacoraite can be subdivided into four main ‘mid-term’ sequences
and further subdivided into ‘short-term’ sequences recording high frequency cli-
mate fluctuations. Furthermore, the depositional profiles and identified system tracts
have been grouped into two end-members at basin scale: (a) a balanced ‘perennial’
depositional system for the lower part of the Yacoraite Formation and (b) a highly
alternating ‘ephemeral’ depositional system for the upper part of the Yacoraite
Formation. The transition from a perennial system to an ephemeral system indicates
a change in the sedimentary dynamics of the basin, which was probably linked with
the Cretaceous/Tertiary boundary that induced a temporary shutdown of carbonate

production and an increase in siliciclastic supply.

KEYWORDS

Cretaceous/Tertiary, lacustrine, rift basin, sedimentary, Yacoraite Formation

in the South Atlantic pre-salt Cretaceous lacustrine series
(Rangel and Carminatti, 2000; Gomes et al., 2009), and also

Interest in lacustrine systems has increased worldwide over following acquisition of accurate records of the various fac-
the last few decades due to recent hydrocarbon discoveries tors controlling the stratigraphic architecture (i.e., climate,
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environmental and tectonic settings) at basin scale and at
different time scales (Bohacs et al., 2003; Alonso Zarza and
Tanner, 2008).

In rift settings, the architecture of lacustrine systems is
mainly controlled by tectonics and climate (Blair and Bilodeau,
1988; De Wet et al., 1998; Bohacs et al., 2000). The recogni-
tion of stratigraphic sequences in continental settings, and par-
ticularly in lacustrine rift settings, helps us to understand and
characterize the stratigraphic architecture at basin scale, allow-
ing the controlling factors of sequence development to be de-
ciphered in rift basins (Shanley and McCabe, 1994; Lin et al.,
2001; Pietras and Carrol, 2006). During rifting processes, the
subsidence pattern evolves from starved and underfilled basins
during the tectonic subsidence phase, towards overfilled ba-
sins surrounded by topographic highs during the decay phase
of tectonic subsidence and the onset of thermal subsidence
(Picarelli and Abreu, 2012). In stable subsiding rift systems
(i.e., thermal sag phase), climate variations strongly overprint
the tectonic effect on stratigraphic architecture, the nature of
the facies, and their distribution within the basin (Cloething
et al., 1985; Seranne and Anka, 2005; Scherer et al., 2015).
The subsidence pattern during the sag phase is more homo-
geneous throughout the basin, and lacustrine deposition con-
trolled by climate changes becomes predominant (Lambiase
and Bosworth, 1995; Contreras et al., 1997).

The Yacoraite Formation is a lacustrine system deposited
in the Salta rift basin (NW Argentina, Figure 1), during the
sag phase of the rifting, and is dated Upper Cretaceous to
Lower Palaeocene (Reyes, 1972; Salfity, 1982; Marquillas
et al., 2007; Rohais et al., 2019). The Yacoraite Formation
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crops out in the Alemania-Metan-El Rey sub-basins
(Figure 2). The quality of the Yacoraite Formation exposures
in various locations of the Alemania-Metan sub-basin (Bento
Freire, 2012; Roemers et al., 2015; Bunevich et al., 2017)
permitted the stratigraphic architecture of this formation to
be reconstructed. The Yacoraite Formation is partitioned into
a clastic-dominated margin to the west and a carbonate-dom-
inated margin to the east. Sequential analysis and system
tracts definition made it possible to assess the vertical and
lateral variability of the Yacoraite Formation depositional
architecture, and thus to understand the evolution of the
lake dynamic through variations in factors such as climate
and tectonics, that control sediment supply. The Yacoraite
Formation spans the Cretaceous—Tertiary boundary (K-T)
and as the K-T event strongly impacted the climate (Kring,
2003; Ocampo et al., 2006; Schulte, 2010; Vellekoop et al.,
2014, Rohais et al., 2019) a drastic change in the sedimenta-
tion pattern can be expected within the Yacoraite lacustrine
system. Rohais et al. (2019) studied the same stratigraphic
interval in the Salta Basin. They used multi-proxy analysis
to evaluate the source rock potential and evolution of the or-
ganic-rich lacustrine deposits through the K-T event, charac-
terized by rapid and drastic change in climate. Consequently,
the climate change at the K-T boundary affected the sedi-
mentary deposits, with variations in the supply of sediment
to the basin having a strong impact on the distribution and
quality of the organic matter (Rohais et al., 2019).

The first objective of this paper is to analyze the dynamics
of a lacustrine system over its complete life cycle, which was
set up during the early sag phase of a rift system and ended
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during a late rifting phase (onset of the post-rift phase). The
lake dynamic is unravelled through a detailed facies analysis
that helps to reconstruct the stratigraphic architecture of the
Yacoraite Formation in the Alemania- Metan sub-basins, and
thus decipher the main factors that controlled deposition.

The second objective of this work is to analyze and under-
stand how a lacustrine depositional system reacts to a major
forcing. The K-T transition within the Yacoraite Formation
was examined with the intent of analyzing the effect of the
K-T climate change on the sedimentation record at basin
scale, and the consequences of this on the basin dynamic and
on the stratigraphic architecture.

2 | GEOLOGICAL SETTING OF
THE SALTA RIFT BASIN

The Salta rift basin is part of the Cretaceous-Palaeocene
Andean basin system of central-western South America
(Figure 1). This basin was initially interpreted as an aborted
foreland rift (Galliski and Viramonte, 1988) as it is com-
monly associated in a back-arc setting with the subduction
of the Nazca Plate underneath the South American Plate.
Re-interpretation of magmatic and volcanic events occurring
during basin evolution suggests that the basin was probably
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Location of the Salta rift basin and the main sub-

associated with the opening of the South Atlantic Ocean initi-
ated during the Barremian (Viramonte et al., 1999).

Several depocenters were identified during the syn-rift
evolution of the Salta Basin with three main sub-basins in
the study area: the El Rey, Alemania and Metan sub-ba-
sins (Figure 2). The Alemania depocenter is localized to the
south-west of the city of Alemania, Argentina. The structural
map presented in Figure 2 is based on Carrera et al. (2006;
2009) who identified several sub-depocenters within the
three large syn-rift depocenters (cutoff at >1,000 m of thick-
ness for the three larger depocenters). The Guachipas (G) pa-
laeohigh subdivided the Alemania-Metan area with relatively
thin syn-rift deposits (200-500 m thick).

The Salta rift basin fill (Figure 3) can be subdivided
into three main stages: syn-rift (Pirgua Subgroup), transi-
tional sag (Balbuena Subgroup) and post-rift (Santa Barbara
Subgroup). The transitional sag has also been described as an
early post-rift phase (Salfity and Marquillas, 1994).

2.1 | Syn-rift

The syn-rift phase is recorded by the Pirgua Subgroup
(Reyes and Salfity, 1973). It corresponds to continental red
beds (conglomerates, sandstones and siltstones) and vol-
canic rocks. The succession can be up to 4,000 m thick in
the main depocenter and rapidly thins towards the margins
of the rift. The base of the Pirgua Subgroup is well-dated
(Barremian) by the interbedded volcanics of the Alto de Las
Salinas Complex (Bossi, 1969), which gave ages of 128-
112 Ma (K/Ar, whole rock) in the southern part of the basin
(Alemania area), and also by other volcanic rocks giving ages
of 126 + 3.5 Ma (method not specified) in the Paraguayan
portion of the Lomas de Olmedo sub-basin (Clebsch, 1991).

The Pirgua Subgroup is subdivided into two syn-rift cy-
cles: the first one recorded by the La Yesera Formation, and
the second one by the Las Curtiembres Formation and the Los
Blanquitos Formation (Figure 3). The La Yesera Formation re-
corded a fining-upward cycle from alluvial fan to fluvio-braided
plain and shallow lacustrine deposits. This first cycle is fol-
lowed by a sharp coarsening-upward cycle (upper La Yesera
Formation) composed of coarse-grained alluvial fan deposits.
The upper La Yesera Formation is interbedded with the Isonza
Basalt, probably of Cenomanian age (96 + 5 to 99 + 5 Ma, K/
Ar whole rock; Valencio et al., 1976).

The Las Curtiembres Formation recorded a rapid fin-
ing-upward cycle characterized by fresh to brackish lake
fine-grained deposits. This formation probably recorded
the rift climax. The upper part of the Las Curtiembres
Formation is locally (central part of the rift) interbed-
ded with the Las Conchas Basalt dated at 78 + 5 Ma and
76.4 + 3.5 Ma (K/Ar ages; Reyes et al., 1976; Valencio et al.,
1976; Galliski and Viramonte, 1988). The Las Curtiembres
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Formation progressively evolves upwards to the Los
Blanquitos Formation made of fluvio-braided plain coarse-
grained deposits.

The Los Blanquitos Formation is organized in a coars-
ening-upward cycle recording the end of the main fault ac-
tivity. Fossil remains (sauropod dinosaurs; Bonaparte and
Bossi, 1967) from the upper part of the Los Blanquitos
Formation indicate a Senonian age (Powell, 1979). This
age is fairly consistent with the Palmar Largo volcanic
rocks (Midel, 1984) interbedded between the top of the Los
Blanquitos Formation and the base of the Balbuena Subgroup
in the Lomas de Olmedo sub-basin (70 + 5 Ma by K/Ar
method, Early Maastrichtian; Gdmez-Omil et al., 1987).

