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ABSTRACT

Inherited rift topography controls the sediment routing, timing of sand sup-
ply, and sedimentary linkage of early post-rift depocentres. Exhumed exam-
ples of early post-rift turbidite systems are rare and previous studies have
examined the evolution of individual depocentres; in contrast, the detailed
evolution of early post-rift turbidite systems across multiple depocentres has
never been documented. Current fill-and-spill models do not detail the strati-
graphic architecture and evolution of sedimentological characteristics of
multiple intraslope fans developed across topography, including bed type
distributions. Here, the evolution of three intraslope fans that developed
across two early post-rift depocentres is documented along an 18 km long
transect in the southern Neuquén Basin, Argentina. The relative chronology
of sand supply in depocentres is constrained with new U-Pb ages, and sedi-
ment source areas with provenance analysis. The early post-rift intraslope
fans record progradation of the system and progressive sedimentary linkage
of post-rift depocentres, transverse to local syn-rift structures, with sediment
routing subparallel to the cratonic basin margin. The large-scale stratigraphic
architecture of intraslope fans indicates an evolution as a fill-and-spill sys-
tem, with initial confinement through flow stripping and overspill to spill-
over with erosion and bypass across a transverse topographic high
separating the depocentres. Changes in early post-rift intraslope fan charac-
teristics, including thickness, sandstone content, lobe complex stacking pat-
terns, stratal termination patterns and bed type distribution, record changing
confinement through time within a depocentre, and spatially across depo-
centres. The strong spatial and vertical stratigraphic variability of transi-
tional flow deposits and hybrid event beds reflects enhanced erosion,
sediment bypass and flow transformation across transverse relief between
the two depocentres during the spillover phase. These findings advance cur-
rent understanding of early post-rift turbidite systems and refine fill-and--
spill models, which will help the prediction of spatial and vertical changes
in rock quality and connectivity in subsurface hydrocarbon reservoirs and
CO, storage sites.
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INTRODUCTION

Understanding the spatial and temporal evolution
of early post-rift deep-marine sandy systems and
the roles of sediment supply, inherited rift topog-
raphy, differential subsidence and local compac-
tion, are key to determining the architecture of
hydrocarbon reservoirs and CO, storage sites.
Inherited rift topography can have a long-lived
influence on the geometry and connectivity of
early to late post-rift deep-marine sandy systems.
However, the nature of stratigraphic architecture,
and turbiditic facies, remain poorly documented.
Ponded, perched or fill-and-spill confined systems
develop across seabed topography (i.e. salt or mud
diapirs, fault-scarps) and are well-documented in
a range of tectonic settings, in the subsurface (e.g.
Booth et al, 2003; Smith, 2004; Rodriguez
et al., 2021; Casagrande et al., 2022) and at outcrop
(e.g. Sinclair & Tomasso, 2002; Shultz & Hub-
bard, 2005; Vinnels et al., 2010; Southern
et al., 2015; Tinterri & Tagliaferri, 2015; Brooks
et al., 2018; Cumberpatch et al., 2021). Numerous
subsurface studies have highlighted large-scale
interactions between inherited or compaction-
enhanced rift-related topography in deep-marine,
late post-rift systems (Lien, 2005; Fugelli &
Olsen, 2007; Jackson et al., 2008; Ravnas et al.,
2014; Dmitrieva et al., 2018). In comparison, this
topic has been emphasized only in a few studies
of deep-marine, early post-rift systems (Argent
et al., 2000; Burgess et al., 2000; Feerseth & Lien,
2002; Zachariah et al., 2009; Veiga et al., 2013).
Furthermore, subsurface studies lack detailed doc-
umentation of sedimentary characteristics, and the
rare examples of exhumed early post-rift sandy
systems have predominantly been investigated as
part of large-scale studies focused on the overall
stratigraphic expression of the syn-rift to post-rift
transition (Takano, 2002; Alves et al., 2003;
Lien, 2005; Yu et al.,, 2013; D’Elia et al., 2015;
Hadlari et al., 2016).

Deep-marine early post-rift sandy systems typi-
cally evolve across multiple depocentres, progres-
sively smoothing the inherited rift topography,
from the slope to basin-floor. However, the evolu-
tion from disconnected to linked individual depo-
centres and the related sedimentation processes
have not been examined in detail. Early post-rift
systems are likely fed by several intrabasinal and

extrabasinal sediment source areas (e.g. Alves
et al., 2003; Lien, 2005; Fugelli & Olsen, 2007).
This can result in important sedimentary facies
variability and reservoir heterogeneity, like those
defining syn-rift systems (e.g. Haughton et al,
2003; Southern et al., 2017; Stevenson et al., 2020;
Steventon et al.,, 2021). These factors suggest a
complicated organization of early post-rift sandy
systems, from large-scale stratigraphic architecture
to facies-scale variability, not captured by models
depicting the evolution of rift basins (e.g. Pros-
ser, 1993; Ravnas & Steel, 1998; Gawthorpe &
Leeder, 2000).

Here, the Early Jurassic Los Molles Formation
(Weaver, 1931) in the Eastern Catdn-Lil and Cha-
chil basins of the southern Neuquén Basin (Argen-
tina) is investigated. This forms a rare, exhumed
example of an early post-rift, sandy deep-marine
system developed in partially linked intraslope
depocentres (see Privat et al., 2021, for characteri-
zation of the late syn-rift to early post-rift evolu-
tion). Exposures of early post-rift strata enable
construction of a ca 18 km long correlation panel
across two depocentres, showing the large-scale
stratigraphic architecture of three intraslope fans.
New U-Pb SHRIMP ages are presented, refining
the current chronostratigraphic framework, along-
side petrographic analyses, enabling investigation
of the potential sediment source(s) for these early
post-rift sandstones. The objectives of this paper
are to: (i) constrain the timing and provenance of
sand supply and the regional depositional context
for the early post-rift system; (ii) detail the vertical
and lateral/spatial stratigraphic variability of early
post-rift intraslope fans across depocentres (i.e.
sedimentological characteristics, thickness, stack-
ing and stratal termination patterns, sandstone
content, bed-types); and (iii) evaluate the role of
inherited rift topography on spatial compartmen-
talization of sand across topographically complex
slopes.

GEOLOGICAL AND STRATIGRAPHIC
SETTING

The Neuquén Basin (36° S to 40° S) developed
along the south-western convergent margin of
the Gondwana-South American plate. Basin
subsidence and sedimentation evolved through
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three main tectonic stages; (i) Late Palaeozoic to
Early Jurassic post-orogenic thermo-mechanical
collapse, and intracontinental volcanic rifting;
(ii) Early Jurassic to Early Cretaceous exten-
sional back-arc basin development with rollback
subduction and post-rift thermal subsidence;
and (iii) Late Cretaceous to Cenozoic retroarc
foreland basin development with subduction-
driven compression and formation of the
Andean fold-and-thrust belt (Vergani et al.,
1995; Legarreta & Uliana, 1996; Franzese & Spal-
letti, 2001; Howell et al., 2005; Horton
et al., 2016).

In the southern Neuquén Basin (Fig. 1), obli-
que rifting resulted in the opening of numerous
grabens and half-grabens with variable rift fault
orientations (Vergani et al., 1995; Pangaro et al.,
2006; Silvestro & Zubiri, 2008; Figs 1 and 2).
Syn-rift volcanism (Late Triassic to Early Juras-
sic) controlled the infill of the sub-basins with
continental and lacustrine volcano-sedimentary
successions forming the Precuyano Cycle
(Norian-Sinemurian; Vergani et al., 1995; Legar-
reta & Uliana, 1996; Franzese & Spalletti, 2001;
Schiuma & Llambias, 2008; Figs 2 and 3). The
transition from intraplate rifting to rollback sub-
duction (Mpodozis & Ramos, 2008) is recorded
by activity of the Early Andean magmatic arc
dated from the Late Triassic (Bermudez et al.,
2002; Llambias et al., 2007) to the Sinemurian—
Pliensbachian (Schiuma & Llambias, 2008; Spal-
letti et al., 2010).

The syn-rift to post-rift transition coincided
with the proto-Pacific Ocean incursion and
propagated diachronously from the northern
(Rhaetian) to southern (Early to Late Pliensbachian)
Neuquén Basin (Franzese et al., 2006; Lanés et al.,
2008; Pangaro et al., 2009; D’Elia et al., 2015; Privat
et al., 2021). In the southern Neuquén Basin, the
Early Jurassic (Pliensbachian-Aalenian) marine
transgression of rift topography (Riccardi, 1991;
Damborenea et al, 2013; Leanza et al., 2013)
resulted in the formation of several marine depo-
centres (Legarreta & Uliana, 1996; Gomez Omil
et al., 2002; Péngaro et al.,, 2009). Their evolution
is recorded by the Early Jurassic Cuyo Group,
which unconformably overlies the Precuyano Cycle
(Gulisano et al., 1984), forming a transgressive suc-
cession defined by late syn-rift shallow-marine sys-
tems (Chachil and Chacaico formations) and an
early post-rift deep-marine siliciclastic system
(Los Molles Formation; Weaver, 1931; Gulisano &
Guttiérrez Pleimling, 1995; De la Cruz & Sudrez,
1997; Paim et al., 2008; Leanza et al., 2013; D’Elia
et al., 2015; Privat et al.,, 2021; Figs 2 and 3). The

Middle Jurassic Cuyo Group is bounded by a
basal Toarcian-Aalenian and top intra-Callovian
sequence boundary, forming a regressive succes-
sion including deltaic (Lajas Formation), fluvial
(Challaco Formation) and evaporitic (Tabanos For-
mation) deposits (Gulisano & Guttiérrez Pleiml-
ing, 1995; Legarreta & Uliana, 1996; Paim ef al,
2008) (Fig. 3). The Middle Jurassic Cuyo Group
records the formation of a single post-rift depocen-
tre from the Middle Jurassic to Early Cretaceous,
controlled by thermal subsidence and episodic
transpression (e.g. Mpodozis & Ramos, 2008; Sil-
vestro & Zubiri, 2008; Pdngaro et al., 2009) (Fig. 1).

The two studied rift depocentres correspond to
the Eastern Catén-Lil and Chachil basins (Figs 2
and 3). The Eastern Catan-Lil Basin (Fig. 2) forms a
small half-graben (10 km long, 5 km wide)
bounded by the Cerro Mallin de Ibanez and Tuta-
vel crystalline basement highs (Chachil Plutonic
Complex) and by the Puesto Rincén del Polo meta-
morphic basement horst (Piedra Santa Formation).
The Chachil Basin forms a larger graben (>15 km
long, 10 km wide; Franzese et al., 2006; Privat
et al., 2021) and is separated from the Eastern
Catén-Lil Basin by the Southern Chachil crystal-
line basement horst border (Fig. 2). Uplift and
exhumation of rift depocentres occurred in
response to Andean-driven compression along the
westernmost extremity of the Huincul High, an
ENE-WSW trending, inversion-related, intraplate
structure bounding the southern Neuquén Basin
margin (Gémez Omil et al, 2002; Silvestro &
Zubiri, 2008; Garcia Morabito, 2010) (Fig. 1).
Because the east-west Andean compressional
stress field was oblique to the trend of the main rift
faults, it only resulted in a partial inversion of rift
faults along pre-rift basement structures, enabling
the analysis of stratal relationships between rift
structures and syn-rift to post-rift units (e.g. Franz-
ese et al., 2006; Muravchik et al., 2014; Privat
et al., 2021). In the study area, the Los Molles For-
mation lacks evidence for extensional faulting and
abrupt facies or thickness variations across syn-rift
faults, which are mainly recorded in the Chachil
and Chacaico formations, supporting its early
post-rift nature (see Franzese et al., 2006; Privat
et al., 2021).

The studied depocentres form a series of grabens
and half-grabens associated with an ENE-WSW
trending palaeoshelf-slope system along the
southern Neuquén Basin margin involving the
development of the Los Molles Formation turbi-
dite deposits across the slope (cf. Gémez Omil
et al., 2002; Pangaro et al., 2009; Brinkworth
et al., 2018). The Los Molles Formation includes
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Fig. 1. General map of the Neuquén Basin showing the main tectonic structures including rift faults (black), base-
ment lineaments and pre-rift suture zones (in grey) (compilation from subsurface studies after Gémez Omil
et al., 2002; Silvestro & Zubiri, 2008; Yagupsky, 2009; Cristallini et al., 2009; Pangaro et al., 2009; Garcia Mora-
bito, 2010; Bechis et al., 2014). Note the location of the Huincul High and the cratonic and volcanic arc basin mar-
gins during the Early Jurassic. The position of the map of the study area (Fig. 2) is indicated.

