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Abstract

Marine rift basin-fills record the interplay between sediment supply and
accommodation, which controls the organization and evolution of depositional
environments in time and space. This study documents the tectono-stratigraphic
architecture of multiple exhumed Early Jurassic marine rift depocentres of the
southwestern Neuquén Basin, Argentina. Petrographic analyses of sandstone
and new U-Pb ages are used to revise the current chronostratigraphic framework
framework and to reassess sediment sources. This provides new insights in the
timing of depocentre linkages, contrasting syn- to post-rift transition signatures,
and diachroneity of early post-rift lobes in adjacent rift basins. The development
of intraslope lobes in the Los Molles Fm. is documented from the late Early
Toarcian, while the true basin-floor of the Neuquén Basin remained sand-starved
during the Early Jurassic.

At basin margin-scale, the late syn-rift is characterized by transverse systems,
with mixed contribution of intrabasinal siliciclastic intrarift or volcanic arc-derived
sediment supply and extrabasinal cratonic sediment supply from the
southeastern basin margin. The early post-rift is characterized by the
development of extrabasinal volcanic arc-derived intraslope fans, with axial
sediment routeing across a low- to moderate-gradient ramp-type system flanking
the volcanic island arc basin margin. At a regional-scale, inherited topography
results in initial trapping of sands in depocentres proximal to the source, until
healing of intrabasinal relief enables overspill, bypass and progradation of
intraslope fans into more distal sand-starved depocentres. At the scale of
individual depocentres, this study demonstrates the interactions of sediment
gravity flows with subtle inherited rift and compaction-enhanced topography, and
their impact on the characteristics of early post-rift lobes.

This study extends established tectono-stratigraphic models of marine rift basin-
fills during the syn- to post-rift transition to backarc settings, and provides new

outcrop-based models for different types of low aspect ratio early post-rift lobes.
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Figure 2.16: Interpretative sketch showing the architecture of the Ogooue along ramp and step slope (a)
and bathymetric profile showing the subtle changes of slope gradient (<2) (b) which control changes in

sedimentary processes and sand distribution in intraslope basins. 55

Figure 2.17: Seismic line along-strike the Late Cretaceous Kyrre slope fan across the Mdlgy Slope and
reflection strength amplitude map of depositional systems showing the effect of compaction-related
topography onto development of early post-rift sand distribution across the slope (Jackson et al., 2008,).

57

Figure 2.18: Example of lateral onlap of intraslope fan offshore West Africa showing three-dimensional
seismic root-mean-square map of stratigraphic traps on a semiconfined basin slope and interpretation
sketch showing two sandstone-prone units with different termination styles (Bakke et al., 2013). ____ 58
Figure 2.19: Diagram showing the different sandy versus heterolithic pinchout styles (Bakke et al., 2013).
58

Figure 2.20: Example of early post-rift slope apron type lobes developed in the Sea Lion Fan showing the
geometry and distribution of facies associations at the scale of lobes developed in a lacustrine setting

(Dodd et al., 2019). 60

Figure 2.21: Diagram showing the variable interaction of a range of sediment gravity flows with seabed
topography, depending on their laminar (L) or turbulent (T) behaviour and co-genetic turbulent-laminar

or transitional behaviour, with flow classification after Haughton et al. (2009) (Bakke et al., 2013). __ 62
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Figure 2.22: Model illustrating the change in porosity, permeability and quartz cementation in High
Density Turbidites (HDT), Hybrid Event Beds (HEB) and Low Density Turbidites (LDT). Dashed lines
represent previously published depth trends for reservoir sandstones of the Norwegian continental shelf
(see Porten et al., 2016). The variability in evolution of reservoir properties with burial is controlled by

original sediment composition (grain-size, sorting, detrital clay content and ductile grains) and quartz

cementation. 63

Figure 3.1: Map of the Neuquén Basin. 68

Figure 3.2: Bloc diagrams showing the main stages of basin evolution from Late Triassic to Cenozoic
(Howell et al., 2005). (A) Late Triassic-Early Jurassic time with opening of rift basins. (B)Jurassic-Early
Cretaceous evolution in a back-arc setting with subduction along the western Gondwana margin. (C)
Late Cretaceous Andean uplift and foreland evolution with fold and thrust belt development. 69