2.2 | Sag phase

The sag phase (initiation of thermal subsidence) is recorded
by the Balbuena Subgroup (Figure 3). The latter can reach
400-500 m in thickness, and is subdivided into three forma-
tions: the Lecho Formation, the Yacoraite Formation and
the Olmedo/Tunal formations (respectively
and outcrop equivalent of the overlying series). The Lecho
Formation corresponds to fine to coarse-grained sandstones
deposited in aeolian to fluvio-lacustrine environments. It is
organized in an overall transgressive trend from fluvial to
aeolian deposits during the Maastrichtian.

The Yacoraite Formation (up to 220 m thick) corre-
sponds to shales, mudstones, oolitic and stromatolitic lime-
stones and interbedded fine-grained sandstones deposited
in shallow marine to lacustrine environments. The trans-
gressive trend initiated during the Lecho Formation depo-
sition continued during the deposition of the Yacoraite
Formation. The Yacoraite Formation can be subdivided
into three main packages that correspond to the main
members used to define this formation in the reference
section in the Cabra Corral area (Figure 2). The Amblayo
Member at the bottom, characterized by carbonate-dom-
inated deposits; the Giiemes Member, dominated by
clastic deposits; and the Alemania Member, that corre-
sponds to alternating shallow carbonate beds with marly
deposits (Marquillas et al., 2005). Tuff/ash layers are
common. In the Lomas de Olmedo sub-basin, volcanics
from the Palmar Largo event (ca 70 + 5 Ma) are interbed-
ded within the Yacoraite Formation. Lamprophyre sills
intruded into the Los Blanquitos Formation have K/Ar
ages of 65 and 60 + 2 Ma (Fernandez, 1975; Omarini
et al., 1989). The age of the Yacoraite Formation is
Maastrichtian to Danian (Marquillas, 1985), based on
Senonian dinosaur tracks (Alonso and Marquillas, 1986)
and Maastrichtian and Danian palynomorphs (Moroni,
1982). More recent publications (Marquillas et al.,
2011) based on Tuff/ash dating (U/Pb zircon) indicates

subsurface

ages ranging from 71.9 + 0.4 Ma for the basal part of
the Yacoraite Formation to 68.4 + 0.7 Ma for the upper
part. Timing and duration of the depositional interval
for the entire Yacoraite Formation have been recently
updated and adjusted to a range of 69.1 + 0.7 Ma to
64.0 + 0.5 Ma based on U/Pb zircon dating of eight ash
layers (Rohais et al., 2019). The Yacoraite Formation
was deposited during a period of tectonic quiescence, as
no major tectonic changes were recorded during the sag
phase of the basin, supported by backstripping results on
subsurface well data that confirmed no breaks in the sub-
sidence rate (Starck, 2011).

The Olmedo/Tunal formations correspond to dark shales,
halite, anhydrite and gypsum deposited in lacustrine, brackish
to hypersaline lake environments that record a major change
in the lacustrine dynamic toward the following main se-
quence boundary at the base of the Mealla Formation (Santa
Barbara Subgroup). The Tunal Formation is Danian (65.5—
61.7 Ma) according to its palynologic content (Quattrocchio
et al., 2000).

2.3 | Post-rift

The post-rift phase is recorded by the Santa Barbara
Subgroup (Figure 3). It can be subdivided into three forma-
tions: the Mealla Formation, the Maiz Gordo Formation and
the Lumbrera Formation (Moreno, 1970).

The Mealla Formation (up to 150 m thick) corresponds
to reddish siltstones to coarse-grained sandstones deposited
in fluvio-lacustrine to meandering plain environments. It
laterally passes eastwards (Lomas de Olmedo sub-basin) to
claystones, siltstones, gypsum and discrete stromatolites de-
posited in lacustrine to hypersaline lakes (Gémez-Omil e? al.,
1987).

The Maiz Gordo Formation (up to 250 m thick) corre-
sponds to fluvio-lacustrine fine to coarse-grained sandstones
and limestones (oolite and stromatolite). Palynomorph com-
munities and non-marine dinoflagellates indicate Thanetian
ages (Quattrochio and del Papa, 2000).

The Lumbrera Formation (400-500 m thick) corresponds
to fluvio-lacustrine red mudstones to coarse-grained sand-
stones, and sporadic gypsum/anhydrite nodules (Marquillas
et al., 2005).

3 | MATERIALS AND METHODS

The Yacoraite Formation crops out in several well-exposed
cliffs. Twenty-seven detailed sedimentological sections, sub-
surface cores and mining cores were described (1:100 scale)
and sampled to illustrate facies diversity. These facies descrip-
tions were subsequently used to build stratigraphic correlations
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across the basin. In this article, a correlation transect that illus-
trates the stratigraphic architecture of the Yacoraite Formation

22 o o across the basin shows only three detailed interpreted sedi-
= = = . . . . .
5 5 s & mentological sections, but the transect is constrained with 27
s 2
a=) Q o . . . ag oqe
s s B £ = sections which are not displayed for greater legibility. A set
S D — Ll . . . .
E s = E % E BE of 100 thin sections were analyzed to determine facies. All
- = =S = =] . . . . . . . .
£ 2 2 2 = g E 2= thin sections were stained with alizarin red-S to differentiate
2 2 = o g ee 2¢g . . . . .
£ 5 E z & < & 5 & carbonate minerals (aragonite and calcite are stained, while
o = = o B2 s X B
<SI= R = 2 T Ym 2

dolomite remains unstained; Dickson, 1966) and with potas-
sium ferricyanide to determine the distribution of ferrous iron.
Pre-microscopic observations were carried out under re-

L
. g %
. £ 4 o &2 i : i i :
w & g & T B ° flected and transmitted light with a binocular microscope
~— = Q =] . . .
§ 2 § 2 ; N § (Nikon SMZ 800) to provide a large-scale view of the sam-
. Z & g g = % bt ples and characterize their general texture and porosity dis-
B ~ s =5 2 < . . . . . .
B e g7 EZ g g8 tribution. Petrographic observations followed using a Nikon
S £ 6 =5 2SS 85 . .
8 2 ¢ g g -2 24 ¢ Eclipse LV100 POL microscope.
o = = .= ] = e = .. .
T 2% 25 €4 2733 The description of the carbonate allochthonous facies has
= .2 o '3 OF .= o .
£ = 2 % 2 § § g 9 2 been based on the Dunham (1962) classification scheme. The
=] o L= = .. . .
Zz o~ m "~ =°ac®® depositional texture and the different allochems are described
" in detail. Twenty-four lithofacies were defined by texture,
E 2 sediment components, sedimentary structures, fossils and/
é. _;; or trace fossils (when present). These facies were grouped
S § é into 10 facies associations, defined and then attributed to a
g z2 g specific depositional environment on the basis of their ele-
2 < = g, < < mentary constituent facies, vertical stacking, lateral facies
N~ ~ “ changes and overall geometry.
s © 2 o= = v
s SgfpEif 2 G 4 | RESULTS
8 2 5F BES o o T oo oo
g p=25 g gz = 2%
2 83 E 308 3 ¥ 3 23 . . .
5 £53 %S 2 E £g2c¢ 4.1 | Facies analysis of the Yacoraite
= @ o ko] ! = 9o 2 = 0
2 S35 22888 2wd?° Formation
S EZEEfE: Escs
- g S ° = 8B B =2 2
£ = S 2 i g & . - . .
2 2 =8 505 § é g ‘g § A synthetic depositional model based on facies descriptions
g 2 = 5 = = 3 . . .
< é § g E g % E § 223 (Table 1), facies associations (FA, Table 2) and interpreta-
“ = tions in terms of depositional environments in a lacustrine
setting is proposed.
. The depositional model can be subdivided into two
g end-menders with a siliciclastic-dominated margin and a car-
% bonate-dominated one. Mixing of both sources is possible,
£ o forming mixed facies. The siliciclastic-dominated facies are
= S . . .
"E' ‘g z mainly located along previous footwall margins in the west-
‘g o § ern part of the basin, whereas the carbonate-dominated ones
= o . . . e .
% g *ﬂ;) . . preferentially occur in palaeohighs located away from silici-
S 3 g g g clastic input. Ten genetically related facies associations iden-
3 £ =z E s 2 tified are detailed in Table 1.
§ - @ p= & &
£ 2
O 2] . . . o 4o
= 2% B 2 4.1.1 | Clastic-dominated facies associations
— Z mE> ) "tés o ﬂé kS =
£ 5 2§ % § g g . .
K . S ES 588 g8 25§ FAI Alluvial deposits
= 3 O mdF £ 3 O =z . . . . .
ﬁ 2 S E NES x £ &3 The alluvial deposits consist of fluvial and floodplain depos-
) &) O @) . . . .
= = its. The fluvial deposits are made up of erosion-based, poorly
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FIGURE 4
grained sandstone with trough cross-stratifications (facies S2); (C) red siltstones with root traces (facies S3); (D) coarse-grained sandstones with

Siliciclastic facies illustrations, with: (A) massive gravelly to coarse-grained sandstone (facies S1); (B) medium to coarse-

steep-angle tabular cross-bedding (facies S4); (E) silts and fine-grained sandstones with wave and current ripples (facies S5); (F) medium to

coarse—grained sandstones with sigmoidal cross-stratification (facies S6); (G) medium to coarse-grained sandstone with plane parallel to low angle

cross-stratifications (facies S7); (H) fine to medium-grained sandstones with horizontal bedding to wave ripples (facies S9); (I) fine to medium-

grained sandstones with hummocky cross-stratifications (facies S9) interbedded with wave rippled silts (facies S10)

sorted, massive gravel beds (Facies S1, Figure 4A
and Table 1), with medium to coarse-grained sandstones,
organized in metre-thick fining-upward sequences, show-
ing trough cross-stratifications, and current ripples at the top
(Facies S2, Figure 4B and Table 1). A basal pebble lag is fre-
quently observed as are channel-like geometries. These sand-
stones are embedded within reddish silty shales and rippled
siltstones with root traces (Facies S3, Figure 4C and Table 1),
delimited by the erosional surfaces present at the base of fa-
cies S1 and S2.