Late Pliensbachian to Early Toarcian basinal
organic-rich mudstone at its base and Toarcian to
Aalenian lower slope to basin-floor sandy fans
(Gulisano & Guttiérrez Pleimling, 1995; Burgess

et al.,, 2000; Gomez Omil et al., 2002; Paim
et al., 2008; Brinkworth et al., 2018). In this study,
Unit 3 and Unit 4 (Figs 2 and 3), respectively, rep-
resent the lowermost muddy and the upper sandy
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Fig. 2. Regional geological map of the study area showing the location and pre-rift, syn-rift and post-rift units in
the study area, the different sandy depocentres (Chacaico, Eastern Catdn-Lil, Chachil and La Jardinera) and the
investigated sandy units (SU4.1 in brown, SU4.2 in yellow and SU4.3 in orange). The map includes information
after Leanza & Blasco (1990), Gulisano & Guttiérrez Pleimling (1995), Cucchi et al. (2005), Franzese et al. (2006),
Paim et al. (2008), Garcia Morabito (2010) and Muravchik et al. (2014). See the stratigraphic position of U-Pb age
data (Armella et al., 2016; Naipauer et al., 2018, and this study) in the studied depocentres on Figs 3 and 4. The
limits of Fan 1 and 2 and corresponding U-Pb ages (Steel et al., 2023) are highlighted by a dashed orange line
and the overlying Los Molles Formation corresponds to slope deposits (Paim et al., 2008).
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Fig. 3. Stratigraphy of the Cuyo Group, detailing the different formations of the Lower Cuyo Group in the three
basins of the study area and the Los Molles Formation represented by Unit 3 and Unit 4, including sandy sub-
units (SU4.1, SU4.2 and SU4.3). Note the distribution of sandy subunits which record onset of sand supply since
the late Early Toarcian according to new U-Pb (SHRIMP-SII) volcanic zircon age constraints from the present
study shown by red stars in the Chachil Basin (184.4 + 2 Ma) and in the Eastern Catdn-Lil Basin
(179.8 + 1.4 Ma) (cf. location on Fig. 2). Ages from other outcrop studies in these basins are shown by white stars
in the Chachil Basin (186.3 £+ 0.4 Ma with U-Pb ID-TIMS, Armella et al., 2016, modified from Leanza et al., 2013)
and the Chacaico Basin (182.4 + 2.3 Ma with U-Pb SHRIMP, Naipauer et al., 2018) (cf. location on Fig. 2). The
distribution and age of basement, volcanic syn-rift and late-syn-rift deposits synthesize results of previous work
in this area and from the literature (Gulisano & Guttiérrez Pleimling, 1995; Franzese et al., 2006; Paim
et al., 2008). Note also the Toarcian Oceanic Anoxic Event (TOAE) after Al-Suwaidi et al. (2016) and biostrati-
graphic markers (ammonites, nannofossils and bivalve biozones, after Riccardi et al, 2011; Damborenea
et al., 2013). Numerical Jurassic ages from Cohen et al. (2013).

La Jardinera depocentre (Fig. 2) interpreted an
unconfined to weakly confined basin-floor or

part of the Los Molles Formation defined in the
Chachil Basin by Privat (2019) and Privat

et al. (2021). Unit 4 is further sub-divided into
three different sandy subunits (SU4.1, SU4.2 and
SU4.3), each representing a single depositional
system (i.e. an intraslope submarine fan) investi-
gated in this paper.

Previous outcrop studies that focus on the
sandy fans of the Los Molles Formation in the

base-of-slope system, with little to no emphasis
placed on the influence of inherited rift topogra-
phy on lobe confinement (Paim et al., 2008; Gia-
comone et al., 2020; Arienti Gongalves et al.,
2022; Steel et al., 2023). However, the interac-
tion of sandy fans of the Los Molles Formation
with long-lived inherited rift topography along
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the slope is suggested from subsurface data
(Gémez Omil et al., 2002; Pangaro et al., 2009;
Brinkworth et al., 2018; Gutiérrez Pleimling
et al., 2021) and is documented at outcrop in
other depocentres (Burgess et al., 2000; Veiga
et al., 2013; Privat et al., 2021; Martinez-Donate
et al., 2023).

METHODOLOGY

Detailed stratigraphic and structural mapping
was conducted using Global Positioning System
referencing and Uncrewed Aerial Vehicle photo-
grammetry, drawing on and integrating data
from previous geological studies (Fig. 2) (Leanza
& Blasco, 1990; Gulisano & Guttiérrez Pleiml-
ing, 1995; Cucchi et al., 2005; Franzese et al.,
2006; Garcia Morabito, 2010; Muravchik et al.,
2014). The stratigraphic framework (Fig. 3) inte-
grates depocentre fills with published geochro-
nological data (Armella et al., 2016; Naipauer
et al, 2018) and biostratigraphic markers
(ammonites, nannofossils, bivalve biozones)
(Riccardi et al., 2011; Damborenea et al., 2013;
Al-Suwaidi et al., 2016) and two new U-Pb
SHRIMP Concordia ages (cf. analytical method
in Supplementary Data S1) obtained from two
tuff samples (Figs S1 and S2; Table S1) collected
at the base and top of Unit 3 (Figs 2 and 3).

A detailed ca 18 km long correlation panel
constructed from 25 logged sections (10 to
270 m long, 1:25 scale)] documents the
large-scale  stratigraphic  architecture  and
detailed sedimentological characteristics of three
sandy subunits (SU4.1, SU4.2 and SU4.3)
defined in Unit 4 in the Eastern Catan-Lil and
Chachil basins (Figs 4 and S3 for detailed corre-
lation panels). Palaeocurrent measurements were
collected in each subunit from sole marks
(grooves and flute casts), dune-scale and ripple-
scale cross-stratification, and were plotted in
rose diagrams with stereonet software (R.W.
Allmendinger®) (Fig. 5). The transect in the
Eastern Catan-Lil Basin is exposed along a
north-south trending outcrop belt oblique to the
main north-east  palaeocurrent direction,
whereas the north-east/south-west trending out-
crop belt in the Chachil Basin is subparallel to
the main north-east palaeocurrent direction
(Fig. 5). Laterally extensive sandstone packages
(i.e. lobe complexes, sensu Prélat et al., 2009) in
the sandy subunits were tracked in the field and
constrained with photographic panels and vir-
tual outcrop models. Marker beds such as

debrites or thick mudstone units, and changes
in sedimentological characteristics, aided corre-
lation across depocentres (Fig. 4).

The textural and compositional characteriza-
tion of sandstones is based on the analysis of 13
petrographic thin sections collected in all three
subunits of Unit 4 (SU4.1, SU4.2 and SU4.3)
(Fig. 4) (see Quantitative petrography method in
Supplementary Data S1). Ternary diagrams
(Fig. 6) are used to interpret provenance, based
on recalculated parameters (Tables S2 and S3),
compositional modes (Table S4) and point-count
tables (Tables S5 and S6).

RESULTS

Geochronology and provenance

This study investigates the timing and prove-
nance of Early Jurassic sand supply (Los Molles
Formation) to two early post-rift depocentres
bounded to the WSW by the Early Andean
island arc system, and to the south-east by the
cratonic basin margin (North Patagonian Mas-
sif), which could act as sediment sources
(Fig. 1).

Geochronology

Description. Two tuff samples were collected in
the Eastern Catan-Lil and Chachil basins (Fig. 2)
to extract euhedral zircon crystals. Zircons were
analysed and mounted to obtain two new U-Pb
Concordia ages (Fig. S1; Table S1) using sensi-
tive high-resolution ion microprobe (SHRIMP-
SII) (see Analytical method in Supplementary
Data S1). Tuff 1 comes from the top of Unit 3 in
the Eastern Catan-Lil Basin (39°15.427' S
70°34.959’ W) and Tuff 3 comes from the base of
Unit 3 in the Chachil Basin (39°10.554’ S
70°31.447' W) (Fig. S2). Deposition of Tuff 3 at
the base of Unit 3 at 184.4 & 2 Ma (20) in the
Chachil Basin implies a latest Pliensbachian age
for the basal part of the Los Molles Formation.
This age is supported in the Eastern Catdn-Lil
Basin by the presence of Posidonotis cancellata
(Leanza) (cf. assemblage zone in Riccardi
et al., 2011), which indicates that the basal part
of the Los Molles Formation sits near the
Pliensbachian-Toarcian boundary (Fig. 3). In the
Eastern Catdn-Lil Basin, Tuff 1 at the top of Unit
3 records an age of 179.8 + 1.4 Ma (20)
(Fig. S1), which implies a late Early Toarcian
age for the Unit 3-Unit 4 boundary in the Los
Molles Formation (Fig. 3).
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Interpretation. The new U-Pb ages indicate that
deposition of basinal mudstone (Unit 3) lasted
from the latest Pliensbachian to the early-to-mid
Early Toarcian, and that the early post-rift sand
supply (Unit 4) reached the study area in the
late Early Toarcian (Fig. 3). These ages imply
that early post-rift sand supply in the study area
preceded, and thus was not triggered by,
Middle-Late Jurassic inversion. The inversion
has been inferred previously as a driver for sand
supply from cratonic sources caused by trans-
pressional fault reactivation along the Huincul
High (e.g. Naipauer et al., 2012; Pujols et al,
2018). This could be the case in slightly younger
sandy depocentres such as La Jardinera (latest
Toarcian, Paim et al., 2008; Kochhann et al.,
2011; Steel et al., 2023) (Fig. 2), where increased
sand supply is associated with a major eustatic
sea-level fall along the southern Neuquén Basin
margin at the Toarcian—Aalenian boundary
(Paim et al., 2008). Therefore, the triggers for
sand supply need to be reconciled with the tim-
ing and provenance of sand in the study area as
discussed below.

Textural and compositional characteristics

Description. Detrital modes and provenance
fields were identified using standard Qp-Lv-Lsm
and Lv-Lm-Ls plots (Dickinson & Suczek, 1979;
Ingersoll & Suczek, 1979), and volcanic sources
were determined with Lvv-Lvmi-Lvl and Lvf-
Lvmi-Lvl plots (Marsaglia & Ingersoll, 1992; Cri-
telli & Ingersoll, 1995; Critelli et al., 2023) (Figs 6
and 7) (cf. Tables S2, S3 and S4). Compositional
modes (Table S4) indicate high monocrystalline
quartz (19% including dominant non-undulose
and subordinate undulose and spherulitic
quartz), high volcanic lithics (15 to 16% domi-
nated by felsitic and microlitic grains) and feld-
spar plagioclase (8%), with subordinate
sedimentary lithics (5 to 6% dominated by shale
and siltstone) and polycrystalline quartz (5 to
6%). Other minor minerals include muscovite,
biotite and chlorite, organic matter, extrabasinal
carbonate grains, potassium feldspar, accessory
minerals (i.e. zircon and iron oxides) and meta-
morphic grains (Figs S4 and S5). Plagioclase feld-
spar is the dominant feldspar type, with a P/F
ratio between 0.6 and 1.0 (average 0.84)

(Table S4) (Dickinson, 1970). The ratio of total
volcanic lithics to total lithics (Lv/Lt) ranges
between 0.4 and 0.9 (averaging 0.6) because the
volcanic lithics are dominant (Figs 6 and 7). Fel-
sitic volcanic grains have seriate or granular tex-
ture, microlitic grains have pilotaxitic and
trachytic texture, lathwork grains have lathwork
or hyalophitic texture, and vitric grains have
glassy or devitrified texture. The high proportions
of stable monocrystalline quartz and microcrys-
talline felsitic volcanic lithics, and unstable apha-
nitic volcanic lithics, polycrystalline quartz,
feldspars and micaceous crystals point to the
compositional immaturity of sandstones. Note
that there is no major change in sandstone com-
positional maturity through the stratigraphy, but
sandstone textural maturity based on the intergra-
nular mud matrix content (sensu Dott, 1964)
decreases from SU4.2 (matrix content averaging
13%) to SU4.3 (matrix content averaging 19%)
(Table S4). The variability of matrix content in
lobes of the SU4.3 sandstone has been studied in
detail by Martinez-Donate et al. (2023).

Interpretation. Previous studies have inferred
that the Los Molles Formation sandstone was
sourced from the Early Andean volcanic arc,
mainly based on the high content of volcanic
grains in sandstone (Burgess et al., 2000; Paim
et al., 2008; Arienti Gongalves et al., 2022;
Martinez-Donate et al., 2023). However, the high
proportion of volcanic grains is not sufficient to
determine source in a setting with at least three
volcanic sources, each with a different composi-
tional signature (Precuyano Cycle syn-rift volca-
nics, Early Andean volcanic arc and Chon Aike
Igneous Province) (Naipauer et al., 2018; Schwarz
et al., 2021). The detailed analysis of component
grains indicates mixing of volcanic source with
plutonic and minor metamorphic basement
sources (Fig. 6). This is supported by the high
proportion of plagioclase relative to potassium
feldspar (average ratio of 0.84), which exceeds the
threshold ratio of 0.75 used to define volcanic-
derived sandstone (Dickinson, 1970). The imma-
ture composition of sandstone provides little sup-
port for a mature (secondary cycle) cratonic
signature, such as the late Palaeozoic metamor-
phic highlands of the North Patagonian Massif.

Fig. 4. Correlation panel showing the stratigraphic architecture of sandy subunits (SU4.1, SU4.2 and SU4.3)
across inherited rift topography of the Eastern Catdn-Lil and Chachil basins (see correlation path shown in dotted
red line on Fig. 5) and location of the Tuff 1 and Tuff 2 samples and sandstone samples. Note that the main
datums used to correlate units are indicated by white dotted lines. The bright green layers correspond to clastic
injectites, blue layers to thick debrites and purple layers to slumps.
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Fig. 6. Sample distribution in standard ternary diagrams with yellow dots corresponding to samples of SU4.1 and
SU4.2 (MaS1-2, MaS1-3, MaS1-4, MaS1-5, TutS2a-1, TutS2a-2) and orange dots correspond to samples of SU4.3
(PS1b-1, PS1b-2, S5bisb-2, S5bisb-3, S5bisb-4, S8-1, S8-2). Qp-Lv-Lsm diagram (Dickinson & Suczek, 1979) shows the
proportions of polycrystalline quartz (Qp), volcanic lithics (Lv) and sedimentary and metamorphic lithics (Lsm) with
provenance fields from Ingersoll & Suczek (1979). Lm-Lv-Ls diagram (Ingersoll & Suczek, 1979) shows the propor-
tions of different lithics including volcanic (Lv), metamorphic (Lm) and sedimentary grains (Ls). Both diagrams show
that dominant provenance fields are mixed magmatic arc and rifted continental margins (backarc). Lvv-Lvmi-Lvl dia-
gram shows the proportions of vitric (Lvv), microlitic (Lvmi) and lathwork (Lvl) volcanic grains. Lvf-Lvv-Lvl diagram
shows the proportions of felsitic (Lvf), vitric (Lvv) and lathwork (Lvl) volcanic grains. Both diagrams show dominant
contribution from intermediate and mafic volcanic sources (cf. fields after Marsaglia & Ingersoll, 1992, Critelli &
Ingersoll, 1995; Critelli et al., 2023). For detailed recalculated parameters and grain categories see Tables S2 and S3.