Figure 3.3: Chronostratigraphic chart of the Neuquén Basin (Howell et al., 2005). 70

Figure 3.4: Schematic cross section showing the Late Palaeozoic to Middle Jurassic geodynamic evolution
of the southwestern Gondwana margin and the Neuquén Basin (Franzese and Spaletti, 2001). 73
Figure 3.5: Map of the Neuquén Basin showing the distribution of syn-rift depocentres modified after

(Bechis et al., 2014). 79

Figure 3.6: Schematic cross sections showing the change from (a) Early Jurassic-Cretaceous intra-arc
extension, (b) stationary stage during the Aptian-Albian and (c) Late Cretaceous to present Andean

compression (Ramos, 2010.) 82

Figure 3.7: Palaeogeographic evolution of the Neuquén Basin with marine flooding during the Early
Jurassic (Damborenea et al., 2013). (a) Palaeogeographic reconstruction of the Neuquén Basin as part of
the southwestern Gondwana. (b) Representation of the the Early Jurassic palaeoseaway of marine
flooding from Peru to the Chubut Basin to the south. (c) Map showing the distribution of depositional

environments in the Neuquén Embayment. 84

Figure 3.8: Cross sections showing the change of subduction regime and foreland evolution evolution of

the Neuquén Basin (Horton et al., 2016). 88

Figure 3.9: SW-NE seismic line in the Portezuelo Grande area modified after Pangaro et al. (2002).
Seismic lines show the impact of the distribution of the Precuyano deposits on the sedimentation of the
Lower Cuyo Group. Note the stratovolcano (1500 m high) that formed syn-rift relief, which influenced the
sedimentation up to Lower Toarcian and produced thickness variations in the Pliensbachian Lower Cuyo
Group. The base of the Lower Cuyo Group (Sinemurian-Pliensbachian to Lower Toarcian) is interpreted as
a late syn-rift succession that deposited (i) unconformably onlapping onto the erosional angular intra-
Liasic discordance at the top of the Precuyano strata; or (ii) conformably where the Precuyo deposits lack

due to non-deposition or were not eroded (Pdngaro et al., 2009). 91

Figure 3.10: (1) W-E seismic line in the Piedra Chenque area and (2) WSW-ENE seismic line in the Aguada
Toledo area modified after Pdngaro et al. (2006). Seismic lines flattened at the top of Lower Toarcian,
and interpreted as sharp rift-sag transition. Line 1 shows along-strike effects of structural palaeohighs
(Divisadero Fault anticline) and tectonic subsidence related to rift faults accommodated from

Pliensbachian to Upper Toarcian by thickness variations and onlap/toplap in the Lower Cuyo Group. The
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seismic line (2) shows the hiatus of the Pliensbachian-Early Toarcian Lower Precuyo deposits, interpreted
to be the result of short duration rifting in this sector. The Lower Toarcian strata onlap Precuyo deposits

and sedimentation could interact up to the Upper Toarcian with palaeoreliefs formed by rotated blocks

(Pdngaro et al., 2006). 92

Figure 3.11: SW-NE seismic line in the Entre Lomas SW-NE seismic line in the Entre Lomas area modified
after Cristallini et al. (2009). Interpreted and uninterpreted lines evidence normal faulting localized
above basement highs and affecting in the Lower Cuyo Group deposits, Faults propagated parallel to
NWe-oriented Precuyo faults or propagated “en-échelon” above W-NW Precuyo faults. The normal
faulting in the Lower Cuyo Group is interpreted as a result of differential compaction produced by abrupt
thickness variations of the Precuyano Cycle syn-rift deposits (up to 2000m thickness change across 10 km

distance; Entre Lomas-Estancia Vieja). 93

Figure 3.12: Stratigraphic scheme of the Cuyo Group. The Lower Cuyo Group is detailed based on results
presented in this study showing the different formations names, their respective units and their
stratigraphic architecture across the study area. Age constrains from this study and the literature are
shown, together with other stratigraphic schemes existing from the subsurface and outcrop studies. Note
the long-lived effects of the inherited rift topography recorded in the Los Molles Formation and the
different hypothesis for Late Toarcian-Aalenian onset of sand supply which cannot explain the deposition