This Facies Association (FA) is interpreted as alluvial
deposits, with fluvial channels and bars (S2 and S1, respec-
tively) deposited within floodplain deposits (S3), and can be
vertically stacked in sequences several metres thick, as shown

in Table 2. The alluvial deposits are mostly located on the
western margin of the Alemania-Metan sub-basin, where
the western rift shoulder of the system supplies clastics east-
wards into the basin.

FA2 Deltaic deposits

The delta front facies association is mainly composed of
S4 facies (Tables 1 and 2) that corresponds to medium to
coarse-grained sandstone with large steep-angled tabu-
lar stratifications (Figure 4D), organized in coarsening-
upward sequences several metres thick, bioturbated on
top and with abundant gastropods. The S4 facies (Table 1)
are often associated laterally with medium to coarse-
grained sandstones with mud-draped, multidirectional



FIGURE 5 Mixed carbonate/siliciclastic facies illustrations, with: (A) green shales with rippled sandstones (facies M1); (B) green laminated
shales alternating with rippled sandstone (facies M1); (C) silty ostracod wackestone (facies M2); (D) silty to sandy gastropod floatstone (facies
M3); (E) sandy to silty gastropod floatstone (facies M3); (F) sandy gastropod-rich ooid grainstone to rudstone (facies M4); (G) sandy gastropod-
rich ooid grainstone to rudstone (facies M4); (H) Sandy oolitic grainstone (facies M5); (I) sandy gastropod-rich ooid grainstone to rudstone (facies
M4); (J) Grey blue overturned silty mudstone (facies M6); (K) black shales to mudstone (facies M7)

cross-stratifications (Facies S6, Table 1, Figure 4F), or- Facies S4 is interpreted as delta front deposits pro-
ganized in metre-thick to several decimetres-thick coars- grading into a shallow lake system, supplied by fluvial
ening-upward beds, reworked by wave ripples on their systems upstream (Facies S2). Facies S6 is interpreted as
top (Figure 4F) and highly bioturbated. longshore bars/sandbars in front of or laterally adjacent to




FIGURE 6 Carbonate dominated facies illustrations, with: (A) photomicrograph showing peloid to lithoclast packestone (facies C1); (B)
field photograph of gastropod-ooid grainstone to rudstone (facies C2); (C) photomicrograph showing gastropod-ooid grainstone to rudstone (facies
C2); (D) field photograph of coated ostracod grainstone to packestone (facies C3); (E) photomicrograph showing coated ostracod grainstone to
packestone (facies C3); (F) field photograph of grapestone-ooid grainstone to packestone (facies C4); (G) photomicrograph showing grapestone-
ooid grainstone to packestone (facies C4); (H) field photograph of oolitic grainstone (facies C5); (I) photomicrograph showing oolitic grainstone
(facies C5); (J) Silty dolomitic marls to mudstones; (K) field picture of intraclastic oncoidal breccia (facies C8); (L) field picture of oncoid rudstone
(facies C9)

the delta front systems, deposited by reworking both by  FA3 Sandflat deposits
waves and probable longshore currents. They represent This facies association is composed of alternating thinly lam-
stacked sequences several metres thick, as shown in Table 2. inated siltstones to fine-grained sandstones with both wave
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and current ripples (Figure 4E), showing numerous levels
of desiccation cracks (Facies S5, Table 1). These facies are
organized into 1 m to several metres-thick intervals, often cut
by cross-bedded, bioturbated, medium grained sandstones
(S6 facies). Facies S5 can also be associated with thin beds of
gastropod-rich, sandy grainstones with wave ripples (Facies
M4, Table 1, Figure 5F,G) to ooid-rich, sandy grainstones
(Figure 5I), and centimetre-thick, wave-rippled beds of oo-
litic grainstones (Facies M5, Table 1, Figure SH).

This facies association is interpreted as a sandflat deposited
at the transition between the supralittoral and the eulittoral zone
(highlighted by the presence of frequent exposure episodes un-
derlined by the surface desiccation cracks), in a high-energy
environment with significant clastic supply. Facies M4 and M5
are interpreted as storm lag deposits reworking carbonate-dom-
inated deposits (Dukle, 1985; Chuanmao et al., 1993), probably
present in areas more distant from the clastic input. This sand-
flat facies association is also interpreted as being preserved
laterally in the deltaic systems (Galloway, 1975; Dalrymple,
2010), in the clastic-dominated margin of the lake system.

FA4 Shoreface deposits
This facies association can be subdivided into two end-members:

e FA4-a is characterized by the vertical stacking
of fine to medium-grained sandstones with hummocky

bottom (Facies S9,
Table 1, Figure 4G), passing transitionally to coars-
ening—upward, medium to coarse-grained sandstones
(Figure 4H). This sequence can reach up to 7 m in
thickness.

e FA4-b corresponds to the vertical stacking of fine to medi-
um-grained sandstones several metres thick showing wave
ripples to plane-parallel stratifications (Facies S8, Table 1,
Figure 4H), alternating with decimetre-thick sandy oolitic
grainstone lenses showing wave ripples on the top (Facies
MS5, Table 1, Figure SH), passing transitionally upward to
sandy gastropod/ooid grainstones to rudstones (Facies M4,
Figure S5F, G and I) with occasional stromatolite beds (Table 1).

cross-stratifications at the

Facies Association 4-a is interpreted as a prograding
shoreface (Table 2) in a high-energy environment dominated
by waves with frequent storm events.

Facies Association 4-b can be interpreted as a low-energy
shore/eulittoral environment, where local environmental con-
ditions occasionally allowed the development of carbonate
grains (oolites), fauna (gastropods) and stromatolites. Facies
S8, M4 and M5 are frequently stacked to form prograding
sequences several metres thick, as shown in Table 2.

FA5 Offshore/Profundal deposits
The Offshore/Profundal facies association can be divided
into two subcategories:

e FAS5a is dominated by thinly laminated, silty shales (Facies
S10, Table 1), with occasional hummocky cross-strat-
ifications (Facies S9), forming coarsening-upward cy-
cles of dark silty shales over several metres. Hummocky
cross-stratification increases vertically (Table 2).

e FAS5b is dominantly made up of thinly laminated, gray silty
mudstones (Facies M7, Table 1, Figure SH), occasionally al-
ternating with black organic-rich shales (Facies M6, Table 1,
Figure 5G). They are organized into metre-thick coarsen-
ing-upward trends from black shales (Facies M7) pass-
ing upwards to gray silty mudstones (Facies M6) showing
rare decimetre-thick slumped beds and creeping ball struc-
tures, occasionally capped by lenses of gastropod/ooid-rich
grainstones with hummocky cross-stratifications (Facies M4).

Both FA5a and FA5b are interpreted to have formed in off-
shore or profundal lacustrine environments in a very low-energy
domain, with rare storm events that deposited thin hummocky
cross-stratification lenses (Zhang et al., 1998). Laminae preser-
vation suggests an environment almost without bioturbation, and
the organic-rich content preserved suggests restricted conditions,
with low circulation that is locally disoxic, typical for a low-en-
ergy offshore domain in the profundal zone (Camoin et al., 1997).

4.1.2 | Carbonate-dominated facies
associations

The carbonate-dominated facies associations are dominantly
located in the eastern part of the studied area, where the
Guachipas palaeohighs are located (Figure 2), allowing car-
bonate sedimentation to ocur far away from the siliciclastic
sources.

FA6 Mixed mudflat deposits

In the siliciclastic-dominated margin of the basin to the
west, the mudflat depositional environment is dominated by
green to brown shales (Facies M1, Table 1, Figure 5A,B),
forming decimetre to metre-thick tabular beds. These
green shale facies are highly bioturbated, and show abun-
dant desiccation cracks. The MI1 facies often contain
coal fragments, and are generally associated with centi-
metre-thick lenses of sandy, oolitic grainstone beds with
wave and current ripples (Facies M5, Table 1, Figure 5H,
I). Decimetre-thick, medium to coarse-grained sandstone
beds with sigmoidal megaripples (Facies S6, Table 1) are
occasionally observed in the clastic-dominated margin of
the basin.

In the carbonate-dominated part of the basin (Figure 2),
the mudflat facies association is mainly composed of bio-
turbated mudstone to wackestone (Facies C7, Table 1) as-
sociated with lenses of grapestone/ooid packstones with
wave ripples (Facies C4, Table 1; Figure 6F,G). The
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Synthetic depositional profile for the Base of the Yacoraite Fm.

FIGURE 7
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Synthetic composite depositional profile of the Yacoraite Formation, showing the relationships between the different end

members (carbonate or clastic dominated environments) in high and low energy systems

abundant desiccation cracks are generally associated with
intraclastic breccia made up of stromatolite fragments
(Facies C8, Table 1; Figure 6K), and intercalated thinly
laminated stromatolites.

The predominance of pelitic facies (Facies M1 and C7)
indicates a dominant process of decantation of mud under
very shallow water depth, with the development of microbial
film resulting in the formation of thin and thinly laminated
stromatolites. Frequent desiccation cracks suggest periodic
exposure, forming dry mudflats (Hardie et al., 1978). The
bad preservation of laminae correlates with the abundance
of bioturbation. The intercalation of grainy material (oolitic,
sandy grainstones and grapestones to ooid grainstones) with
wave ripples, and stromatolite clast breccia, indicates rework-
ing of ex-situ material by occasional strong waves during
storm events.