Instead, the recognized crystalline source contri- high proportion of felsic volcanic lithics record
bution could originate from progressive unroofing granular textures, suggesting a silicic volcanic
of the Early Jurassic magmatic arc (western source typical of dacite and rhyolite, and seriate
Coastal Cordillera and Subcordilleran batholith), textures, indicating an intermediate volcanic
corresponding to metamorphic basement and plu- source more typical of dacite and andesite (e.g.
tons of the Early Andean magmatic arc, which Dickinson, 1970; Critelli & Ingersoll, 1995). Such
were eroded during subduction-triggered uplift felsic components are found in major quantities
and exhumation (e.g. Marsaglia et al., 1995). The in syn-rift deposits associated with bimodal
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Fig. 7. Examples of thin-sections used for provenance study. Images are shown in plane-polarized light on the
left and cross-polarized light on the right. (A) Example of MaS1-3 thin section showing a fragment of pumice
(Lvpu) with spherulitic devitrification preserving tube vesicles and recrystallized cryptocrystalline texture. Note
the pseudomatrix. (B) Example of MaS1-4 thin section showing a glassy volcanic lithic (Lvvgl) with typical ragged
margins and felsitic fragment with granular texture (Lvfgr). (C) Example of MaS1-4 thin section showing microlitic
volcanic lithic with trachytic texture (Lvmtr) and devitrification texture of glassy fragment (Lvvgl). Note the drusy
calcite cement. (D) Example of MaS1-4 thin section showing microlitic volcanic lithic with lathwork (Lvml) and
trachytic texture (Lvmtr) and felsitic volcanic lithic with recrystallized microcrystalline texture (Lvfmi). See Fig. 4
for locations of the thin-sections and Figs S5 and S6 for supplementary thin sections.
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magmatism (Marsaglia et al., 1995), here consis-
tent with an interpretation as recycled Precuyano
Cycle deposits (Bermudez et al., 2002; Muravchik
et al., 2011). The relatively constant amount of
microlitic volcanic grains, which are dominated
by pilotaxitic and trachytic textures, support an
intermediate volcanic source typical of andesite,
and the subordinate lathwork and hyalophytic
textures indicate an intermediate to mafic volca-
nic source typical of basaltic andesite and basalt.
Therefore, the mixed felsic and intermediate—
mafic source composition of volcanic grains in
the investigated rift-margin distal depocentres,
could reflect primary and reworked volcanic
deposits (e.g. Marsaglia & Ingersoll, 1992) sourced
from the volcanic island arc margin. Andesitic—
dacitic volcanoes and intermediate-silicic cal-
deras that developed across the Early Andean vol-
canic island arc (De la Cruz & Sudrez, 1997)
would have been the main volcanic source. This
contrasts with the high content of silicic volcanic
fragments in samples of equivalent strata in the
adjacent Chacaico Basin (equivalent to the base of
Unit 4 in this study), interpreted to reflect sand
supply from a large rhyolitic-dominated province
(Chon Aike Igneous Province, Naipauer
et al., 2018). This implies an ultra-long distance
for sediment routing from an eastern source in
North-eastern Patagonia (ca 500 km south-east of
the study area) (see palaeogeographical recon-
structions in Naipauer et al., 2018; Schwarz
et al., 2021), compared to the relatively short dis-
tance for sediment supply from the Early Andean
volcanic arc (ca 30 km south-west of the study
area) (see palaeogeographical reconstructions in
De la Cruz & Sudrez, 1997).

In summary, this analysis of the textural and
compositional characteristics of the Los Molles
Formation sandstone, with consideration of
potential transport pathways in the studied
basins, is more consistent with a dominant Early
Andean volcanic source and subordinate incor-
poration of recycled syn-rift sediments. The deg-
radation of inherited rift topography could have
enhanced provenance contribution from the
recycled Precuyano Cycle syn-rift deposits, with
mixing via erosion along routing pathways and
degradation of topography.

FACIES ASSOCIATIONS AND KEY BED
TYPES

The sandy subunits SU4.1, SU4.2 and SU4.3 of
the Los Molles Formation in the Eastern

Catdn-Lil and Chachil basins each comprise lobe
sub-environments (i.e. axis, off-axis, fringe) with
different facies characteristics in terms of grain-
size range, sorting, matrix content, nature of
clasts, bedforms and bed types, enabling defini-
tion of 11 facies associations (Table 1) (Fig. 4).
The facies associations include: lobe-axis
(FA4.1.1, FA4.2.1 and FA4.3.1); lobe off-axis
(FA4.1.2, FA4.2.2 and FA4.3.2); lobe fringe
(FA4.1.3, FA4.2.3 and FA4.3.3); lower slope
with scour-fills (FA4.3.4); and sand-starved
lower slope to base-of-slope (FA4.4). These
deposits record high to low-density turbidity
currents, transitional flows, hybrid flows, debris-
flows and slumps, mudflows and hypopycnal
plumes (Table 1).

Within the lobe facies associations, 12 key bed
types were identified (see Table 2 and Fig. 8)
including High Density Turbidite bed types
(HDTs 1 and 2), Transitional Flow Deposits bed
types (TFDs 1 to 5) and Hybrid Event Bed types
(HEBs 1 to 5) with variable occurrence and distri-
bution in lobe sub-environments (see Table 1).
The divisions that comprise the bed types are
described below (cf. Table 2) and include: (i)
basal clean or matrix-bearing sandy divisions; (ii)
sandy bedform divisions (clean, matrix-poor, het-
erolithic or matrix-rich); (iii) banded divisions;
(iv) clast-rich sandy divisions; (v) sandy or
muddy debritic divisions; and/or uppermost (vi)
structured turbidite or mudstone cap divisions.
Note that, based on matrix quantification in this
study (SU4.2 and SU4.3) and Martinez-Donate
et al. (2023) (SU4.3), it is possible to distinguish
clean (10 to 12% matrix), matrix-poor (12 to
20%), heterolithic (20 to 25%), matrix-rich (25 to
40%) and debritic (>40%) divisions (Fig. 8).

In the studied system, the HEBs involve a basal
division emplaced by transitional flows (sensu
Baas et al., 2009; cf. Privat et al., 2021), as docu-
mented elsewhere (e.g. Kane & Pontén, 2012;
Baker & Baas, 2020; Baas et al., 2021a), instead of
turbulent flows as in the original definition of
HEBs (cf. Haughton et al., 2009). A range of TFD
bed types (TFDs 1 to 5) are also identified, con-
sisting of various bedforms (banding, low ampli-
tude bedwaves, mud-rich large ripples, swale-
like and hummock-like heterolithic sandy bed-
forms, biconvex ripples) deposited by mud-rich
transitional flows (Baas et al., 2009, 2016; Steven-
son et al., 2020; Taylor et al., 2024), which record
flow transformation. The TFDs are distinctive
from the HEBs, the latter being deposited by both
transitional flow (lower) and debris-flow (upper)
components (Baas et al, 2009; Peakall
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Fill-and-spill across linked early post-rift depocentres 1657

Table 2. Facies table for the different bed types divisions including: (i) basal sandy divisions (clean or matrix-
bearing); (ii) sandy bedform divisions (clean, matrix-poor, heterolithic or matrix-rich); (iii) banded divisions; (iv)
clast-rich sandy divisions; (v) sandy or muddy debritic divisions; and/or uppermost (vi) structured turbidite or
mudstone cap divisions. See Fig. 8 for the detailed occurrence of divisions in bed types.

Divisions Bed types Description Interpretation
Basal sandy HDT 1 Clean sandstone, massive, with crude Deposition under high-density turbidity
divisions HDT 2 normal grading (HDT 2, TFD 2, HEB 4), or  current with high aggradation rates and
TFD 2 stepped laminae (HDT 1) locally with collapse of high-concentration
HEB 4 near-bed sheared layers (Lowe, 1982;
Sumner et al., 2008)
TFD 1 Matrix-poor sandstone, massive with Deposition under lower transitional plug
TFD 3 mudstone clasts (1-5 to 8 cm long) flows (LTPF) to upper transitional plug
TFD 4 concentrated at the base (TFD 3, HEBs 1-3) flows (UTPF) (Baas et al., 2009), which
TFD 5 or at the top (TFDs 1-4-5, HEB 5) formed a fluidal basal layer at the base of
HEB 1 debris-flows in HEBs (cf. Peakall
HEB 3 et al., 2020; Privat et al., 2021) and clasts
HEB 5 incorporated via bedload deposition (Baas
et al., 2021a)
HDT 2 Tabular or pinch-and-swell geometry, or Ptygmatic folds and stepped margins
TFD 1 locally injected with ptygmatic folds (sensu suggest post-depositional fluidization and
HEB 2 Kuenen, 1968) at the contact with the injection of the basal sandy divisions prior
overlying debritic division (HEB 2), or with to, or after, compaction with brittle
discordant convex-up or stepped margins fracturing (Hurst et al., 2003; Cobain
(HDT 2, TFD 1, HEB 2) et al., 2015)
Sandy HDT 1 Clean and coarse-grained sandy bedforms Relatively high amplitude and long
bedform (HDT 1), well-cemented, with large ripple =~ wavelength clean sandy bedforms record
divisions to dune-scale cross-stratification (<15°) (25— reworking of coarse-grained bedload as
40 cm high, 50-80 cm wavelength), migrating large ripples and dunes with
adjacent to scour-fills with trough cross- high aggradation rate (Allen, 1973; de
stratification (15°-30°), locally bearing Cala, 2021). Scour-fills indicate erosion and
mudstone clasts on foresets bypass of high-density turbidity currents at
bed top (Mutti et al., 2003; Stevenson
et al., 2015)
TFD 1 Matrix-poor and fine-grained sandy High to low amplitude and moderate to
bedforms (TFD 1), with small hummock- long wavelength, matrix-poor and
like bedforms (5-10 cm high, 20-40 cm heterolithic sandy bedforms deposited
wavelength) and large biconvex ripples (10  under slowly decelerated turbulence-
—20 cm high, 10-30 cm wavelength) with enhanced transitional flow (TETF) to LTPF
mixed sand-mud cross-laminae bearing (Fig. 8) (Baas et al., 2009, 2016; Baker &
mudchips and thin muddy carbonaceous Baas, 2020; Stevenson et al., 2020).
foresets
TFD 2 Heterolithic and fine-grained sandy Low amplitude and longer wavelength
bedforms (TFD 2), with larger biconvex matrix-rich sandy bedforms deposited
ripples (15-20 cm high, 20-50 cm under slowly decelerated LTPF to UTPF
wavelength) and swale and hummock-like flows (Fig. 8) (Baas et al., 2009, 2016; Baker
bedforms (10-20 cm high, 50-100 cm & Baas, 2020; Stevenson et al., 2020).
wavelength) with well-preserved extensive  These bedforms (TFD 1-4 and HEB 1) form
muddy carbonaceous foresets and mud a continuum with different dimensions and
drapes (0.5-1.5 cm thick) matrix content (Fig. 8) reflecting turbulence
modulation with a progressive increase in
TFD 3 Matrix-rich sandy bedforms, with mud-rich flow cohesion (Baas et al., 2021b). They
TFD 4 HEB 1  bedwaves and mud-rich ripples (5-10 cm

high, 20-50 cm wavelength) (HEB 1) or
large ripples and swale and hummock-like
bedforms (15-30 cm high, 40-80 cm
wavelength), with smaller biconvex ripples
(5-10 cm high, 15-20 cm wavelength) at
top (TFDs 3-4)

record deposition under combined flows
with an oscillatory component developed
due to flow interaction with nearby seabed
topography (Tinterri, 2011) and/or
bedform-scale relief (Ge et al., 2017;
Hofstra et al., 2018)

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 1639—1685
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Table 2. (continued)
Divisions Bed types Description Interpretation
Banded TFD 5 Thick sand-rich and mud-rich bands (1- Deposition under moderately decelerated
divisions HEB 3 5 mm to 2 cm thick bands) subparallel and UTPF, sufficiently slow to enable a period
HEB 4 planar, with scattered mudchips in bands of traction and turbulence attenuation by
(TFD 5, HEBs 3-4) cohesive forces, represented by low-
amplitude bedwaves; locally these record
TFD 1 Thin sand-rich and mud-rich bands (2- faster moving larger bedload clasts (Baker &
5 mm to 1 cm thick bands) forming Baas, 2020; Stevenson et al., 2020)
subparallel planar to low-angle undulose
bedwaves, with mudstone clasts (1-5 cm
long) at base (TFD 1) (sensu Stevenson
et al., 2020)
Clast-rich HDT 2 Mudstone clast-rich and matrix-poor Deposition with deceleration-induced
sandy sandstone, with tightly packed and crudely suspension-fallout of sand, and
divisions stratified subrounded oblate mudstone incorporation of mudclasts travelling as
clasts (HDT 2) (cf. Fonnesu et al., 2018) much slower bedload, thus moving
‘backwards’ relative to the flow, whilst the
suspended mud-component (matrix) is
advected with the flow (see Baas
et al., 2021a). The relative bedload and
suspended mud velocities, leads to a
spatial separation of mud-rich bedload and
matrix components in more proximal
locations. This explains the matrix-poor
nature of this division and is similar to the
Mudstone-Clast-Rich Beds (MRB) that
abruptly transition laterally and
longitudinally into HEBs (Fonnesu
et al., 2015, 2018)
Sandy or HEB 3 Sand-rich debritic divisions: either swirly En masse deposition by low to
muddy HEB 5 matrix-rich sandstone bearing carbonaceous intermediate yield strength debris-flows
debritic fragments (0.5-2.0 cm long) (HEB 5), or (Talling et al., 2012)
divisions chaotic matrix-rich sandstone with
deformed siltstone and mudstone clasts (2—
25 cm long) (HEB 3)
HEB 1 Mud-rich debritic divisions: either patchy =~ En masse deposition by high yield strength
HEB 2 sand-rich mudstone matrix bearing rare debris-flows, with elevated clast buoyancy
HEB 4 deformed mudstone clasts (5-10 cm long) and local basal erosion (Talling et al., 2012;
(HEB 4), or with sand-poor mudstone Dakin et al., 2013) (cf. Privat et al., 2021).
matrix bearing subangular to subrounded The various bioclastic material and
floating clasts of mudstone and sandstone = armoured mudstone clasts with quartz
(locally injected) (5-40 cm long) and granules (HEB 1) indicate long-distance
deformed heterolithic rafts (50-80 cm long) transport from more proximal slope setting
(HEBs 1-2) (Chun et al., 2002; Haughton et al., 2003).
This suggests transformation of voluminous
debris-flows of extrabasinal origin (i.e.
slope failures) that evolved with co-genetic
sandy divisions (Privat et al., 2021)
Upper HEB 1 Planar laminated to ripple cross-laminated, Deposition by low-density turbidity
divisions HEB 5 normally graded sandstone (HEBs 1-5) currents (Lowe, 1982) from the tail of the
flow developed with dilution at the top of
transitional flows and debris-flows
TFDs 1 to 5 Ungraded massive mudstone caps (TFDs 1- Mudstone caps deposited by very low
HEB 3 5, HEBs 3-4) strength fluid mudflows (cf. Baas
HEB 4 et al., 2011; Talling et al., 2012)

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fill-and-spill across linked early post-rift depocentres 1659

et al., 2020). In both HEBs and TFDs, the upper-
most parts of an event bed are typically the prod-
ucts of more dilute turbiditic components,
representative of the tail of the flow. In this classi-
fication (Table 2 and Fig. 8), the deposits of clay-
rich flows were separated into those with (HEBs)
and without (TFDs), a debritic component,
respectively. This contrasts with earlier classifi-
cations, where all such deposits were grouped as
Hybrid Event Beds (Haughton et al., 2009) or as
Transitional =~ Flow  Deposits (Kane &
Pontén, 2012).