of sandstone since the late Early Toarcian in the study area. 97

Figure 4.1: A- Map of the Neuquén Basin showing the location of the Chachil Graben detailed in fig. 4.1-B
and the Pliensbachian-Toarcian palaeogeographic setting (subsurface palaeoshelf southern border of the
Neuquén Basin and depocentres after Gomez Omil et al., 2002 and Garcia Morabito et al., 2011). B- Map
of the Chachil and Catadn-Lil Graben (including structures after Leanza, 1990; Franzese et al., 2006;
Muravchik et al., 2014) showing location of the panorama in fig. 4.1-C and detailed geological map of
the study area in fig. 4.2-A. C- Panorama from the horst border to the adjacent hangingwall of the
Chachil Graben showing structures and spatial distribution of the Lapa, Chachil and Los Molles

formations. 106

Figure 4.2: Synthetic stratigraphic column representing thickness of lithostratigraphic units, changes in
sediment composition and biota, source contribution and interpretations for tectonic stages. Numerical
Early Jurassic ages from Ogg et al. (2016); (NC) nannofossil chronozones (Ballent et al., 2011); Standard
European Ammonite Biozone (EAB) and Andean Ammonite Biozone (AAB) numbers (Riccardi, 2008); age
at base of the Chachil Fm. (186.3 + 0.4 Ma from Leanza et al., 2013 and modified after Armella et al.,
2016); negative 613C excursion and TOAE from Al-Suwaidi et al. (2016) in the Tenuicostatum-
Dactylioceras hoelderi zones (AAB 15-16) equivalent to the Tenuicostatum-Spinatum EAB and
constrained in NJ6 nannofossil chronozone from Angelozzi and Pérez Panera (2016); climate from
Volkheimer et al. (2008); coastal onlap curve (Legarreta and Uliana, 1996); eustatic sea-level (Hagq,

2018). 110

Figure 4.3: A- Detailed map of the Chachil Graben showing the relationship between structures and
tectono-sedimentary units of the Chachil and Los Molles formations. B- Cross sections (not restored)

indicated on the map with location of structures and locality names. 111
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Figure 4.4: Table of the calculated average structural dip and dip direction of mean bedding planes for
each tectono-sedimentary unit in each zone realized with Stereonet software. Zone SW includes sections
1-2-3-4, Zone Central includes sections 5-6-7 and Zone NE includes sections 8-9-10. Stereonet diagrams
show the mean bedding values for each unit (colours in stereoplots correspond to colours of units in the

table), the associated average dip direction vector (bold circle), and all the other dip direction vectors

measured (circles). 112

Figure 4.5: Correlation panel (~10 km long transect indicated in fig. 4.3-A), showing relationships
between units along the main hangingwall of the graben-horst border, average discordance angles (see
fig. 4.4) and palaeocurrent measurements. Each rose diagram presents the detail of sole marks, ripples
and dune-scale cross bedding current directions, each corresponding to a different colour indicated in the
key. Note that the detailed architecture of the Lapa Fm. is not represented and that vertical offset on

faults are approximate. Orientation of sections is located on map fig. 4.3. 113

Figure 4.6: Representative photographs of facies associations. A- FA1: Thin- to medium-bedded silicicified
carbonate platform successions. B- FA3: Thin- to medium-bedded mud-rich mixed carbonate-clastic
successions of distal periplatform. C- FA2: Medium-bedded mixed carbonate-clastic successions of
proximal periplatform. D- Transition from FA4 to FA5.1. FA4: Very thin- to thin-bedded calcareous
mudstone-dominated successions of siliciclastic-starved basin. E- FA5.1: Thin-bedded muddy heterolithic
successions of distal lobe fringe with significant scouring. F- FA5.2: Thin- to medium-bedded sandy
heterolithic successions of proximal lobe fringe. G- FA5.3: Medium- to thick-bedded sandstone-
dominated successions of dirty lobe axis. H-FA5.3: Medium- to thick-bedded sandstone-dominated

successions of cleaner lobe axis. 116

Figure 4.7: Detailed correlation panel showing the internal architecture and spatial facies relationships