FA7 High-energy eulittoral/carbonate shoreface deposits
This facies association is characterized by the dominant
occurrence of a well-sorted grainy facies, e.g. wave-
rippled oolitic grainstones (Facies C5, Table 1), coated-
ostracod grainstones to packstones (Facies C3, Table 1,
Figure 6D,E), and sandy gastropods and ooid grainstones to
rudstones with wave ripples (Facies M4, Table 1). The fa-
cies stacking is organized in coarsening-upward successions
several metres thick, starting with ostracod wackestones
(Facies M2, Table 1, Figure 5B,C) at the base, passing up-
wards to grainy facies (Facies C5 and C3). These cycles

are occasionally topped by stromatolites several decimetres
thick (Table 2).

Grainy textures (well-sorted and grain-supported) and sed-
imentary structures (wave ripples) indicate a high-energy en-
vironment influenced by wave energy, compatible with shore
environments in the eulittoral zone (Arp, 1995; Clausing,
1990). This FA7 is organized into prograding trends several
metres thick in a carbonate shore environment (Table 2).

FAS8 Low-energy eulittoral deposits

This facies association is dominantly composed of ostracod-
rich, silty wackestones with charophytes and occasional wave
ripples (Facies M2), with occurrences of decimetre-thick gas-
tropod and ooid-rich wave-rippled grainstone beds (Facies
C2, Table 1, Figure 6B,C; and C5 Facies), showing occasional
oncoid rudstone on top (Facies C9, Table 1, Figure 6L). The
stacking of this facies corresponds to metre—thick prograding
sets of silty mudstones (M2) passing upwards to grainy car-
bonates (Facies C3 and C5), as shown in Table 2.

This facies association is interpreted as a low-energy eu-
littoral setting. The significant detrital fraction in the finest
sediments suggests clastic sources in the near vicinity. The
presence of ostracods and charophytes is also associated
with lake shore environments (Fliigel, 2004). The occurrence
of rippled grainstones on top of laminated silty mudstones
can be interpreted as being deposited during periods of more
intense wave energy, preventing fine particles from being
deposited.
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FA9 Oolitic bank deposits

Facies association 9 mainly corresponds to the deposition of
thick (several metres thick) sheet-like beds of oolitic grain-
stones (Facies C5, Table 1), with a sharp base, large-scale sig-
moidal megaripples and wave ripples on top of the beds. The
facies are associated with coated-ostracod grainstones (Facies
C3) and occasionally with oncoid rudstones (Facies C9) on
top of the beds (Table 2). The lateral extent of these beds is on
the order of kilometres with the facies association organized
into lenses forming positive sedimentary geobodies. They can
be stacked together forming metre-thick packages.

Textures (well-sorted, grain-supported) and sedimentary
structures (cross-bedding, wave ripples) indicate a high-en-
ergy environment, characterized by strong currents and wave
energy. The absence of desiccation features also indicates
permanent subaqueous conditions. Williamson and Picard
(1974) described such facies in the Green River Formation
and interpreted it as shoal or oolitic bank deposits, prograd-
ing in a littoral environment.

FA10 Highly alternating deposits

Within the Yacoraite Formation, highly alternating patterns
in the sediment stacking could be identified either in the
basin centre or along the margins on both siliciclastic and
carbonate-dominated margins:

FA1O0a Highly alternating marginal lacustrine. The highly
alternating marginal facies association is characterized by
the sharp superposition of coarse-grained grainstone to
packstone facies (Facies C1, Table 1, Figure 6A; Facies C4),
and silty dolomitic marls to mudstones (Facies C6, Table 1,
Figure 6J; Table 2). Occasional intraclastic breccia (Facies
C8, Table 1, Figure 6K), gastropod-rich floatstones (Facies
M3, Table 1, Figure 4E), and oncoid rudstones (Facies
C9, Table 1, Figure 6L) are present as lags at the base and
on top of the grainstone to packstone beds, associated
with desiccation cracks. Thick stromatolites (up to 1 m thick) are
also common on top of the grainstone/packstone beds.

The high-energy grainstone to packstone facies are
thought to be deposited in the proximal part of the basin (e.g.
eulittoral and littoral facies associations), whereas the silty
marls to mudstones are interpreted as low-energy infralittoral
deposits. The rudstones and breccia lags are thus recording
the subaerial erosion or wave ravinement during, respec-
tively, the lake-level drop and subsequent flooding.

FA10b Highly alternating central lacustrine. The highly
alternating central lacustrine facies association is dominated
by silty dolomitic marls to mudstones (Facies C6) and black
organic-rich laminated shales to mudstones (Facies M7,
Table 1, Figure 5H), with frequent, several decimetre-thick
intercalations of grapestones and oolites with wave ripples,
showing desiccation cracks at their base, that propagate into
the C6/M7 facies below. Stromatolites, which may reach
several decimetres in thickness, are also common on top of
the grainstone beds (Table 2).

Dolomitic marls to mudstones (C6) and black organic-rich
shales to mudstones (M7) are interpreted as infralittoral and pro-
fundal deposits, respectively (Camoin et al., 1997), deposited
by decantation processes in a very low-energy environment in
the center of the basin. The grapestones and oolitic grainstones
are deposited in a high-energy, wave-dominated environment,
and the presence of desiccation cracks at their base suggest peri-
ods of exposure. Evidence of exposure in the center of the basin
highlights the very significant fluctuations of the lake level.

4.2 | General depositional model of the
Yacoraite Formation

Based on the vertical stacking pattern of facies associations and
the stratigraphic architectures proposed from the correlation
between measured sections, it is clear that the large-scale la-
custrine system (ca 200 x 200 km in the Alemania-Metan
sub-basin) occupying the Salta rift basin exhibited different
depositional profiles depending on the location in the basin.

L

FIGURE 8

Coral section), illustrating the alternating depositional system

Outcrop picture showing alternation of FA10a and F10b in the topmost part of the Yacoraite Formation (Sequence 4, Cabral
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The different depositional profiles that have been recon-
structed from the facies analysis are summarized in Figure 7.
The predominance of shallow marginal facies (no exten-
sive development of deep basinal facies) suggests a low to
medium gradient ramp-type margin, rather than a bench-type
margin (Platt and Wright, 1991). However, the proximity of
the clastic input, the structural pattern, the proximity of the
potential connection with other lakes to the north, as well as
the wave patterns had an impact on the facies association dis-
tribution and on the morphology of the depositional profiles.

4.2.1 | Siliciclastic-dominated areas
Siliciclastic, fluvial-dominated high-energy margin

The western part of the Salta (Tintin,
Cachi areas, Figure 2) is characterized by high-energy,

Basin

siliciclastic-dominated environments. In the vicinity of river
mouths, fluvial deposits (FA1) pass downstream to small
deltaic lobes (FA2). Laterally, this siliciclastic material is
reworked by wave action and forms sandflats (FA3) and low-
energy shore deposits (FA4b). The deeper part of the profile
is characterized by the siliciclastic-dominated offshore facies
association (FAS; Figure 7).

Siliciclastic, low-energy margin

The southern part of the Salta Basin is characterized by low-
energy, siliciclastic-dominated to mixed clastic and car-
bonate facies. Supralittoral to eulittoral sandflat (FA3) is
the most proximal (shallow) environment (Figure 7). It
passes downstream to siliciclastic shore deposits (low -en-
ergy — FA4b), characterized by a siliciclastic groundmass
and a few carbonate occurrences. The deeper part of the
profile is characterized by the siliciclastic-dominated to

10-100km

A

Lake level

7 2 TS T
O] [o)os5 o'
) 00
om062569% =

OV OYoer2 Y os Y2

Type section FA10b Alternating central lacustrine (Table 2)
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FIGURE 9

rapid lake-level variation

Eastern margin evolution of the topmost Yacoraite Formation (sequence 3b to sequence 4b, Alemania Member) in response to
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Reference sedimentological section of the Yacoraite Formation (Cabra Corral area) and correlation between lithostratigraphic

members and sequence stratigraphy. The U/Pb zircon ages are projected according to the basin scale correlations
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FIGURE 11

Field pictures of the main stratigraphic surfaces (sequence boundaries) observed in the field, with (A) SB1 separating the

Lecho Formation and the Yacoraite Formation, (B) SB3 characterized by a basinward shift surface between clastic shore deposits and alluvial red

beds, (C) SB4 corresponding to a major exposure surface marked by desiccation cracks, (D) SB5 marking the top of the Yacoraite Formation,

marked by evidence of exposure with vugs and evaporate pseudomorphs

mixed clastic and carbonate-dominated offshore facies
association (FAS).

4.2.2 | Carbonate-dominated areas

Carbonate, high-energy, low-gradient margin

The eastern part of the Alemania-Metan sub-basin (Cabra
Corral area, Figure 2) corresponds to a structural high, at
the time of deposition, located in the center of the Salta
Basin. It is characterized by carbonate-dominated sedi-
mentation and high-energy facies. The widespread
occurrence of cross-bedded oolitic and bioclastic grain-
stones (FA9) constitute a local barrier that separate silty,
ostracod-rich facies (low-energy eulittoral FA8) and mixed
offshore facies (FAS), suggesting a locally ‘barred’ shore-
line by discontinuous oolitic banks, such as that proposed
by Eardley (1966) and Gwynn and Murphy (1980) for the
modern Great Salt Lake. The most proximal and shallow
environments are dominated by mixed mudflats (FA6) and
low-energy eulittoral deposits (FA8) (Figure 7).