DEPOSITIONAL AND EVOLUTIONARY
MODEL

To analyse the large-scale stratigraphic architec-
ture and sedimentological characteristics of the
deep-water deposits of Unit 4, and their evolu-
tion across inherited rift topography in the
Eastern Catdn-Lil and Chachil basins, a hierar-
chical approach (Prélat et al., 2009) is taken to
define several lobe complexes following the cri-
teria of Prélat & Hodgson (2013). Tabular pack-
ages of several metres thickness bounded by
surfaces marking abrupt facies changes are
lobes, and lobe complexes are defined by sev-
eral lobes separated by an extensive mudstone
interval of several metres to 10 m thickness,
which could represent distal lobe fringe with
lobe backstepping, or avulsion with lateral lobe
switching (Prélat & Hodgson, 2013). In this con-
text, each sandy subunit (SU4.1, SU4.2 or
SU4.3) is interpreted to represent a single depo-
sitional system (i.e. an intraslope submarine
fan) separated by a thick mudstone succession
(15 to 70 m thick) (Fig. 4) marking a fan-wide
break in sand supply (Prélat & Hodgson, 2013).
This section compares the characteristics of the
different subunits across the two Dbasins,
including; the architecture, stacking and stratal
termination patterns of lobe complexes, and the
proportion of facies associations (Table 1) and
bed types (cf. close-up correlation panels
Fig. S3).

Subunit 4.1

Lobe characteristics (SU4.1)

Subunit SU4.1 (18 to 95 m thick) forms an over-
all low sandstone content succession of inter-
bedded matrix-rich, locally amalgamated fine-
grained sandstone and mudstone beds, with
common clastic injectites (Figs 4 and 9). SU4.1

matrix-rich lobes (1.0 to 4.8 m thick), are fine-
grained, structureless and clast-poor (exclusively
dark grey intrabasinal mudstone clasts), and lack
coarse sand grain-sizes compared to SU4.2
matrix-poor lobes (Fig. 10). This suggests depo-
sition by high-efficiency, clay-rich sluggish flows
with dampened turbulence, dominantly transi-
tional flows (Baas et al., 2009) (Table 1). The rel-
atively isolated occurrence of lobe-axis and off-
axis deposits (FA4.1.1-FA4.1.2) in mudstone-
prone strata (Fig. 9A) suggests that flows incor-
porated clay material through entrainment of
muddy substrate draped above inherited rift
topography (Unit 3) and developed ‘dirty’ lobes
in relatively distal parts of the system (e.g. Shu-
maker et al., 2018).

Lobe-axis (FA4.1.1) and lobe off-axis deposits
(FA4.1.2) are dominated by clast-bearing transi-
tional flow deposits (similar to TFD 3) with few
high-density turbidites (HDT 2) (Fig. 9B), and
HEBs (HEB 3) or stand-alone sand-rich debrites
(Fig. 9D), associated with thick mudstone inter-
beds. Lobe fringe deposits (FA4.1.3) consist of
low-density turbidites and a few stand-alone
sand-rich debrites. This suggests deposition by
rapidly decelerated mud-rich transitional flows
(Baas et al., 2009) and a few low to intermediate
yield strength sand-rich debris-flows (Talling
et al., 2012), with collapsing suspension clouds
forming mud caps in a topographically confined
setting that promoted the widespread remobili-
zation of these deposits into clastic injectites
after burial (Fig. 9E).

Lobe complexes architecture and stacking
patterns (SU4.1)

The SU4.1 lobe complexes (each ca 15 to 20 m
thick) are exposed mainly in the Eastern Catan-
Lil Basin, whereas in the Chachil Basin the
equivalent strata (10 to 40 m thick) are
mudstone-dominated (FA4.4) (Fig. 4). In the
Eastern Catan-Lil Basin, SU4.1 is present in two
small mud-draped topographic lows (ca 4 km
wide) in the Martinez-El Céndor (up to 65 m
thick) and Tutavel-Espinazo Del Zorro sub-
basins (up to 95 m thick). SU4.1 thins laterally
ca 1 km towards the El Condor fault-block high
and towards the slope flanking the northern
Tutavel fault border where it reaches a mini-
mum thickness (<20 m; see Fig. 4). The lobe
complexes show variable bed thickness trends
overprinted by widespread remobilization as
clastic injectites. However, both sub-basin-fills
show an overall thickening-upward trend in the
lower part and thinning-upward and fining-
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upward trend towards the top of succession,
with dominant stacking of lobe complex fringes
(FA4.1.3) (Fig. 9). This suggests an evolution
with aggradation to forward-stepping of lobe
complexes, with preferential deposition in the
Tutavel-Espinazo Del Zorro sub-basin than in
the Martinez-El Coéndor sub-basin, and final
backstepping of the system (Fig. 4). The overall
low sandstone content of SU4.1, with poor
amalgamation, thick mud-rich interbeds, poorly
defined thickness trends and stacking patterns,
is interpreted to reflect the trapping of low vol-
ume fine-grained sandy and mud-rich flows rela-
tive to the size of the Eastern Catan-Lil Basin,
with partial ponding in the two sub-basins
of underfilled inherited rift topography (e.g.
Romans et al., 2011; Fonnesu et al., 2018).

In the Chachil Basin, it is not possible to iden-
tify the equivalent SU4.1 due to the lack of
marker beds. However, it might correspond to
mudstone-prone deposits associated with local
slumps, debrites and clastic injectites (cf. FA4.4)
(Fig. 11A) present between the top of Unit 3 and
the base of SU4.2. This suggests that only the
most dilute parts of flows reached the Chachil
Basin during coeval deposition of sandy flows
(SU4.1 lobe complexes) in the updip Eastern
Catén-Lil Basin.

Lobe complex stratal terminations (SU4.1)
Lobe complexes thin and fine gradually, or
pinchout abruptly as clastic injectites close to
inherited rift topography (Figs 4 and 5). Abun-
dance of clastic injectites and diverse palaeocur-
rent measurements close to basin margins
indicate deposition in a confined setting (e.g.
Cobain et al., 2017; Hansen et al., 2019). This,
together with the variable distribution of SU4.1
lobe complexes in both sub-basins, reflects lobe
compartmentalization across a complex intrabas-
inal topography (Fig. 4). The lack of comparable
sandy strata in the Chachil Basin (Fig. 11A) is
interpreted to reflect the influence of topographic
relief that induced partial ponding of SU4.1 lobe
complexes in the Eastern Catdn-Lil Basin.

Subunit 4.2

Lobe characteristics (SU4.2)
Subunit SU4.2 (30 to 124 m thick) forms a high
sandstone content succession, dominated by
coarser-grained and matrix-poor sandstone beds
compared to SU4.1, with well-defined facies seg-
regation by lobe sub-environments and thickness
trends in both basins (Figs 4 and 10). SU4.2
matrix-poor lobes (1.2 to 11.7 m thick; Fig. 10)
exhibit well-developed tractional bedforms,
basal scours, clast-rich lags and various clast
types (blueish siltstone, grey mudstone, epiclas-
tic volcanics, bioclasts, carbonaceous fragments)
(Table 1). The character of SU4.2 lobes indicates
deposition by higher energy and larger volume
high-density turbulent and subordinate transi-
tional flows compared to SU4.1 (Figs 8 and 10).
Lobe-axis deposits (FA4.2.1) (Fig. 13A and D)
are dominated by high-density turbidites includ-
ing clast-rich beds (HDT 2), or transitional flow
deposits (TFD 1) (Fig. 8). A few HEBs can be clus-
tered at the base of lobe complexes, with muddy
(HEB 2) or sand-rich (HEB 5) debritic divisions
(Fig. 8), which record rapid flow deceleration and
erosional bulking in a proximal lobe setting (e.g.
Pierce et al., 2018). These HEBs might reflect initi-
ation of a given lobe complex (e.g. Tinterri &
Tagliaferri, 2015). Lobe off-axis deposits (FA4.2.2)
include HEBs (HEB 5) and transitional flow
deposits with matrix-poor and heterolithic sandy
bedforms (TFDs 1 and 2), but a poorly developed
banded division, suggesting deposition from
slowly decelerating flows (e.g. Baas et al., 2016;
Stevenson et al., 2020) (Fig. 8). These transitional
flow deposits and HEBs thin in Iobe fringe
deposits (FA4.2.3), which are more dominated by
low-density turbidites (Fig. 13G and F) and that
include local slumps (Fig. 8).

Lobe complexes architecture and stacking
patterns (SU4.2)

The SU4.2 lobe complexes (each ca 20 to 40 m
thick) are exposed mainly in the Eastern Catan-
Lil Basin (Figs 5, 12A and 12B), whereas only

Fig. 8. Summary of the characteristic bed types including High Density Turbidite bed types (HDTs 1 to 2), Transi-
tional Flow Deposits bed types (TFDs 1 to 5) and Hybrid Event Bed types (HEBs 1 to 5); these show variable
occurrence and distribution in lobe subenvironments. The different divisions which make up the beds are
detailed and based on matrix quantification in this study (SU4.2 and SU4.3) and Martinez-Donate et al. (2023)
(SU4.3); it is possible to distinguish their relative matrix content in the clean (10 to 12% matrix), the matrix-poor
(12 to 20% matrix), the heterolithic (20 to 25% matrix), the matrix-rich (25 to 40% matrix) and the debritic (>40%
matrix) divisions. These bed types are typically encountered in the SU4.2 fan (HDT 1 to 2, TFD 1 to 2, HEB 2 to
5) and in the SU4.3 fan (HDT 1, TFD 3 to 4 to 5, HEB 1 to 3 to 4). See Table 2 for descriptions.
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Fill-and-spill across linked early post-rift depocentres 1661

T 50 cm
FA4.1.1: Thick-bedded matrix-rich sandstones Ripple cross-laminations
FA4.1.2: Medium- to thick-bedded matrix-rich sandstones and silty mudstones == Carbonaceous fragments

FA4.1.3:Thin- to medium-bedded mudstone-dominated heterolithics

Fig. 9. Deposits of subunit SU4.1 in the Catdn-Lil Basin, in the Espinazo Del Zorro sector (see section 7 in the
Catan-Lil Basin on Fig. 5 for location). FA4.1.1: Lobe axis; FA4.1.2 Lobe off-axis; FA4.1.3: Lobe fringe. (A) and (B)
Thick-bedded, poorly sorted, matrix-rich, medium to fine-grained sandstone with a tabular geometry (A), which
consists in internally massive to crudely normally graded sandstone, locally with faint planar laminations, bearing
a few mudstone clasts in the lower part of beds (B). (C) Medium to thick-bedded, sandstone bearing deformed
mudstone pebbles distributed through the beds or near bed top, and with sharp base and deformed top pointing
at their remobilization into clastic injectites. (D) Thin to medium-bedded mudstone-dominated heterolithics
including silty mudstone, mudstone and fine-grained sandstone that can be normally graded with planar lamina-
tions or massive with small subrounded deformed mudstone pebbles. (E) Clastic injectites near lobe complex
pinchout, with mounded bed tops (arrows), stepped margins and mudstone clasts at top (white frame).
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Fill-and-spill across linked early post-rift depocentres 1663

Fig. 10. Deposits of subunit SU4.2 in the Catdn-Lil Basin (see section 5 in the Catdn-Lil Basin on Fig. 5 for loca-
tion). Note on pictures for scale, compass is 18 cm long, hammer is 40 cm long and Jacob’s staff is 1.3 m long.
FA4.2.1: Lobe axis; FA4.2.2 Lobe off-axis; FA4.2.3 (sand-rich): Lobe fringe. (A) Medium to thick-bedded, poorly
sorted, matrix-poor, coarse to medium-grained sandstone with a tabular to mounded geometry, internally massive
with outsized (very coarse) lithic grains, siltstone and/or mudstone pebbles and bioclasts near irregular erosive
bed base and with sharp top. (B) Example of fine-grained structured upper part of beds with carbonaceous-rich
parallel, planar, and climbing ripple laminations and thin muddy foresets. (C) Amalgamated medium to fine-
grained sandstone with massive lower part and thick planar laminated upper part. (D) Amalgamated coarse to
medium-grained sandstone with scoured base eroding into the silty-mud-rich top of underlying sandstone bed. (E)
Massive or planar laminated sandstone bodies (clastic injectites—sills) (0.2 to 0.5 m thick, 10 to 100 m across).
Note the mounded upper surface of middle sandstone bed and at top the abrupt pinchout of a thinner sandstone
bed (clastic injectites). (F) Thin-bedded heterolithic packages with fine-grained sandstone, planar to ripple-cross
laminated, with soft sediment deformation and sharp planar base and top, interbedded with massive siltstone and
carbonaceous-rich mudstone. (G) Thin to medium-bedded sand-rich heterolithic packages with medium to fine-
grained and massive to planar laminated sandstone.