Carbonate, low-energy, low-gradient margin

This depositional profile is transitional between the carbon-
ate-dominated, low-gradient, high-energy margin and the
siliciclastic-dominated, low-gradient, low energy margin.
It is observed in the southern part of the Alemania-Metéan
sub-basin (Cabra Corral South, Amblayo, Figure 2), but also
along the shore of the Salta-Jujuy high (Figure 2). Ranked
by increasing water depths, the facies associations observed
along this profile are mixed clastic and carbonate-dominated
mudflat (FA6), high-energy eulittoral carbonate facies (FA7
- grainy facies, ostracods, abundant stromatolites) and mixed
offshore deposits (FAS).

4.2.3 | Highly
alternating depositional system

The upper part of the Yacoraite Formation (Alemania
Member) is characterized by a drastic change in the sedi-
mentation pattern as well as the dynamic of the sedimentary
system into a highly alternating system, which requires the
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definition of an additional specific depositional profile for
the upper part of the Yacoraite Formation.

The highly alternating depositional system is defined
by two facies associations, a highly alternating marginal fa-
cies (FA10a) and a highly alternating central facies (FA10b),
based on the stacking of facies and facies associations that
have been defined for the Alemania Member of the Yacoraite
Formation in the eastern margin of the basin, as shown in
Table 2. The inferred synthetic depositional profile is charac-
terized by a mixed mudflat depositional environment (FA6)
with occasional gastropod-rich ponds passing upward to a
marginal lacustrine environment composed of low to high-en-
ergy eulittoral facies associations (FA7) with occasional oo-
litic banks (FA9). The marginal lacustrine domain passes
distally to the central lacustrine domain, which is made up of
silty marls deposited in an offshore environment (FAS5a), with
occasional oolitic and gastropod-rich grainstone to packstone
banks (mixed between FA7 and FA9) intercalated. The main
difference is the presence of black organic-rich silty shales in
the very distal part of the central lacustrine domain, which
may correspond to a potential source rock for the system, in-
dicated by numerous desiccation cracks suggesting exposure
and recurrent complete desiccation of the lake.

The western part of the profile is dominated by clas-
tic deltaic deposits with fluvial mouth bars (FA1/FA2) and
shoreface deposits (FA4a) passing distally to offshore (FA5a)
environments, similar to the depositional profile shown in
Figure 7. The slope of this profile is assumed to be gentler
than that of the lower part of the Yacoraite Formation, and the
mean bathymetry is consequently reduced in the upper part of
the Yacoraite compared to the base.

The highly alternating pattern is defined in the eastern
margin and in the central part of the basin where the rapid
alternation of the proximal and distal facies and facies asso-
ciations (Figure 8) are well-preserved. In the western clastic
margin this rapid alternation is poorly observed due to the
high-energy clastic system dominated by fluvial and wave
erosion.

The highly alternating system is characterized by
the basinward shift of these facies belts, which results in the
sharp interbedding of facies associations from the proximal
domain (mixed mudflat and marginal lacustrine) with dis-
tal facies associations from the central lacustrine domain, as
shown in Table 2. This rapid alternation of proximal and dis-
tal facies is interpreted as being the result of rapid variations
in lake level that induced a drastic downward shift of prox-
imal facies (gastropod floatstone, peloid packstone, coated
ostracod packstone to grainstone and stromatolites) onto the
basinal domain, forming ‘lowstand’-like wedges prograding
towards the center of the basin (Figure 9A-D). Desiccation
cracks are observed in the center of the basin, and this sug-
gests complete desiccation of the system, with evapora-
tion of the lake. During the subsequent lake-level rise, an

intraclastic breccia was deposited as a lag draping the for-
mer deposits (Figure 9E), capped by offshore/profundal and
marginal sedimentation deposited during high lake levels
(Figure 9F).

It is assumed that these rapid lake-level variations with
recurrent desiccation of the system are favoured because the
mean bathymetry in the lake is reduced compared to the basal
part of the Yacoraite Formation (e.g. Amblayo Member).

5 | STRATIGRAPHIC
ARCHITECTURE OF THE
YACORAITE

51 | Key surfaces

Key surfaces have been identified based on their diagnostic
features, geometries and the facies association distribution.
Sequence boundaries (SB) are characterized by an erosional
base and often exposure in the proximal settings, a sharp bas-
inward shift of the depositional system, and a sharp facies
change from deep to very shallow facies in the basin axis.
They can be superimposed onto the transgressive surface
(TS) and ravinement surface (RS) along the basin margin.
Maximum flooding surfaces (MFS) are characterized by
maximum transgression of the depositional system, deepest
facies in the basin axis and on the basin margin. They can be
superimposed onto the transgressive surface and ravinement
surface in the basin axis. Transgressive and ravinement sur-
faces (TS/RS) are characterized by a sharp and possibly ero-
sional geometry and a rapid landward shift of the depositional
system. They commonly correspond to multiple events, at the
transition from the basin axis to the proximal settings.

The Yacoraite Formation recorded an overall transgressive
trend, followed by a prograding, filling up trend (Cabra Corral
reference section, Figure 10). The Yacoraite Formation can
be subdivided into four main ‘mid-term’ sequences, each
about 1 Myr duration (Figure 10), bounded by remarkable
key surfaces.

5.2 | Sequence definition and architecture

5.2.1 | Sequencel
Sequence 1 is bounded at its base by a major sequence bound-
ary (SB1), that corresponds to a combined sequence bound-
ary with a transgressive surface (SB/TS1) onto the Lecho
Formation (Figure 10). It is characterized by an erosional sur-
face underlain by a thin lag onto the aeolian/fluvio-lacustrine
deposits of the Lecho Formation (Figure 11A).

Sequence 1 is defined between SB1/TS1 and SB2 with
maximum flooding (MFS1) recorded by widespread offshore
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deposits (Figure 10). A volcanic tuff/ash layer interbedded
close to the MFS1b indicates an age of 66.2 + 0.5 Ma to
66.5 + 0.4 Ma (U/Pb zircon dating, Rohais et al., 2019) in the
Cabra Corral section. Sequence 1 has been subdivided into
four higher order ‘short-term’ sequences, from Sequence 1a to
1d. These sequences are organized into an overall retrograd-
ing trend from mixed mudflat (FA6), to high-energy eulittoral
(FA7) and oolitic bank complex (FA9) depositional systems.
Each short-term sequence (la to 1d) is organized into a pro-
grading trend.

At basin scale, the base of Sequence 1 is organized
into a long transgressive trend, which consists of mixed
depositional environments dominated by deltaic, sandflat
and mudflat facies associations (respectively FA2, FA3
and FAG6). The transgressive trend of Sequence 1 is pre-
served in the central part of the basin and progressively
onlapped by the basin margin and palaeohigh (Figure 12).
Along the south-western margin, the depositional system
is mainly characterized by fluvial and deltaic facies asso-
ciations (FA1 and FA2). The maximum backstep of the de-
posits onto the basin margins and palaeohigh was reached
during the deposition of Sequence 1d (Figure 12). This pe-
riod corresponds to the maximum lateral and vertical ex-
tension of the oolitic bank complexes (Sequences 1C and
1D, Figure 12).

The Sequence 1 upper limit corresponds to sequence
boundary 2 (SB2), characterized in the center of the basin
(Cabra Corral area) by a sharp facies association change
from oolitic bank deposits (FA9) and low-energy eulittoral
deposits (FAS8) to deeper facies (FAS). Therefore, this se-
quence boundary also corresponds to a transgressive surface.

5.2.2 | Sequence?2

Sequence 2 is defined between SB2 and SB3 with a maxi-
mum flooding (MFS2a) recorded by a thick interval (1-10 m
thick) of offshore deposits (FAS). Sequence 2 is a mainly car-
bonate-dominated and extended distal facies recorded within
the basal part of the Yacoraite Formation (Sequences 1-2). It
is divided into three ‘short-term’ sequences, from Sequence
2ato 2c.

The base of Sequence 2 corresponds to a rapid retrogra-
dation from eulittoral (FA8) to offshore facies (FAS) up to
the main maximum flooding surface of Sequence 2 (MFS
2a). Above, no more oolitic bank complexes were deposited
within Sequence 2, and the top of this sequence is character-
ized by progradational sets of mixed mudflat deposits (FA6)
onto eulittoral deposits (FA8) reaching the center of the basin
(Sequences 2a and 2b; Figure 12).

The top of the sequence is capped by an extended ba-
sin-wide blanket of shallow, wave-dominated, clastic eulitto-
ral deposits below SB3 (FA4).

The top of Sequence 2 is marked by a drastic change in
terms of sedimentation, with the deposition of clastic mate-
rial, just below sequence boundary 3 (SB3) that marks the top
of the sequence.

Sequence boundary 3 is characterized in the Cabra
Corral area by a major facies association change from shore-
face (FA4a) to fluvial/alluvial/floodplain (FA1), which
documents a major basinward shift of the facies associa-
tion marked by red palaeosoils (Figure 11B).

5.2.3 | Sequence3

Sequence 3 is defined between SB3 and SB4 with a
maximum flooding (MFS3 = MFS3b) that corresponds
to the maximum flooding surface of the long-term cycle.
The lower part of Sequence 3 is siliciclastic-dominated,
while the upper part is carbonate-dominated. It recorded
a major change in the depositional system, already an-
nounced by the shallow clastic shoreface deposited on
top of Sequence 2, with evidence of lake desiccation in
the central part of the basin (Cabra Corral area). Two
short-term sequences were identified within Sequence
3, namely Sequences 3a and 3b.

A first transgressive trend is recorded by a transgres-
sive siliciclastic shore (FA4—equivalent to the Giliemes
Member; Figure 12). The western and southern margin are
characterized by an increase in the sediment supply with large
aggrading deltaic packages (FA2). Then, following the first
major flooding of Sequence 3a characterized by the high-
est total organic carbon (TOC) content within the Yacoraite
Formation (Rohais et al., 2019), the sedimentary dynamic
drastically changed toward the highly alternating dynamic,
with high frequency alternation of the proximal and distal
facies with evidence of abundant desiccation cracks, mostly
in the eastern and central part of the basin. The topmost part
of Sequence 3 is characterized by a thick prograding del-
taic package (FA2) with mudflats (FA6) and a low-energy
shoreface (FA4b) laterally. The topmost part of Sequence 3
is also characterized by a thick prograding deltaic package
(FA2) along the western margin, and alternating marginal fa-
cies associations (FA10a) in the eastern margin of the basin
(far from the clastic sources), passing basinwards toward al-
ternating central facies associations (FA10b; Figure 12).

The upper limit of Sequence 3 corresponds to sequence
boundary 4 (SB4). In the Cabra Corral area, this surface
is characterized by a major facies association change from
mixed mudflat deposits (FA6), to highly alternating mar-
ginal deposits (FA10b) that document a major basin-
ward shift. Large, metre-scale mud cracks occurring in
the central part of the basin (Cabra Corral area) indicate
a complete desiccation of the basin (see photograph in
Figure 11C).
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Continued

Sequence 4

Sequence 4 is defined between SB4 and SB5 with a maximum
flooding (MFS4b) characterized by a maximum transgression

of the system during Sequence 4 (Figure 10). The lower part
of Sequence 4 is carbonate-dominated, and recorded highly
alternating lake levels with multiple layers of organic-rich
deposits (FASD).
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Sequence 4 is divided into two sequences of aggrading to
transgressive highly alternating trends (Sequences 4a and 4b),
above which prograding highly alternating marginal onto highly
alternating central facies associations fill the basin. This contin-
ues up to SBS, at which point alluvial and evaporite sedimenta-
tion begins in the basin marking the start of the Tunal Formation.

Sequence boundary 5 is characterized by a major
basinward shift in the Cabra Corral area recorded by a
major facies association change from highly alternat-
ing marginal (FA10a) to playa deposits (Tunal/ Olmedo
Formations, Figure 3). Evidence of vugs and halite pseu-
domorphs (Figure 11D) in the basin axis indicate a drastic
change in terms of sedimentation, from the lacustrine depos-
its of the Yacoraite Formation to the alluvial and evaporite
deposits of the Tunal Formation.

6 | DISCUSSION

6.1 | Palaeogeographic evolution of the
Yacoraite Formation in the Alemania—
Metan sub-basins

Identified surfaces and sequences have been correlated at
basin scale as shown in Figure 12. These correlations were
used to establish a set of 12 ca 200 x 200 km palaeogeo-
graphic maps (Figure 13) for the Alemania-Metan sub-ba-
sin. Each map was selected to highlight the third-order trend
of the main four sequences within the Yacoraite Formation
Within each of the four sequences, some key periods and/
or surfaces (sequence boundary, transgressive trend, maxi-
mum flooding surface, regressive trend) were selected to
provide an overview of the stratigraphic architecture of the
Yacoraite Formation in the Alemania-Metan sub-basin.

During deposition of Sequence 1, the bathymetry of the
basin increased, passing from a shallow basin dominated by
shallow clastic deposits supplied by the erosion of the rift
shoulders and syn-rift deposits (Figure 13A), to a deeper
basin with almost no clastic input (except in the western
margin) and the occurrence of extended eulittoral deposits
with frequent oolitic banks and offshore profundal deposits
in the center of the Alemania-Metin sub-basin. The oolitic
banks are mainly located along the Guachipas palacohigh
(Figure 13B), in the central part of the basin. Thickness varia-
tions (Figure 12) also suggest the influence of inherited struc-
tures that were active during the syn-rift phase. The shoreline
location was also mainly controlled by previous syn-rift
structures. During the deposition of Sequence 1d, the eulitto-
ral facies association with oolitic bank complexes and depo-
sitional systems reached their maximum extent (Figure 13C).

Sequence boundary 2 is well-recorded along the basin
margins with sedimentary evidence of the reactivation of al-
luvial depositional systems.

The base of Sequence 2 (Sequence 2a) records a major
flooding of the basin. Wave-energy is still recorded by many
sedimentary features and the carbonate production remains
significant (extended and thick high-energy eulittoral depos-
its on the eastern part of the basin). However, the development
of oolitic bank complexes is very limited, possibly due to an
increasing bathymetry that prevented their deposition along
the Guachipas palaeohigh (Figure 13D). As for Sequence 1,
the shoreline location was mainly controlled by previous syn-
rift structures (Las Viboras sill (LV), Figure 13D through F).
This step recorded a widening of the basin as well as an in-
crease in the accommodation rate in the central part.

The topmost part of Sequence 2 records a very rapid
flooding event characterized by the renewal of clastic sedi-
mentation and the drastic interruption of carbonate produc-
tion in the entire basin (top of Sequence 2c, Figure 12), just
prior to sequence boundary 3 (Figure 13F).

Sequence boundary 3 records a complete desiccation
of the lake, with the development and preservation of me-
tre-thick palaeosoils in the center of the basin. Alluvial plain
deposits restricted to the main basin depocenter (Sequence
3a, Figure 13G) records a drastic change of the lake dynamic
with the predominance of clastic sediments supplied by the
erosion of the emerged basin margins. A first transgressive
trend is recorded by a backstepping siliciclastic shoreface
(equivalent to the Giiemes Member; Figure 13H). The west-
ern and southern margin are characterized by an increase in
the sediment supply with large prograding deltaic packages.
Then, following the first major flooding of Sequence 3a
characterized by organic-rich deposits within the Yacoraite
Formation, the system drastically changed toward the highly
alternating lacustrine dynamic that characterizes Sequence
3b (Figure 13I). The topmost part of Sequence 3 is domi-
nated by a thick prograding deltaic package along the west-
ern and the southern margins. Along the eastern margin and
the gentle slope of the Cachipunco palaeohigh (CH), the
carbonate-dominated marginal facies association prograded
into the basin (Figure 13I). The maximum extent of the fa-
cies belts is very close to those recorded during Sequence 2.
The Las Viboras sill had a limited influence on facies belts
(LV in Figure 13I).

Sequence boundary 4 (SB4) records another major desic-
cation event with erosion and exposure along the margins and
deposition of restricted mudflat facies association only pre-
served in the central part of the basin (Figure 13J). The first
aggrading to transgressive trend of Sequence 4 (Figure 13K)
is mainly preserved in the central part of the basin. As for
Sequence 3, the Guachipas palaeohigh (G) seemed to con-
trol the facies distribution during this period of time, which
is characterized by shallow highly alternating marginal de-
posits. The topmost part of Sequence 4 is characterized by
highstand system tract-like deposits organized in prograding
packages (Figure 131). They recorded a highly alternating base
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Short-term type-sequence evolution - Sequence 1 (a-c) and Sequence 2 (a-b)

A: Early stage (post SB)
- Rainfall (R) << evaporation (E) Lake level
- Low lake level

- Exposure of lake margins

- Low energy deposits (East: FA3, FA4;
West: Fa6, Fa7)

B: Early transgression

- Low R/E ratio (/R and/or\.E)

- Lake-level rise

- Reactivation of drainage system to the
East

- Aggradation trend

C: Late transgression - maximum
flooding

- Increasing R/E ratio - R>E

- Lake-level quick rise

- Maximum lake expansion

- Retrogradation/Backstepping trend

Lake level W

D: Late stage (high lake level)
- Low stable R/E Lake level
- High stable lake level

- Progradation

- High energy deposits (East: FA2, FA4a;
West: Fa8, Fa9)

Short-term sequence evolution - Sequence 2c and Sequence 3(a-b)

E: Early stage (post SB)
- Rainfall (R) <<< evaporation (E) E
- Very low lake level

- Exposure of lake margins

- Basin spread mud flats, occasional ponds
- Smooth lake topography (flat profile)

Lake level

F: Transgression up to MFS

- Low R/E ratio (/'R and/or \E)

- Lake-level rise

- Reactivation of drainage system to the
East _
- Extended clastic shorface deposits all over
the basin

- Smooth lake topography (flat profile)

Lake level

G: Sequence boundary

- Rainfall (R) <<<< evaporation (E)

- Lake complete desiccation

- Thin alluvial deposits, palaeosoil develop
ment in the basin center

H: Transgression - Regression

- Increasing R/E ratio - R>E

- Lake-level rise

- Extended clastic shoreface retrogradation
and progradation

- Smooth lake topography (flat profile)

LEGEND - Alluvial grugggggnrécsh shales/ —— Trough cross-bedding H( Roots
Deltaic - Mixed mud flat —  Current ripples -~ Mud cracks
Sigmoidal -beddi “o  Gastropods

Sand flat - High energy eulittoral . Sigmoidal cross-be |-ng . p!