Fig. 11. Mudstone-prone successions in the Chachil Basin. (A) SU4.1 mudstone-prone succession with debrites,
slumps and injectites (white arrows) (FA4.4) in the Chachil Basin (between sections 7 and 10 — see Fig. 5). White
rectangles show slumped strata; person for scale, circled (ca 1.8 m tall). (B) SU4.2 mudstone-dominated hetero-
lithic succession (FA4.2.2) in the Chachil Basin (section 5) with fringes and off-axis deposits of stacked lobe com-
plexes including transitional flow deposits (TFDs) and hybrid event beds (HEBs). (C) SU4.2 mudstone-dominated
heterolithic succession of pinching-out lobe fringes (FA4.2.3) in the Chachil Basin (section 2) with well-
developed fine-grained clastic injectites (white arrows) close to the Southern Chachil horst border. See location
on Fig. 5 of (A) at base of section 8, (B) at base of section 4, and (C) at base of section 2.
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Fig. 12. Geometries of lobe complexes. (A) and (B) SU4.2 lobe complexes showing thinning and fining across a
few kilometres (ca 2 km) from the Martinez sector towards the Puesto Ricén del Polo horst (section 4), along the
south-eastern border of the Eastern Catdn-Lil Basin. (C) SU4.2 and SU4.3 lobe complexes in the Chachil Basin,
with injectite complex at base of SU4.3 (section 5). See location on Fig. 5 of (A) and (B) in middle part of section
4 in the Eastern Catdn-Lil Basin, and (C) at base of section 5 in Chachil Basin.
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lobe complex fringes (40 to 75 m thick) are pre-
sent in the Chachil Basin (Figs 5 and 12C). In
the Eastern Catan-Lil Basin, the laterally exten-
sive mudstone interval (2.2 to 6.3 m thick)
(Fig. 4) that separates SU4.1 and SU4.2 marks a
regional decrease in sand supply, which could
record abandonment of the feeder system
through avulsion, or reduction in updip sedi-
ment supply. Based on lobe complexes margins,
a 6 km by 10 km wide sand-rich depocentre
within this basin is estimated for SU4.2, with a
maximum stratigraphic thickness of 124 m (El
Céndor-Martinez sector) and lateral or oblique
downdip thinning to 30 m towards basin mar-
gins (Tutavel-Pesceira and Puesto Rincén del
Polo horst sectors) (Figs 4 and 5).

The five lobe complexes defined in SU4.2 can be
traced across the basin (Fig. 4) and are laterally
more extensive (5.0 to 8.5 km) than the SU4.1 lobe
complexes, indicating less intrabasinal relief. Sev-
eral lobe complexes display asymmetrical
coarsening-upward and thickening-upward then
fining-upward and thinning-upward trends,
reflecting a range of lobe stacking patterns (see
Prélat & Hodgson, 2013). The vertical succession
of the stacked SU4.2 lobe complexes is interpreted
to record: (i) initial forward-stepping (the first two
lobe complexes); (ii) lateral and/or longitudinal
migration, with backstepping of the locus of lobe
complex axes from the El Céndor section to the
Martinez section (the middle two lobe complexes);
and (iii) upslope backstepping of the system (top-
most lobe complex) (Fig. 4). The retreat of the
youngest lobe complex could reflect accommoda-
tion increase along the south-eastern margin of
this basin (Fig. 4). The lack of abrupt vertical facies
changes (i.e. multiple stacking of lobe-axis and
fringe deposits within a lobe complex) suggests
that progradational to aggradational lobe stacking
prevailed over compensational stacking, suggest-
ing deposition with moderate confinement at the
basin margins (e.g. Marini et al., 2015) (Fig. 4).

In the Chachil Basin, SU4.2 corresponds to a
thick (up to 75 m) mudstone-dominated hetero-
lithic succession representing stacked lobe com-
plex fringes, characterized by only a few, thin,
sandy packages (ca 2 to 5 m thick) representing
TFD-rich and HEB-rich lobe off-axis deposits
(FA4.2.2) (Figs 11B and 12C). The presence of silt-
stone clasts, and the grain-size range, good sorting
and matrix-poor texture supports a correlation
with SU4.2 lobe complexes in the Eastern Catan-
Lil Basin, but a precise correlation was not possi-
ble due to a lack of good exposure (Fig. 4). The
SU4.2 lobe complex fringe-dominated succession

thickens (40 to 75 m thick) from the south-western
margin to the axis of the Chachil Basin (Fig. 4),
where it is associated with local slumps, debrites
and minor clastic injectites (Fig. 11A and C). Local
thickness changes suggest that deposition of
SU4.2 healed the remaining inherited rift-related
topography in this basin. The thick accumulation
of SU4.2 lobe complex fringes in the Chachil
Basin, and palaeocurrent data, are indicative of
flow reflection and deflection (Fig. 5) on both sides
of the Southern Chachil horst border, suggesting
that it acted as a low-relief topographic high. This
relief only allowed the overspill of the most dilute
part of flows in the Chachil Basin during predomi-
nant sand deposition in the updip basin, and pro-
gressive diversion of sandy fairways could occur
around this relief.

Lobe complex stratal terminations (SU4.2)

In the Eastern Catan-Lil basin, basal lobe com-
plexes thin and fine northward, in an oblique
downdip direction across ca 4 km, suggesting
confinement by a north-west basin margin slope
(Fig. 4). This interpretation is supported by
palaeocurrent measurements of current ripples at
high angles to the main palaeocurrent direction,
indicating flow reflection and deflection (Fig. 5).
Thinning and fining of lobe complexes across a
few kilometres (ca 2 km) from the basin centre to
the south-western basin margin (Fig. 12A and B)
also supports moderate confinement of the sandy
depocentre. The SU4.2 lobe complexes fringes
(FA4.2.3) are dominated by TFDs towards the
north-western basin margin, suggesting develop-
ment of frontal lobe fringes (e.g. Spychala
et al., 2017). In contrast, the dominant planar
and ripple laminated low-density turbidites
towards the confining south-eastern basin margin
(Fig. 12A) suggest the development of lateral lobe
fringes (e.g. Spychala et al., 2017) and/or lobe
fringes in a more proximal setting.

In the Chachil Basin, the SU4.2 lobe-fringe-
dominated heterolithic succession (FA4.2.2,
FA4.2.3) shows tapered thinning and fining, or
abrupt pinchout associated with clastic injectites,
towards the basin margins (Fig. 11C) also suggest-
ing confinement (e.g. Cobain et al., 2017; Hansen
et al., 2019).

Subunit 4.3

Lobe characteristics (SU4.3)

Subunit SU4.3 (120 to 190 m thick) forms a
moderate sandstone content succession, domi-
nated by coarse-grained, clast-rich and matrix-
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rich sandstone beds (Figs 4 and 13). The SU4.3
lobes (1.5 to 5.0 m thick) include sand-filled or
mud-filled scours, basal lags, coarse-grained
sandy bedforms and less varied clast types than
SU4.2 (dark grey mudstone, few siltstones, bio-
clasts and ammonites, armoured mudstone
clasts) (Figs 13 and 14). The character of SU4.3
lobes indicates deposition by coarser-grained
and higher-energy turbidity currents associated
with more erosion and sediment bypass, and
more transitional and hybrid flows than for
SU4.2, with the sporadic occurrence of muddy
HEBs (HEB 1) (Figs 8 and 13).

Lobe-axis deposits (FA4.3.1) are dominated by
high-density turbidites (HDT 1) and transitional
flow deposits (TFDs 3 to 5) that are commonly
scoured at their top (Fig. 13F and G), and
include a few HEBs with thick, debritic divi-
sions (HEB 1) (Fig. 8) occurring between amal-
gamated sandy packages (Fig. 14B and C). Lobe
off-axis deposits (FA4.3.2) include transitional
flow deposits (TFDs 4 and 5) and HEBs (HEBs 1,
3 and 4). The matrix-rich sandy bedforms (TFDs
3 and 4) and well-developed banded divisions
(TFD 5) here suggesting deposition by more
clay-rich, more rapidly decelerating flows than
in SU4.2 (TFD 1 and 2). These observations sug-
gest a more confined setting in the Chachil
Basin (e.g. Stevenson et al., 2020). Hybrid event
beds with thin debritic divisions (HEBs 3 and 4)
record extensive and rapid flow bulking from
lobe-axis to off-axis (e.g. Haughton et al., 2009;
Fonnesu et al., 2015; Pierce et al., 2018), which
contrasts with SU4.2 (FA4.2.2) (Fig. 8). Addi-
tionally, HEBs with thick debritic divisions and

extra-basinal clasts (HEB 1) are present, reflect-
ing voluminous debris-flows derived from a
proximal slope setting. Lobe fringe deposits
(FA4.3.3) are dominated by thinner and muddier
transitional flow deposits (TFD 5) and HEBs
(HEBs 3 and 4). HEBs with thick debritic divi-
sions (HEB 1) (Fig. 13B and D) and low-density
turbidites including biconvex ripples (cf. Privat
et al., 2021) (Fig. 13E) are also present.

Lobe complexes architecture and stacking
patterns (SU4.3)

The SU4.3 lobe complexes (each ca 15 to 30 m
thick) are exposed in the two studied basins,
thus are laterally more extensive than equivalent
units in SU4.2, suggesting deposition in a
broader depocentre during this stage (Figs 4 and
5). SU4.3 comprises a lower and upper lobe
complex separated by a thick (30 to 40 m) mud-
stone interval (Fig. 4).

In the Eastern Catan-Lil Basin, SU4.3 is rela-
tively thick (up to 120 m thick), with lobe com-
plexes developed towards the north-east across a
smoother intrabasinal topography partially
healed by deposition of SU4.2. Despite the dis-
continuous exposure, a well-exposed lobe com-
plex (ca 15 to 20 m thick) in the basin centre
(Fig. 14A) shows coarsening-upward and
thickening-upward trends passing from lobe
fringes (FA4.3.3) to lobe off-axis and axial
deposits (FA4.3.1 and FA4.3.2), suggesting pro-
gradation. In contrast, the north-western basin
margin is dominated by off-axis and lobe fringe
deposits (FA4.3.2 and FA4.3.3), with fining-
upward trends that could record aggradational

Fig. 13. Deposits of subunit SU4.3 in the Chachil Basin (see section 5 in the Chachil Basin on Fig. 5 for location).
Jacob’s staff is 1.3 m long, where shown. FA4.3.1: Lobe axis; FA4.3.2 Lobe off-axis; FA4.3.3: Lobe fringe. (A) Mas-
sive fine-grained sandstone bodies (clastic injectites-sills) (0.2 to 3.0 m thick, 5 km across) cross-cutting (<15°)
thin to very thin-bedded mudstone-dominated heterolithics. Injectites bear angular rafts (10 to 50 cm thick, >1 m
across) with long axis parallel to bedding of host strata and have sharp planar or stepped margins locally mantled
with mudstone clasts (2 to 5 cm long). (B) Interbedded poorly sorted, medium to fine-grained sandstone, siltstone
and silty mudstone beds (5 to 20 cm thick) with pin-striped sandy to silty laminated mudstone and sandy or
mud-filled scours (10 to 15 cm deep, ca 1 m long). (C) Amalgamated poorly sorted, matrix-rich (note the blueish
colour), medium-grained sandstone with banded top divisions. (D) Thick-bedded or medium to thin-bedded,
sandstone-dominated heterolithics including medium to fine-grained, matrix-rich sandstone often banded, and
clast-rich muddy HEB type 1 (0.6 to 7.0 m thick) with thick debritic division overlying a basal sandstone that
shows pinch and swell and pinchout. (E) Medium to fine-grained sandstone with biconvex ripples with sigmoidal
foresets (<5°) (2 to 6 cm thick, 10 to 15 cm wavelength) showing opposite or oblique palaeoflow directions, in thin
to very thin-bedded mudstone-dominated heterolithics. (F) Amalgamated poorly sorted, matrix-poor, coarse to
medium-grained sandstone with basal coarse-tail normal or inverse grading, bearing mudstone and siltstone clasts
in their lower part and with planar to low-angle cross stratified top. (G) Coarse to medium-grained sandy scours
at top of amalgamated sandstone lobe, with at base (highlighted with white line) thinly cross-stratified bedsets (5
to 10 cm thick foresets) bearing mudstone clasts (0.5 to 2.0 cm long) overlain by scour-fills with well-sorted
swale-like bedforms (25 to 50 cm thick, 0.2 to 0.5 m wavelength) with high-angle (15° to 30°) cross-stratification
and trough cross-stratification.
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and compensational lobe stacking. The interven-
ing lens-shaped clast-rich sandy packages
(FA4.3.4) might represent isolated sand-filled
scours or gullies (Figs 4 and 14D), which have
been extensively remobilized as clastic injectites.