Shoreface B cuitoral == Low angle cross-bedding # Intraclasts
FA4b| M - . == H.CS. @@ Grapestone

[ FA4b] Mixed low-energy shore - Ooid banks

Offshore/Profundal NN Exposure A Wave ripples ©& Ooids/oolites

FIGURE 14 Mid-term sequence evolution and conceptual depositional model for the Yacoraite Formation at basin scale. (A) Depositional
model for sequences 1 (a-c) and 2 (a-b); (B) Depositional model for the sequences 2d and 3 (a-b)
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level with deposition of interbedded organic-rich deposits
preserved in the central part of the basin. Siliciclastic input
also increased in the basin margins during the topmost part
of Sequence 4, precluding sequence boundary 5. While the
bathymetry progressively decreased during this progradation,
the Guachipas palaeohigh (G) seemed to have controlled the
facies belts and thicknesses in the central part of the basin
(Figure 13L). The basin was then progressively filled up to
sequence boundary 5.

6.2 | Factors controlling the depositional
system evolution of the Yacoraite Formation

The evolution of depositional profiles and short-term se-
quences previously presented have been grouped into two
end-members at basin scale: (a) a balanced ‘perennial’
depositional system for the lower part of the Yacoraite
Formation (Sequence la to Sequence 2b—Amblayo
Member), and (b) a highly alternating ‘ephemeral’ deposi-
tional system for the upper part of the Yacoraite Formation
(Sequence 2c to Sequence 4b—upper Amblayo to Alemania
members). These two depositional models have been
considered because the stratigraphic architecture of the
Yacoraite Formation indicates a drastic change within the
sedimentary dynamic of the basin (Figure 12) and thus the
controlling factors of the sedimentation (tectonic-climate
interaction), with a lower part characterized by a relatively
stable body of water (high-energy shore deposits, no evi-
dence of full desiccation of the basin), and an upper part
characterized by a highly variable body of water (abundant
evidence of full desiccation of the basin, relatively low-en-
ergy shore). The transition occurred during the deposition
of Sequence 2c, with increasing evidence of a full desicca-
tion of the basin.

6.2.1 | Base Yacoraite Formation-Sequence
1a to Sequence 2b

The short-term sequence organization, deposited during the
balanced perennial system in the lower part of the Yacoraite
Formation (Amblayo Member, as shown in Figure 10), shows
four main evolutionary stages (post-sequence boundary,
early transgression, maximum transgression and late-regres-
sive) reflecting the relative change of the main controlling
factors on lacustrine deposits, represented by the Rainfall (R)
/ Evaporation (E) ratio (R/E) evolution through time:

e The early stage corresponds to the post-sequence boundary
stage, with a low lake level and exposure of the lake margins.
During this stage, the system tends to be reactivated with
a very low but increasing R/E, and progradation of shallow

lacustrine sediments in the basin with a deltaic system and
shoreface deposits in the western margin, and eulittoral car-
bonate deposits in the eastern margin (Figure 14A).

e The early transgression is characterized by a rapid increase
of the lake level, accompanied by an active drainage of
the basin to the west. The R/E is still low, but increases.
The lake-level rise is compensated by the sediment supply,
with deposition of aggrading clastic, deltaic and shoreface
deposits to the west and high-energy carbonated eulittoral
deposits to the east (Figure 14B).

e The maximum transgression (towards the maximum
flooding that corresponds to the highest lake level with
the maximum expansion) is characterized by an increas-
ing and high R/E. The lake-level increases faster than
the sediment supply and retrogradation of the deposits is
observed through a backstepping trend of the facies belts
(Figure 14C).

e The late regressive stage of the short to mid-term sequences
is characterized by high and stable lake levels, with a low
stable R/E, which results in the progradation of the facies
belts towards the basin center, in a high-energy system.
The western margin of the basin is dominated by the depo-
sition of coarse-grained deltaic systems and high-energy
shorefaces, whereas the eastern margin is dominated by
the progradation of the eulittoral environment (FAS8) in-
terbedded with frequent wave-dominated ooid-rich banks
(FA9) (Figure 14D).

The short-term sequence organization for the upper part
of the Yacoraite Formation (e.g. Top Amblayo, Giiemes and
Alemania members) shows a drastically different pattern
from the lower part of the Amblayo Member.

6.2.2 | Mid-Yacoraite Formation—Sequence
2c¢ to Sequence 3a

The top of the Amblayo Member sequence organization
(Sequence 2C) shows an early stage (post-sequence bound-
ary) characterized by widespread basin mudflat deposits,
with exposure of the basin margins, which show evidence
of a drastic change into a low-gradient (flat) depositional
profile (Figure 14E). These low accommodations and very
shallow low-energy deposits are the result of a very low R/E,
with a lot of evaporation, likely resulting from an arid cli-
mate. The transgressive trend up to the maximum flooding
surface (Figure 14F) records a reactivation of the drainage
system with shallow water clastic sediments deposited in a
shoreface setting throughout the entire basin, giving evidence
of a climate humidification trend.

Above, Sequence 3a shows another change in the short-
term organization sequence, with complete desiccation of
the lake and evidence of soil development in the center of
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interpretation, age model (from Rohais e al., 2019) and lake-level variations

the basin (SB3) (Figure 14G). This highly evaporative stage
is followed by a new reactivation of the basin drainage due
to an increase in rainfall, and a new transgression marked

by shallow clastic deposits supplied by deltaic systems in
the western margin of the basin and shoreface deposits to-
wards the center of the basin (Figure 14I).
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6.2.3 | Top Yacoraite Formation—Sequence
3b to Sequence 4b

The depositional model for the upper part of the Yacoraite
Formation at basin scale (highly alternating lacustrine
‘ephemeral’ depositional system, Alemania Member) in-
cludes three main stages in the short-term sequence de-
velopment, as displayed in the stratigraphic correlations
(Figure 12):

e The early stage is characterized by a very low R/E ratio
with evidence of exposure all along the basin. Metre-scale
desiccation cracks can be observed in the central part of the
basin (Figure 11D), while along the basin margin and in
the palaeohigh setting, major erosion occurred. Mud clasts
and breccias comprized of stromatolite clasts generally
drape the exposure/erosional surface (Figure 9).

e The transgressive stage is characterized by an increas-
ing R/E ratio with a backstepping depositional sys-
tem and major reactivation of the fluvial inputs to the
west (Figure 12). Evidence of full desiccation of the
basin was documented several times, indicating repet-
itive high amplitude base-level changes (Figure 9). The
body of water recorded an overall bathymetry increase with
retrogradation of the alternating marginal facies associa-
tion towards the basin margins. Organic-rich deposits in
Sequence 3b (maximum TOC) were well-preserved in
the central part of the basin and are organized in decime-
tre-scale discontinuous beds.

e The late regressive stage is characterized by a high and
highly alternating R/E ratio with aggrading and prograding
marginal-alternating facies associations, subdivided into
numerous small-scale sequences (Figure 9) that give evi-
dence of a rapid shift between arid conditions with a full
or partial desiccation of the system, and humid conditions
with reactivation of the basin drainage. This stage also cor-
responds to the maximum lake encroachment in terms of
lake water extent and a reduced lake bathymetry, and may
also influence the sensitivity of the system regarding the
R/E ratio. The late stage of short-term sequence develop-
ment of the Alemania Member is characterized by the pro-
gradation of the alternating depositional systems.

6.2.4 | Short-term versus mid-
term sequences

Temperature reconstruction across the K-T boundary, based
on a dynoflagelate assemblage analysis (Brinkhuis et al.,
1998) and foraminifer stable isotope measurements (Huber
et al., 2018), show that the climate at the earth's surface was
warm and stable during the latest Maastrichtian, in contrast
to strongly fluctuating and cooler conditions during the

earliest Danian, similar to the sedimentary record observed
in the Salta Basin. Considering the long-term sequence (ca
5 Myr), the basin recorded a main subsiding phase between
SB1 and MFS2 (Sequence 1 to Sequence 2b), and then an
infill phase until SB2c¢, with mudflats covering the whole
basin. Then during Sequence 3a to Sequence 4b, the basin
underwent quite a stable low subsidence, and alternating fa-
cies (FA10) associations prevailed recording rapid lake-level
fluctuations attributed to short-term climate changes with
rapid shifts between arid and humid periods until the deposi-
tion of the Tunal Formation in an alluvial depositional set-
ting (Figures 9 and 13).

The short-term sequences are mainly controlled by cli-
mate—derived parameters, such as rainfall (linked with hu-
midity) and evaporation (linked with aridity). Those two
parameters strongly influence, respectively, sediment supply
and lake-level variations over time (Dearing, 1997; Wagreich
etal.,2014).

The response of the depositional system also depends on
the tectonic setting through the subsidence pattern, which
evolves during the deposition of the Yacoraite Formation,
from mechanical to thermal at the transition from syn-rift
to sag phase, with low and stable subsidence during the sag
phase (Stark, 2011). The tectonic controlling factor is not
dominant in terms of short-term sequences (Figure 15), but
remains the main driver of the accommodation variation
through time. Basal sequences (Sequence 1 to Sequence 2b)
are considered to be high accommodation sequences com-
pared to the upper sequences (Sequence 2c¢ to Sequence 4b),
with an overall reduced bathymetry that enabled the recording
of rapid lake-level fluctuations with frequent complete des-
iccation and shallow lacustrine deposits during subsequent
lake-level rises.

The age model provided by Rohais et al. (2019) made
it possible to make an initial estimate of the duration of the
short-term sequences as well as to discuss the primary con-
trolling factor on the deposition of the short-term and very
short-term sequences (Figure 15). The uncertainties regard-
ing the ages given by Rohais ez al. (2019) are approximately
the same as the duration of the cycles given here. The dis-
cussion is based on the mean behaviour of the system con-
sidering the exact ages given by Rohais et al. (2019). It is
observed that the overall duration of short-term sequences
decreases from Sequence 1a at the bottom up to Sequence 2b.
Sequences la and 1b last respectively 1.6 and 1Myr, and re-
cord the transition from the syn-rift system to the sag phase.
It is assumed that these two short-term sequences are mainly
tectonically driven. Sequences 1c to 2b are estimated ranges
between 0.4 and 0.1 Myr in duration, with a low but increas-
ing sediment supply and an increase in carbonate production
(Figure 15; Rohais er al, 2019). These sequences record
smoothed short term lake-level variation in a stable low ther-
mal-dominated subsidence (Stark, 2011), potentially forced
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by earth orbital control, and presumably records the variation
of earth eccentricity.

The post-K-T boundary mid-term Sequence 3 duration is
estimated at 0.4 Myr, and it is proposed here that this se-
quence mainly records the variation of the earth eccentric-
ity orbital parameter. Sequence 3 can be subdivided into two
short-term sequences (Sequences 3a and 3b), and further
subdivided into very short-term cycles (Figure 15), of ap-
proximately 0.06 Myr in duration, that could be dominantly
attributed to earth obliquity variations, which are recorded in
the highly alternating sedimentary deposits.

Sequences 4a and 4b last respectively 0.4 and 0.55 Myr,
and their deposition is also supposed to be mainly controlled
by earth eccentricity variations. Very short-term sequences
can also be identified within Sequences 4a and 4b, with a du-
ration of about 0.1 Myr, that also corresponds to eccentricity
periods of about 0.1 Myr (Figure 15).

Regarding the sequence hierarchy and their durations, most
of the short-term sequences are climate-driven, controlled by
earth eccentricity variations, except for the basal Sequences
la and 1b, that are likely to be mainly controlled tectonically,
during the early stage of the sag phase. Sequence 3, deposited
just after the K-T event, records both eccentricity with short-
term sequences and obliquity variations with the very short-
term sequences subdivision. The Sequence 4 succession records
mainly the earth eccentricity variations using periods of 0.1
Myr for very short-term cycles, and periods of about 0.4 Myr
for the short-term sequences. The climate variations inducing
lake-level variations are interpreted in terms of aridity and hu-
midity trends, as shown in Figure 15. These trends are mainly
controlled by earth eccentricity variations on the short-term se-
quence level, with a combined effect of the obliquity recorded
after the K-T boundary. This results in the highly alternating
deposits observed at the top of the Yacoraite Formation, with
complete desiccation of the lake and subsequent rapid reflood-
ing in a shallow lake system. The system was probably more
sensitive to earth orbital parameters during Sequences 3 and 4
because the lake was wider and shallower than in Sequences 1
and 2, and therefore more sensitive to evaporation.

6.3 | Expression of the K-T boundary in the
lacustrine sedimentary record

The Yacoraite Formation sedimentary succession en-
compasses the K/T boundary (Rohais et al., 2019).
According to the most recent version of the International
Commission for Stratigraphy (Cohen et al., 2013), the K-T
boundary is dated at 65.5 Ma, and occurs in the Yacoraite
Formation in the Amblayo Member, just below the Giiemes
Member, at the top of Sequence 2, close to SB3 (Rohais
et al., 2019). In the north-western part of the Alemania-
Metan Basin, dinosaur tracks have been found at the top

of the Amblayo Member, and are considered to be the
latest dinosaur tracks found in this area (Diaz-Martinez
et al., 2017). At this stage of evolution, the lacustrine sys-
tem was expanding and evolving optimally when climate
disturbances occurred and affected the architecture of the
Yacoraite deposits.

The K-T boundary is characterized by a drastic climate
change, caused by multiple catastrophic events such as
multiple meteorite impacts (i.e., Chicxulub crater, Shiva
crater; Keller et al., 2004; Chatterjee et al., 2006) and the
Deccan Traps flood basalts, that are coeval according to sev-
eral authors (Duncan and Pyle, 1988; Alvarez, 1997). These
events resulted in an immediate and severe short-lived tem-
perature drop at the surface of the earth (Vellekoop et al.,
2014) caused by dust blocking the solar radiation. This short-
term cooling was then followed by a significant warming due
to a substantial release of CO,, which increased the green-
house effect.

The sedimentary record of these drastic events can
be recognized within the Yacoraite Formation. At the top
of Sequence 2 (Sequence 2C, Figures 10 and 12), a blan-
ket of clastic shoreface deposits abruptly overlay eulittoral
and mudflat environments (Figure 14E,F), and correspond
to a sharp transition from carbonate-dominated deposits
to clastic deposits (Figure 14D,E). It is suggested that this
change, which corresponds to the shutdown of carbonate
production together with an increase of the clastic supply
(Figure 15), can be attributed to the K-T event, implying
a massive dust cloud and acid aerosols released into the at-
mosphere (Ocampo et al., 2006). This dust cloud may have
blocked the sunlight for a sufficient period of time, resulting
in the inhibition of photosynthesis, accounting for the extinc-
tion of plants and animals dependent on the light, and thus
drastically reducing carbonate production. The re-appear-
ance of siliciclastics in that interval results in an increased
supply of sediment coming from the increased erosion of the
catchment area, probably eased by the disappearance of soils
and vegetation.

Above the siliciclastic blanket at the top of Sequence 2c,
SB3 marks a complete desiccation of the lake, followed by
a transgressive interval made up of alluvial deposits over-
lain by clastic shoreface deposits (Figure 14G,H). The com-
plete desiccation of the water mass was supposedly caused
by a warm dry period where evaporative processes prevailed
over other controlling factors. As stated by many authors
(Pope et al., 1997; Piezzaro et al., 1998), the short-term
cooling caused by the meteorite impacts and the Deccan
Traps was followed by a rapid and significant warming of the
atmospheric temperature, higher than the temperatures that
prevailed before the K-T event (Vellekoop et al., 2014; Mac
Leod et al., 2018). The deposition of a transgressive inter-
val of alluvial and shoreface deposits above SB3 indicates a
reactivation of the drainage supplying clastics to the system.
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This implies a more humid period and a rapid flooding of
the system after a warming phase and desiccation of the
system.

Above this clastic interval corresponding to the transgressive
part of Sequence 3a, the highly alternating lacustrine system was
progressively developing, characterized by the abrupt alternation
of profundal deposits and marginal carbonate-dominated eulit-
toral to supralittoral deposits, with a very limited amount of clas-
tics in this depositional system. The carbonate production was
again active mostly in the eastern part of the basin (Figure 15),
suggesting a resumption of ‘normal’ conditions, comparable
to those prevailing during the deposition of Sequences 1 and
2a-b prior to the K-T event. The onset of this highly alternat-
ing, or ‘ephemeral’ depositional system might be due to the
fact that the lake bathymetry is very reduced (according to the
stacking of facies associations and the geometries of the lake
profiles deduced from stratigraphic correlations), or at least
lower during Sequences 3 and 4 than Sequences 1 and 2, per-
mitting a very rapid basinward shift of facies when the lake-level
dropped. Unfortunately, this hypothesis cannot be quantified
properly with this work as the bathymetric proxies were only
based on the ranking of the maximum flooding surfaces through
the encroachment of lake deposits on the basin margins. The
lack of well-preserved sedimentary structures associated with
wave dynamics in the topmost part of the Yacoraite Formation
(Sequences 3 and 4) does not allow the depth of the bodies of
water to be estimated (Tanner, 1971).

7 | CONCLUSION

1. The Yacoraite Formation recorded the deposition of si-
liciclastic and carbonate-dominated deposits in the west-
ern and eastern margins, respectively, of the Salta Rift
Basin (Alemania-Metan sub-basins) in a lacustrine en-
vironment. The Yacoraite Formation encompasses 10
facies associations organized according to deposition
energy, and the vicinity of the clastic sources.

2. The Yacoraite Formation recorded the complete life cycle,
from the early sag phase to the late rifting phase. The basal
sequences record a perennial lake system (Sequences 1 and
2). Above, the sequences are characterized by an ephem-
eral highly alternating depositional system (Sequences 3
and 4).

3. The Yacoraite Formation is organized into four mid-term
sequences in an overall long-term order sequence, 5 Myr
in duration. The mid-term sequences can be subdivided
into higher order sequences (short-term sequences, ca
100-250 Myr each) recording mainly high frequency cli-
mate variations.

4. The occurrence of various depositional sequences in
the Yacoraite Formation primarily reflects the vari-
ations of the Rainfall/ Evaporation ratio, leading to

prograding, retrograding or aggrading trends in a stable
lake system (lower sequences) and a highly alternat-
ing lake system (upper sequences). In that sense, the
Yacoraite Formation can be considered a textbook exam-
ple of sequence stratigraphy in a lacustrine setting. In this
study, it is possible to identify and characterize the stack-
ing of the different short to mid-term sequences at basin
scale, which would not have been possible without this
overall view of the Alemania-Metan sub-basins.

5. The Yacoraite Formation is dated at Maastrichtian-
Danian. The K-T event is recorded within the Yacoraite
Formation, at the transition between the ‘perennial” stable
lake system and the ‘ephemeral’ highly alternating sys-
tem. This transition is characterized by a widespread si-
liciclastic interval, as well as a lack of carbonate deposits,
in which the first major evidence of complete desiccation
of the lake can be observed.

6. Short-term variations in the sedimentary record were
mainly forced by eccentricity. Very short-term variations
are however recognized in the post-K-T boundary depos-
its, representing very high frequency cycles with highly
alternating deposits controlled by earth eccentricity varia-
tions modulated by obliquity variations.
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