Dune-scale cross-stratification
- Ripple cross-laminations
Carbonaceous fragments

In the Chachil Basin, SU4.3 forms a better
exposed and thicker succession (160 to 190 m
thick), enabling detailed lateral correlations. It is
possible to constrain a minimum 5 km width
and >6 to 8 km length for the system based on
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Fig. 14. Geometries and deposits of lobe complexes. Jacob’s staff is 1.3 m long, where shown. (A) SU4.3 in the
Estancia Martinez (section 4), Eastern Catan-Lil Basin, showing the lower SU4.3 lobe complexes (FA4.3.1-FA4.3.2,
FA4.3.3) including matrix-rich lobes (blueish colour) and cleaner matrix-poor lobes (yellowish colour) similar to
the trend seen in the Chachil Basin (cf. Privat ef al., 2021). (B) SU4.3 in the Puesto Alfaro (section 5), Chachil
Basin showing the lower SU4.3 lobe complexes with amalgamated matrix-rich lobes (FA4.3.1). (C) SU4.3 in Picin
Leufu (section 7), Chachil Basin, showing amalgamated lobes with intervening HEB type 1 with thick debritic
division (FA4.3.1). (D) SU4.3 in the Pesceira (section 10), Eastern Catan-Lil Basin, showing the upper SU4.3 sand-
bodies here with coarse to medium-grained sandy scour-fill full of rip-up mudstone clasts (see inset) which are
locally remobilized into clastic injectites (FA4.3.4). (E) SU4.3 in Casa Piedra (section 15), Chachil Basin, showing
the upper SU4.3 sandbodies that consist of sandy scour or gully-fills and lobes, bearing mudstone and blueish silt-
stone clasts and bioclastic material. Shows a cross-stratified top (FA4.3.4).

oblique frontal pinchout of lobe complexes across
2 km from the basin centre to the northern basin
margin (Picin Leuft to Casa Piedra sector) (Fig. 4).
SU4.3 includes a lower sandy succession (70 to
120 m thick) of lobe complexes and an upper

heterolithic succession (ca 45 m thick) including
scour or gulley-fills and lobes, which are separated
by a thick mudstone-prone interval (ca 35 m thick)
(Fig. 4). The lower succession records a
coarsening-upward and thickening-upward trend

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 1639-1685

85US01 T SUOWIWIOD 3A R0 8|qedljdde 3y} Aq peueAob 8Je Ssiie VO ‘88N JO S9|NJ 10y AReid T 8UIIUO AB|I/W UO (SUO 3 IPUOD-PUe-SWB) 0" A | 1M ARelq 1 [eu|UO//SdRY) SUORIPUOD PUe swiid | 8y} &8s *[i7z0¢/.0/72] uo Areiqiaulluo A8 (1M ‘8oL Ad 06TET PES/TTTT OT/I0P/W0D A8 1M ARIqIjoU1IUO//SAIY WO} PAPROIUMOQ ‘S #7202 ‘TE0ESIET



Fill-and-spill across linked early post-rift depocentres 1669

with a stratigraphic evolution from dominantly
stacked lobe fringe and off-axis deposits (FA4.3.3
and FA4.3.2), vertically grading to lobe-axis
deposits (FA4.3.1) (Fig. 4). This suggests a general
forward-stepping of lobe complexes, overprinted
by lobe-scale compensational stacking, which
reflects confinement by intrabasinal topography
(Privat et al., 2021; Martinez-Donate et al., 2023).
In turn, the upper succession mainly consists of
sand-filled and heterolithic-filled scours or gullies
enriched in bioclastic material and encased in
mudstone-prone strata (FA4.3.4) (Fig. 14D and E),
which record deposition in a more proximal lower
slope environment.

Lobe complex stratal terminations (SU4.3)
Subunit SU4.3 in the Eastern Catan-Lil Basin
records lobe complex stratal terminations with
bed thinning and a decrease of sandstone con-
tent over 4 km towards the northern basin mar-
gin (Fig. 4). Here, the dominant laminated low-
density turbidites, TFDs and sand-rich debrites
(FA4.2.3), support frontal lobe fringes (e.g. Spy-
chala et al., 2017). Palaeocurrent data indicate
flow reflection or deflection (Fig. 5), suggesting
that a remnant relief or a counterslope at the
northern margin of the Eastern Catan-Lil Basin
could have enhanced lateral lobe switching and
deposition of the basal coarser-grained load of
flows that otherwise bypass into the Chachil
Basin. These observations indicate deposition of
SU4.3 in a weakly confined setting in the East-
ern Catan-Lil Basin. In the Chachil Basin, SU4.3
lobe complexes show more abrupt bed thinning
and decrease of sandstone content across 2 to
3 km towards the northern basin margin (Fig. 4).
Here, the stacked HEB-rich frontal lobe fringes
record bed thinning (but not necessarily fining)
and pinchout further downdip from the pinch-
out of thick mud-rich HEBs (HEB 1). Together
with numerous clastic injectites and indicators
of flow deflection and reflection (Figs 5 and
13E), the described stratal termination patterns
suggest deposition with partial confinement by
inherited rift topography (Privat et al., 2021;
Martinez-Donate et al., 2023).

DISCUSSION

Regional depositional setting and controls on
early post-rift intraslope fans

The early post-rift intraslope fans (SU4.1, SU4.2
and SU4.3) of the Early Jurassic Los Molles

Formation developed across low-relief and low-
gradient basin margins (i.e. ramp-type system;
Heller & Dickinson, 1985) bounding a relatively
shallow offshore marine embayment and starved
basin-floor (Figs 15 and 16). Seabed topography
was controlled by the balance between early
post-rift sediment supply and thermal subsi-
dence of the backarc basin (100 to 200 to 400 m
water depth; Gémez Omil et al., 2002; Gomez-P-
érez, 2003; Pangaro et al., 2009; Brinkworth
et al., 2018). The stratigraphic evolution of the
three early postrift intraslope fans records a
consistent increase of sandstone content, grain-
size and clast-size (from SU4.1 to SU4.3) (Figs 9,
10 and 13) and a large-scale coarsening-upward
trend associated with more common erosion and
bypass features, debrites and HEBs over time
(Fig. 15).

The recorded stratigraphic evolution contrasts
with that of structural shelves and out-of-grade
slopes in rift basins, which tend to promote
direct coarse sediment bypass to base-of-slope
and basin-floor settings, producing a progressive
stratigraphic fining-up trend (e.g. Leeder et al.,
2002; Strachan et al., 2013; Henstra et al., 2016).
In contrast, the observed stratigraphic evolution
of intraslope fans in the Los Molles Formation
could reflect an overprint due to the juxtaposi-
tion of axial and transverse deep-water systems
developed from different sources (Fig. 16). In
this context, inferred axial systems would be
supplied by a south-west volcanic arc-derived
source, whereas the transverse systems would
be fed from the south-east cratonic source
(Fig. 16). This scenario is like other documented
early post-rift systems that developed from mul-
tiple active sediment sources (e.g. Deller, 2005;
Lien, 2005; Fugelli & Olsen, 2007; Zachariah
et al., 2009; Henstra et al., 2016). More specifi-
cally, the juxtaposition of axial and transverse
systems involving volcanogenic and cratonic
sources having different textural and composi-
tional characteristics, has implications for the
variability of reservoir quality, which commonly
occur in intra-arc or back-arc basins (e.g. Marsa-
glia et al., 1995; Sylvester & Lowe, 2004; Takano
et al., 2005; Masalimova et al., 2016; Shumaker
et al., 2018) or in retroarc foreland settings (Mal-
kowski et al., 2017). It is notable that in the
studied basins, despite the coeval existence of
these two sediment sources, the regional palaeo-
geographical reconstructions show that, during
the early post-rift (Early-Late Toarcian), the
transverse cratonic-sourced fan deltas and intra-
slope fans were mainly trapped across slope
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Fig. 15. Block diagrams showing the evolution of the three sandy subunits (fans) with progressive stepwise infill
of inherited rift topography and development of lobes with different degree of confinement during linkage of
intraslope depocentres. SU4.1 is partially ponded, SU4.2 is moderately confined by basin margins, SU4.3 is
weakly confined in updip basin and partially confined in downdip basin by intrabasinal topography. Intraslope
fans indicate an evolution as a fill-and-spill system, with initial partial ponding through overspill, to spillover
with erosion and bypass across a transverse topographic high separating both depocentres. Note the occurrence of
clastic injectites and contrasting stratigraphic HEB and TFD pattern at fan-scale. Total proportions of facies associ-
ations are shown in pie charts in each sandy subunit (cf. Table 1 and Figs 9 and 10-13) and aims to represent the
relative sandstone content for each intraslope fan in each depocentre. HEB: Hybrid event bed; TFD: Transitional

flow deposit; LDT: Low-density turbidite.

topography along the southern Neuquén Basin
margin eastward of the study area (Gémez Omil
et al., 2002; Péngaro et al., 2009; Brinkworth
et al., 2018) (Fig. 16). This is also supported by
provenance analysis that does not evidence any
distinct cratonic provenance signature, suggest-
ing a uniform volcanogenic-dominated source
area, consistent with axial progradation of early
post-rift intraslope fans towards the NNE/north-
east, subparallel to the north-east/south-west
trending and north-west-dipping cratonic south-
ern Neuquén Basin margin (Fig. 16).

The coarsening-upward trend and increase in
grain-size and clast-size recorded in the early
post-rift intraslope fans succession (SU4.1 to
SU4.3) can be explained by several factors acting
independently or in combination. First, this pat-
tern could reflect a change of sediment grain-
size range available and/or an increase of volca-
nogenic sediment production at source (i.e. Shu-
maker et al., 2018). This would have helped to
drive deltaic progradation, inducing a direct
response of slope systems with progradation, as
observed in narrow, ramp-type systems (e.g.
Heller & Dickinson, 1985; Martinsen et al., 2003;
Eschard et al., 2004; Ravnas et al., 2014). Addi-
tionally, the enhanced bypass of the coarse
grain-size fraction and occurrence of mass-
wasting products from the SU4.1 to SU4.3 fans
records an increase in flow energy and capacity
that could reflect a progressive slope steepening.
Slope steepening could be driven by the growth
and uplift of the early Andean magmatic arc
through time (Marsaglia et al, 1995; Doro-
bek, 2007) and/or margin tilting with onset of
post-rift thermal subsidence (Rabineau et al.,
2014; Balazs et al., 2017; Roberts et al., 2019).
This would have enhanced erosion and retro-
gressive slope failures controlling progressive
channel development and/or canyon incision, as
seen along volcanic island arc slopes in other
subduction-related active margins (e.g. Klaus &
Taylor, 1991; Laursen & Normark, 2003; Noda

et al., 2008; Leclerc et al., 2016; Clare et al.,
2018; Hsieh et al., 2020). Finally, given the
influence of inherited rift topography in the
study area (Privat et al, 2021), the filling of
proximal slope topography and accommodation
could also have resulted in enhanced bypass of
the coarse grain-size fraction downslope (e.g.
Prather, 2003; Covault & Romans, 2009).

Development of intraslope fans across
inherited rift-related relief

Large-scale stratigraphic architecture of early
post-rift intraslope fans records a high degree of
sand compartmentalization and stepwise filling
of inherited, rift-related relief across the Eastern
Catan-Lil and Chachil basins. The Southern Cha-
chil horst border acted as a topographic barrier
(i.e. sill), suggesting a fill-and-spill linkage
between the updip (Eastern Catdn-Lil) and the
downdip (Chachil) basins (Fig. 15). The sandy
fans developed with variable confinement in the
updip and downdip basins, depending on the
initial configuration of inherited rift topography
and progressive healing of accommodation. The
SU4.1 fan records partial ponding in the updip
basin and coeval sand starvation in the downdip
basin. The SU4.2 and SU4.3 fans developed
respectively with moderate and weak confine-
ment in the updip basin, reflecting the progres-
sive healing of the inherited rift topography. In
contrast, the SU4.2 to SU4.3 fans developed
with higher local confinement in the downdip
basin, as the limited sand supply promoted a
longer preservation of inherited rift topography.

Partial ponding and overspilling

The SU4.1 fan is a low sandstone content suc-
cession, which records trapping of sandy and
muddy flows in accommodation inherited from
rift topography of the updip basin. This charac-
teristic suggests initial sand supply by low vol-
ume flows relative to the basin size, with
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Fig. 16. Early-Late Toarcian palaeogeographical map of the Southern Neuquén Basin showing the configuration
of sediment sources with axial and transverse systems developed respectively across volcanic arc and cratonic
margins bounding the deep-marine backarc basin (100 m to 200 to 400 m depth; Gémez Omil ef al., 2002; Gémez-
Pérez, 2003). Early post-rift fans prograded transversely to rift structures towards the NNE/north-east, subparallel
to the north-east/south-west striking and north-west dipping cratonic Southern Neuquén Basin margin (see also
rift structures in Gémez Omil et al., 2002; Franzese et al., 2006; Garcia Morabito, 2010; Muravchik et al., 2014;
D’Elia et al., 2015; Brinkworth et al., 2018). Mud-draped inherited rift fault topography, expressed at the seabed
with anticlinal and monoclinal folds associated with onlap and confinement (cf. Privat et al., 2021), controlled
the distribution of sandy depocentres. Note the onset of sand supply with the first fans developed in the Late
Toarcian in La Jardinera depocentre (Giacomone et al., 2020; Arienti Gongalves ef al., 2022; Steel et al., 2023)
(Fig. 2). The studied intraslope fans (Unit 4) were fed with sand supply from mixed deltaic and epiclastic volca-
nogenic line-sourced coastal systems developed along the early Andean volcanic island arc (cf. De la Cruz &
Suaérez, 1997). Coeval early post-rift fans (in subsurface) developed in the south-eastern sector with sediment sup-
ply from nearby cratonic hinterland and sand trapping across slope topography of the Southern Neuquén Basin
margin (Gémez Omil ef al., 2002; Brinkworth et al., 2018). Subsequently, transpression started and fault-block
uplift enhanced sediment supply from cratonic sources located tens of kilometres further to the east. This pro-
moted the rapid progradation of deltaic-fed transverse systems and the development of a ‘standard’ passive-
margin system, with a well-defined shelf-break by Middle Jurassic (Aalenian-Bathonian). This passive margin sys-
tem included younger shelf-edge deltas, slope channels and connected basin-floor fans not shown on this map,
which are documented in subsurface (Gémez Omil ef al., 2002; Brinkworth et al., 2018) and at outcrop (Gulisano
& Guttiérrez Pleimling, 1995; Paim et al., 2008; Arienti Gongalves et al., 2022; Steel et al., 2023).

possible overspill to the downdip basin of the widespread remobilization of lobes into clastic
most dilute part of larger volume flows, as sug- injectites also suggests deposition in a topo-
gested for other similar examples (Shultz & Hub- graphically confined setting (e.g. Cobain et al.,

bard, 2005; Marini et al.,, 2016). In SU4.1, the 2017; Hansen et al., 2019) (Fig. 17A and B).
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Fill-and-spill across linked early post-rift depocentres 1673

A| System-scale changes with progradation and re-adjustment to a higher gradient slope-induced disequilibrium
Proximal filled depocentre (Eastern Catan-Lil Basin)
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e s
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100 m d -
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Increasing HEB content from updip to downdip basin (Late Pliensbachian-Early Toarcian)
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Clastic injectite BB Thick debrites (in HEBs 1 and 2) Medium-fine-grained sandstone lobes (TFDs and sporadic HEBs)
Intrabasinal slump r Coarse-medium-grained sandstone (Throughout HEBs and TFDs) Medium-fine-grained sandstone lobes (TFDs-dominated)

B| Fan-scale changes in spatial distribution and stratigraphic pattern of bed types with fill-and-spill across transverse relief

Lateral lobe fringes devoid of HEBs along confining basin margin

\ HEB-poor weakly confined intraslope fan smoothing intrabasinal relief
Sand-starved proximal basin \

Slumps and clastic injectites close to intrabasinal high

Initial intraslope fan with clastic injectites
Sedimentary linkage of early post-rift depocentres: g - in sub-basins controlled by inherited
Spillover with erosion and bypass with enhanced B g s : mud-draped topography
flow transformation across transverse sill 7

HEB-rich intraslope fans partially
confined in underfilled depocentre

P

isconnected early post-rift depocentres:
Partial ponding in updip depocentre through flow stripping
sl e e and overspill in sand-starved downdip depocentre

including HEBs \ \ ~

Clastic injectites
and pinchout close to
confining topography

Slumps close to Compaction-enhanced
compaction hinge mud-draped carbonate
platform relief over basement highs

C| Lobe complex-scale changes (dimensions, stratal termination styles and bed types) with changes in basin confinement and substrate
(1to7 m thick)

SU4.3: Spillover partially confined lobes -

=15-30 m thick
=6-8 km long, 5-6 km wide

TFDs and LDTs dominated lobe fringe HDTs and TFDs dominated lobe-axis to off-axis TFDs and LDTs dominated lobe fringe
with clastic injectites and HEBs with HEBs throughout with clastic injectites
. [HEB type 21(0.2 to 0.6 m thick)
SU4.2: Spill moderately confined lobes - o oemme
=20-40 m thick

8-15 km long, 5-6 km wide (0.2t0 0.6 m thick)  [HEB type 5](0.5 to 0.8 m thick)

0.2 t0 0.5 m thick)
jectite

Injectite

)
TFDs and HEBs dominated lobe fringe HDTs and TFDs dominated lobe-axis to off-axis
with clastic injectites with sporadic HEBs
SU4.1: Partially ponded lobes
=15-20 m thick
»5-8 km long, 3-4 km wide

LDTs and clastic injectites dominated TFDs dominated lobe-axis to off-axis LDTs and clastic injectites dominated
lobe fringe lobe fringe

Fig. 17. Synthetic evolution model for the documented early post-rift fill-and-spill system, in cross-section (A)
and spatially (B), showing progressive linkage of disconnected depocentres, with initial partial ponding through
overspill, to spillover and bypass across transverse topography, promoting erosion and flow transformation, with
preferential HEB development in the downdip basin. The successive intraslope fans developed with different
degree of confinement by inherited rift topography that resulted in various lobe complexes dimensions, stratal ter-
mination styles and bed types distribution as shown in (C) schematic cross-sections for SU4.1, SU4.2 and SU4.3
lobe complex types, representative of both the Eastern Catdn-Lil and Chachil basins, detailing the stacking pat-
terns and distribution of HEBs and TFDs (shown orthogonal to primary flow direction).
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Several exhumed systems have shown that vari-
ations in the volume and type of flows entering
a basin, induce changes in sandstone content
and thickness trends of ponded or partially
ponded successions, depending on the rate of
overspill, on the size of flows with respect to
the size of the basin, and the height of the con-
fining topography (i.e. Hodgson & Haughton,
2004; Shultz & Hubbard, 2005; Amy et al., 2007;
Southern et al., 2015; Soutter et al., 2021).

In contrast, the SU4.2 fan formed a high sand-
stone content succession deposited across a
smoother topography in the updip basin, likely
in a moderately confined setting contained by
its basin margins (e.g. Marini et al, 2015).
SU4.2 also marks increased downdip overspill
to the Chachil Basin (Fig. 17A and B) that accu-
mulated a mudstone-prone succession including
some debrites and slumps at the base, and a few
sandy heterolithic deposits. The rare sand-rich
influxes to the downdip basin during SU4.2
might record larger volume flows that were
diverted around, or breached, the Southern Cha-
chil horst relief (Fig. 15) with a reduced topo-
graphic height (for example, few to tens of
metres, Marini et al., 2016), which acted as a
‘spill point’ as the two depocentres became par-
tially connected (e.g. Vinnels et al., 2010).

Spillover and abandonment

The SU4.3 fan records the sedimentary linkage of
both depocentres, with deposition of a coarser-
grained but moderate sandstone content succes-
sion across healed topography in the updip basin
and across underfilled inherited rift topography in
the downdip basin (Fig. 17A and B). Inherited rift
and compaction-enhanced topography of mud-
draped carbonate platforms on fault block highs
induced higher confinement in the Chachil Basin.
This resulted in the frontal pinchout of this intra-
slope fan over a downdip distance of ca 2 to 3 km
against a frontal counterslope, with trapping of
thick HEBs that pinchout in the depocentre axis,
offset from the frontal fan pinchout dominated by
lobe fringe low-density turbidites and TFDs (cf.
Privat et al., 2021; Martinez-Donate et al., 2023).
Shallow sand-filled scours and/or gullies devel-
oped near the exit point in the updip basin, and
mud-filled or sand-filled scours and coarse-
grained sandy bedforms developed in the down-
dip basin, suggesting a response to gradient
change across the transverse topographic high that
acted as a sill (e.g. Smith, 2004) (Fig. 17A and B).
Therefore, during the spill phase, the system pro-
graded in the downdip basin without marked

knickpoint development and headward channel
incision. Alternatively, channels could have a
muddy infill (Smith, 2004), which may be difficult
to identify at outcrop. Finally, thinning-upward of
the SU4.3 fan and accumulation of a thick mud-
stone succession (hundreds of metres) across both
basins suggests either lateral switching of sedi-
ment routes or regional reduction in sand supply.
Either way, the sediment supply system termi-
nated prior to the healing phase associated with
major incision of the intraslope fans by parent
feeder channel-levée systems (Beaubouef & Fried-
mann, 2000; Booth et al., 2003).

Comparison with other fill-and-spill systems

Basin-fill patterns

Fill-and-spill systems are poorly recognized in rift
basin-fills despite the favourable physiography
(e.g. Ravnas & Steel, 1997; Argent et al., 2000;
Ravnas et al., 2000; Tillmans et al., 2021; Jones
et al., 2023). Here, the early post-rift axial (basin-
margin parallel) sandy fairways interacted with
inherited rift topography, like tortuous corridors
(sensu Smith, 2004) and controlled the distribu-
tion of sandy depocentres (Fig. 16). The confine-
ment of the sandy fairways by lateral topographic
barriers (i.e. the Puesto Rincén del Polo horst) per-
mitted the coeval development of sand-rich (i.e.
Chachil and Eastern Catan-Lil Basin) and adjacent
sand-starved (i.e. Chacaico Basin) depocentres
(Figs 3 and 17). The stratigraphic architecture of
the basin-fill (Fig. 18A) shows local fill-and-spill
across a transverse topographic barrier (i.e. the
Southern Chachil horst) and sustained prograda-
tion of intraslope fans from updip to downdip
depocentres. In contrast, syn-rift fill-and-spill sys-
tems evolving across transverse fault-block highs
record initial ponding then spilling from updip to
downdip depocentre, until fault-block uplift
cuts-off sand supply to the distal depocentre. This
triggers emplacement of intrabasinal mass-
transport deposits (MTDs) and renewed ponding
in both depocentres, which then evolve as elon-
gated trough-like basins routing axial sandy fair-
ways (Ravnas & Steel, 1997; Steventon et al., 2021)
(Fig. 18B).

In the studied system, the different evolution-
ary stages from disconnected to linked early
post-rift depocentres across inherited rift topo-
graphy, record a change from partial ponding,
through overspill, to spillover with erosion and
bypass, with each stage separated by a muddy
‘blanketing’ phase (e.g. Booth et al., 2003). This
evolution features a vertical coarsening-upward
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trend, increasing sandstone content upward and
spatially across a transverse topographic high
separating the two basins, flow deflection/reflec-
tion and associated bedforms, stratal thinning
and common pinchout with clastic injectites
towards confining slopes (Figs 15 and 17). All of
these characteristics are observed in analogous
minibasins of similar size in different tectonic
settings (5 to 10 km wide and up to 20 km long)
(Sinclair & Tomasso, 2002; Shultz & Hubbard,
2005; Amy et al., 2007; Vinnels et al., 2010; Tin-
terri & Tagliaferri, 2015). However, the evolution
of the documented system is more compatible
with a semi-enclosed or partially silled configu-
ration of intraslope basins (e.g. Smith, 2004;
Vinnels et al., 2010) with intervening fault-block
highs (i.e. sills), rather than three-dimensionally
contained basins with full flow ponding in the
updip basin (cf. Sinclair & Tomasso, 2002;
Southern et al., 2015). This configuration also
contrasts with open stepped (cf. Deptuck
et al., 2012; Hay, 2012) or terraced (cf. Ravnas
et al., 2000; Tillmans et al., 2021) slope settings,
marked by subtle changes of slope gradient
between steps and ramps, which lack counter-
slopes and/or topographic highs acting as effec-
tive sills between basins. Such systems
developed across stepped slopes, promote the
formation of high net : gross depocentres lacking
MTDs and abundant HEBs, as the upper,
mud-rich part of the flow is stripped downslope
during system evolution (e.g. Adeogba et al,
2005; Hay, 2012; Brooks et al., 2018; Casagrande
et al., 2022).

In the studied system, which developed across
a topographically complex slope, intrabasinal
slumps and debrites are present. Intrabasinal
MTDs are at the top of the lower partially
ponded succession (SU4.1) in the updip basin,
and within the spill succession (SU4.2) close to
basin margins in both basins (Figs 17 and 18A).
Moreover, the spillover stratigraphy (SU4.3)
comprises distinctively thick debrites as part of
HEBs (HEB 1) in the downdip basin, which are
interpreted with a potential extrabasinal origin
as mass-wasting (cf. Privat et al, 2021, and
Table 2 for details) (Figs 17 and 18A). It also dif-
fers from fill-and-spill systems, where MTDs
tend to occur towards the top of ponded strati-
graphy mainly due to tectonic pulses and/or
slope progradation in foreland or transtensional
basins (e.g. Shultz & Hubbard, 2005; Pyles, 2008;
Salles et al., 2014; Tinterri & Tagliaferri, 2015)
(Fig. 18C). In many cases, intrabasinal MTDs are
small, whereas large volume extrabasinal MTDs

can plug the proximal basins, preventing or
interrupting the development of spilling into the
distal basins left starved, and forcing migration
of the system, initiating a fill-and-spill cycle in a
neighbouring depocentre.

These fill-and-spill systems are also prone to
cut-off or diversion of sandy fairways across
mobile salt or shale substrates. However, they
behave differently due to more rapid subsidence
with sediment loading, salt flow and syn-
sedimentary growth structures, which control the
duration and stacking of multiple fill-and-spill
cycles in a given basin undergoing rapid renewal
of accommodation (Beaubouef & Friedmann, 2000;
Winker & Booth, 2000; Booth et al., 2003; Rodri-
guez et al., 2021). Therefore, salt-withdrawal
basin-fills develop a broader range of architectural
elements, including abundant MTDs, channelized
fans and channel-levée systems in the healing
phase and condensed mudstone intervals (Booth
et al., 2003) (Fig. 18D). Mass-transport deposits are
reported more in the upper, spillover and healing
stratigraphy (Winker & Booth, 2000; Booth
et al., 2003; Wu et al., 2020; Rodriguez et al., 2021)
than in the lower, ponded or confined stratigraphy
(Beaubouef & Friedmann, 2000; Cumberpatch
et al., 2021). One main difference with other fill-
and spill systems developed across non mobile
salt or shale substrates, is that intrabasinal MTDs
are more voluminous than extrabasinal MTDs and
can dominate the onlap margins and/or stratigra-
phy of distal basins, representing up to 60% of
the basin-fill (Beaubouef & Friedmann, 2000;
Madof et al., 2009; Beaubouef & Abreu, 2010;
Poprawski et al., 2021) (Fig. 18D).

Hybrid event beds in early post-rift intraslope
fans: stratigraphic occurrence and spatial
distribution

The stratigraphic and spatial variability of bed
types (specifically TFDs and HEBs) in successive
intraslope fans is presently poorly documented
in fill-and-spill systems and only a few exam-
ples have been described (e.g. Haughton et al.,
2003; Tinterri & Tagliaferri, 2015; Soutter
et al., 2021) (Fig. 18). Herein, key characteristics
of the Los Molles Formation fill-and-spill system
include: (i) variability in TFD versus HEB types
between each intraslope fan; (ii) different HEB
stratigraphic patterns (cf. Haughton et al., 2009)
between SU4.2 (sporadic) and SU4.3 (through-
out), with the overall increase in HEB occur-
rence from the wupdip to the downdip
depocentre in both SU4.2 and SU4.3; and (iii)
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Fig. 18. Comparison of the variable stratigraphic architectures and architectural elements in fill-and-spill systems
with diverse confinement in different tectonic settings. (A) Fill-and-spill in early post-rift basins with inherited
rift topography. Basin-fill records; (i) partial ponding with abundant Transitional Flow Deposits (TFDs), overspill
showing local occurrence of intrabasinal mass-transport deposits (MTDs) near confining slopes and sporadic
Hybrid Event Beds (HEBs), followed by (ii) spillover with erosion and bypass associated with scours and develop-
ment of HEBs throughout the downdip basin, with flow transformation across relief (i.e. sill). The passive infill of
inherited rift topography with moderate sediment supply rates, decreasing as the system shifts to lower slope
and/or is abandoned, prevents the development of a healing phase and results in incomplete fill-and-spill cycle.
(B) Fill-and-spill in tectonically active syn-rift basins (e.g. Ravnas & Steel, 1997; Argent et al., 2000; Steventon
et al., 2021). Basin-fill records incomplete fill-and-spill cycles with; (i) ponding and (ii) spillover in the downdip
basin both with development of slurry beds or HEBs at base and fringe of fan (cf. Haughton et al., 2003), followed
by (iii) cut-off sand supply in downdip basin and renewed ponding in updip basin due to fault growth and reju-
venated sill, with trigger of intrabasinal MTDs promoting the development of TFD-prone fans in the downdip
basin (Steventon et al., 2021). The progressive increase of accommodation controlled by fault-growth induces the
change from transverse to axial routing of sandy systems in both basins. This eventually leads to the development
of axial channel-levée systems, but no proper healing phase across the two basins and therefore results in incom-
plete fill-and-spill cycles. (C) Fill-and-spill in tectonically active foreland or transtensional basins (e.g. Shultz &
Hubbard, 2005; Amy et al., 2007; Pyles, 2008; Salles et al., 2014; Southern et al., 2015; Tinterri & Tagliaferri, 2015).
Basin-fill records incomplete fill-and-spill cycles under moderate sediment supply rates mainly dominated by; (i)
ponding in proximal basin with localized scours at break of slope on basin margin and occurrence of TFDs or
sandy HEBs throughout fan (Shultz & Hubbard, 2005; Amy et al., 2007; Southern et al., 2015), or some slurry beds
or HEBs at base and fringe of fan and at onlap margins adjacent to sills and/or MTDs (cf. Tinterri & Taglia-
ferri, 2015; Soutter et al., 2021), and (ii) plugging of proximal basin by extrabasinal MTCs due to tectonic pulses,
which interrupts the development of spill or healing phases and forces migration in distal depocentres, resulting
in incomplete fill-and-spill cycles. (D) Fill-and-spill in salt-withdrawal basins [proximal basin based on Booth
et al. (2003) and distal basin based on Beaubouef & Abreu (2010)]. Basin-fill records; (i) ponding and partial pond-
ing with overspill and occurrence of highly erosive, large volume intrabasinal MTDs promoting TFDs and HEBs at
onlap margins adjacent to sills. The following (ii) spill phase records development of transient channelized fans
with bypass across sills in proximal basins and ponding across former MTDs in distal basin, promoting HEBs in
the basal fans. The latest (iii) healing phase records plugging of distal basin by extrabasinal MTC, backstepping
and diversion of feeder channel in updip basin with avulsion across MTD and final lateral migration of axial
channel-levée system in proximal basin interrupted by salt growth fold. The abundance and large volume of
MTDs and the thick fill-and-spill stratigraphy, are promoted by combined high sediment supply rates and rapid
subsidence with sediment loading, growth structures and salt flow, which control the duration of fill-and-spill
cycles.

the control on the stratigraphic increase of HEB
occurrence at the system-scale (Fig. 17).

The effects of changes in basin confinement
related to the inherited rift topography in the
two depocentres, could have controlled the lobe
complex dimensions and stratal termination
style (Fig. 17C), resulting in different HEB spa-
tial distributions and stratigraphic patterns (e.g.
Southern et al., 2015; Fonnesu et al.,, 2018).
Grain-size differences, and the nature of the
cohesive muddy substrate being entrained (e.g.
Mueller et al., 2017; Pierce et al., 2018) may also
explain: (i) the textural differences of HEBs deb-
ritic divisions in SU4.2 and SU4.3; (ii) the pau-
city of banded divisions relative to TFDs with
matrix-poor to heterolithic sandy bedform divi-
sions in SU4.2 lobes; and (iii) well-developed
banded divisions and matrix-rich sandy bedform
divisions in SU4.3 lobes (cf. Figs 8 and 15). The

potential control of substrate differences on TFD
and HEB types is also suggested by the blueish
silty and grey calcareous mudstone clasts only
found in SU4.2 lobes and the dominant dark
grey clayey mudstone clasts in SU4.3 lobes.

The stratigraphic pattern of HEBs in SU4.2 is
characterized by a sporadic occurrence of domi-
nantly sandy HEBs (HEB 5) and clustered
muddy HEBs (HEB 2) at the base of lobe com-
plexes mainly dominated by TFDs. In contrast,
SU4.3 is characterized by sandy HEBs (HEB 3 to
4) throughout lobe complexes and sporadic
occurrence of muddy HEBs (HEB 1) in the
uppermost lobe complexes (Fig. 17C). This HEB
stratigraphic pattern is corroborated with a sys-
tematic spatial increase in HEBs in both SU4.2
and SU4.3 intraslope fans, downdip from the
Eastern Catdn-Lil Basin to the Chachil Basin,
where HEBs can extend for up to 3 to 4 km from
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downdip depocentre and eventually reaching the
downdip depocentre with spilling

Q Multiple fill-and-spill cycles due to high
subsidence and high sediment supply rates
@ Healing of updip depocentre with
transverse channelized fan spilling
across static salt-cored relief into
downdip depocentre

@ Ponding in distal

intrabasinal MTDs

& H/EBs-pvone fan
ss MTDs

HEBs at fan base and
"~ onlap-margi

depocentre with thick

@ Thrust propagation interrupts fill-and-spill with cut-off
sand supply and mud-draping of downdip
depocentre locally with intrabasinal MTD

© Extrabasinal MTC triggered with tectonic pulse
plugs updip depocentre forcing migration of the
system in distal depocentre

© Extrabasinal MTC plugging distal
depocentre and avulsion of
channel in updip depocentre @) Lateral migration of axial

channel-levee interrupted
by salt-cored growth fold
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axis to pinchout of lobe complexes (cf. Privat
et al., 2021; Martinez-Donate et al., 2023)
(Fig. 17A). Therefore, the high proportion of
HEBs developed in the downdip Chachil Basin
is interpreted to reflect flow transformation, with
local enhanced flow acceleration, muddy sub-
strate erosion and bypass across transverse relief
of the Southern Chachil horst (Fig. 17B). This
resulted in a sustained clustering of HEBs in the
downdip basin in successive intraslope fans
(SU4.2 and SU4.3), like the pattern observed at
the break of slope in channel-lobe transition
zones (e.g. Ito, 2008; Mueller et al., 2017; Brooks
et al., 2022), until the local reduction of relief.
Additionally, HEB occurrence throughout SU4.3
in the Chachil Basin could have been aided by
confinement and flow transformation against
multiple confining basin margins (Southern
et al., 2015).

At system scale, the successive intraslope fans
record an overall stratigraphic increase of HEB
occurrence from SU4.1 to SU4.3, with the youn-
gest SU4.3 fan particularly enriched in HEBs,
compared to SU4.2 and SU4.1 fans dominated
by TFDs (Fig. 17C). This pattern is concomitant
with an increase of matrix content in lobes
and coarsening of grain-size and clast-size
(Fig. 17A), which has been related to an increase
of flow magnitude, erosion and bypass of coarser
grained sediment fractions downslope (from
SU4.1 to SU4.3). This change might record an
increased flow confinement due to the propaga-
tion of slope channel systems (Maier et al,
2011; Fildani et al., 2013; Hodgson et al., 2016)
and gullies or canyons (Alves et al., 2003; Jack-
son et al., 2021) in response to slope steepening.
This could explain deposition by unusually
large volume, long run-out and high-energy
flows, subject to substrate entrainment and flow
transformation after bypassing updip slopes (e.g.
Fonnesu et al., 2018; Pierce et al., 2018), result-
ing in progradation of the system with enhanced
HEB development. Therefore, the changes
recorded from SU4.1 to SU4.3 might be the strati-
graphic expression of a wider system change,
with re-adjustment to a higher gradient slope
marking a period of disequilibrium and
enhanced erosion (e.g. Haughton et al., 2009).

The present findings have implications for fill-
and-spill systems, highlighting the variability of
TFD and HEB types and their different strati-
graphic patterns between successive intraslope
fans and spatially across the two basins, in
response to changes in topography and confine-
ment. In such fill-and-spill systems, HEBs are

likely to be more developed during the sedimen-
tary linkage of depocentres (spillover phase) in
the downdip basin. In contrast, the facies differ-
ences in TFD and HEB types developed seem to
be more dependent on the nature of substrate
entrained and the run-out distance. These
changes in stratigraphic and spatial TFD and
HEB distribution between early post-rift intra-
slope fans reveal more complicated patterns in
fill-and-spill systems, than the spatial HEB seg-
regation towards the distal parts of fans in
unconfined basin-floor systems (Haughton et al.,
2003; Hodgson, 2009; Kane & Pontén, 2012; Spy-
chala et al., 2017). This suggests that such pre-
dictive models should be applied with caution
in other late syn-rift to early post-rift systems
subject to intermittent periods of slope disequi-
librium (e.g. Haughton et al., 2003; Deller, 2005;
Fugelli & Olsen, 2007; Southern et al., 2017; Ste-
venton et al., 2021). The stratigraphic occur-
rence and variability of bed types, and the
evolution of pinchout patterns in the studied
fill-and-spill system reveal striking differences
in confinement and flow transformation between
individual depocentres, with implications for
the development of stratigraphic traps and dis-
tribution of heterogeneities or flow baffles. These
changes reflect the spatial and temporal evolu-
tion of the depositional system across topogra-
phy, suggesting that other fill-and-spill systems
in active tectonic settings (Fig. 18) subject
to slope disequilibrium, might develop a
range of similar features that require further
investigation.

CONCLUSIONS

The Early Jurassic Los Molles Formation consti-
tutes a unique exhumed example of early post-
rift intraslope fans developed in a series of
depocentres across inherited rift topography.
New U-Pb ages presented in this study show
that the early post-rift intraslope fans have a
minimum late Early Toarcian age, which taken
together with provenance analysis and sedimen-
tology suggest that the main sediment supply
was from the volcanic island arc margin, with
axial sediment routing subparallel to the cra-
tonic basin margin. The vertical stratigraphic
evolution from SU4.1 through SU4.2 to SUA4.3
fans, is marked by an increase in grain-size,
clast content, matrix, erosional and bypass fea-
tures and hybrid event beds (HEBs), reflecting
increased flow energy and capacity, which is
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associated with system progradation and pro-
gressive slope steepening.

Inherited rift topography controlled the com-
partmentalization of sand and evolution from
disconnected to linked early post-rift depocen-
tres, with the development of successive sandy
fans, from partial ponding, through flow strip-
ping and overspill, to spillover with erosion and
bypass. This fill-and-spill system is character-
ized by the large-scale stratigraphic architecture
and sedimentological changes from the SU4.1 to
SU4.3 fans with:

® Variable lobe complex characteristics (thick-
ness, sandstone content, stacking and stratal ter-
mination patterns) in each early post-rift
intraslope fan, reflecting their deposition with
changing confinement due to progressive reduc-
tion of topography.

® Development of different transitional flow
deposit (TFD) and HEB types in successive
intraslope fans due to changes in substrate
entrainment.

® Contrasting distribution of bed types [high-
density turbidites (HDTs), TFDs and HEBs]
between the two basin-fills and with a different
stratigraphic pattern between successive fans, as
a response to changing topography. Hybrid
event beds increase in the downdip basin during
the sedimentary linkage of depocentres (spill-
over phase), with enhanced erosion of mud and
associated flow transformation across transverse
relief between the two basins.

The documented fill-and-spill system shows
fine-scale variability in the nature and distribu-
tion of bed types, and changes in stratigraphic
architecture in different basin-fills, which con-
trast with the simpler sand-rich nature of other
static fill-and-spill systems, and can be used to
help prediction of spatial and vertical changes
in reservoir quality and connectivity.
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Supporting Information

Additional information may be found in the online
version of this article:

Data S1 Figure S1. U-Pb geochronology results and
Concordia ages for Tuffs 1 and 3 (calculated weighted
arithmetic mean *°°Pb/**®*U ages).

Figure S2. Sections located in the Chachil and Catdn-
Lil basins (see Fig. 5 for locations) indicating the posi-
tion of the tuff samples analyzed in this study, at the
base and top of Unit 3 which correspond to the Lower
Los Molles Formation.

Table S1. Summary of SHRIMP-II U-Pb age results for
zircons from Tuffs 1 and 3. Note the rated lines are
data excluded due to a large error of measurement.

Figure S3. Detailed correlation panels of sandy sub-
units SU4.1, SU4.2 and SU4.3.

Table S2. Table of modal compositions and recalcu-
lated parameters used for ternary diagrams.

Table S3. Table showing the total point counts in the
different classes of grain types used for recalculated
parameters in percentages shown in Table S2 Qt
(Qm + Qp); F (P +K); Lt (L + Qp); L (Lv + Ls + Lm);
and, Lsm (Ls + Lm).

Table S4. Compositional modes table showing per-
centages for each class of grain types.

Table S5. Point count table for SU44.1-2 samples (cf.
Fig. 5) showing grain types and class percentages
used in Table S2.

Table S6. Point count table for SU44.3 samples (cf.
Fig. 5) showing grain types and class percentages
used in Table S2.
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