within Units 1 and 2 (Chachil Fm.); facies are detailed in Table 4.1. 121

Figure 4.8: Representative photographs of facies. A- Fossiliferous packstone (F1b) bearing reworked
volcaniclastic coarse sand-sized grains (K-feldspar) and abundant large broken bivalve shell fragments
scattered throughout beds. B- Calciturbidite (F2b) characterized by their crude normal grading and a
high proportion of bioclasts (crinoids (Cri), bryozoans (Bry), thick-walled disarticulated shells) with a few
reworked volcaniclastic subrounded pebbles. C- Bioclastic packstone (F3a) with reworked volcaniclastic
fine to medium sand-sized grains (quartz, K-feldspar) and small disarticulated to broken shells of bivalve
and brachiopod concentrated in wavy normally graded grain-rich layers. D- Massive calcareous
mudstone (F4a) bearing thin tuff layers, early diagenetic carbonate and pyrite concretions. E- Calcareous
bioclastic sandstone (F4c) normally graded with bioclastic base. F- Silty mudstone (F5.1a) interbedded
with sandy siltstone current-ripples (F5.1b) locally presenting an opposing palaeocurrent direction. 123
Figure 4.9: Detailed correlation panel showing the internal architecture and spatial facies relationships

within Unit 4 (Lower Los Molles Fm.). 131

Figure 4.10: Panoramic view from UAV photograph (cars on the road for scale) showing the onlap limit of
the Lower Los Molles Fm. (Unit 3) onto the Chachil Fm. (Units 1 and 2), the inferred location of the
compaction hinge and distribution of lobe and injectites within Unit 4. Respective lateral and frontal

pinchouts are indicated. A- View of slumped mudstone and sandstone interval (1.6 m thick and
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kilometre-scale). B- View of the stepped sills injectited across the compaction hinge that pinchout across

<2 km. Colours for lobes and facies distribution are detailed in fig. 4.9. 132

Figure 4.11: Representative photographs of facies associations. A- Injected sandstone (F5.1e) showing a
single injected sill body cutting through mudstone. B- Chaotic muddy sandstone (F5.2e) bearing
deformed mudstone and sandstone clasts and heterolithic rafts distributed in a patchy medium- to fine-
grained matrix enriched in mud and clast-depleted at top. Bed is scouring and rafting into a pinch and
swell, massive, mud-poor sandstone with locally low amplitude dune-scale bedforms developed at top
(F5.2a). C- Chaotic sandy mudstone (F5.2f) characterized by a starry night-like matrix with plant
material, bearing floating large mudstone, siltstone and sandstone clasts with well-preserved shallow-
marine pecten and ostreid shells. D- Massive mud- and clast-poor sandstone division (F5.2a) scoured (0.4
m deep and 3 m wide) and filled by homogeneous massive silty mudstone (F5.2d). E- Massive sandstone
(F5.3a) stacked into cross-bedded set of scour fill (up to 5 m long and 1.5-2 m thick). F- Medium-grained
sandstone with anisotropic hummock-like bedform showing an asymmetric rounded ripple with low-
angle foresets (<5°) draped by sinusoidal parallel laminae sets (F5.3c). G- Amalgamated granular
sandstone (F5.3b) grading upwards into medium-grained sandstone with undulose laminations (F5.3c).
Armoured mudstone clast with quartz pebbles and surrounding broken bioclasts locally found in granular

sandstone (F5.3b) is shown in the frame to the left. 134

Figure 4.12: Different HEB bed types identified in the intraslope lobes, with some examples in photos. The
facies in brackets are only locally present. HEB type 1 comprises a basal massive mud-poor sandstone
with low amplitude dune-scale mud-rich bedforms at top (F5.2a) and pinch and swell geometry, sharply
overlain and locally scoured by a chaotic muddy sandstone (F5.2e) or sandy mudstone (F5.2f). This is in
turn overlain by a clast-rich muddy sandstone (F5.2c) with sheared basal contact, or just draped by
structured fine-grained sandstone with planar wavy laminations and current ripples (F5.1d). HEB type 2
comprises a basal massive to laminated mud-poor sandstone (F5.2a), grading into banded muddy
sandstone (F5.2b) (that can be absent) and/or a clast-rich muddy sandstone (F5.2c) capped by massive
silty mudstone (F5.2d). HEB type 3 comprises a massive mud-poor sandstone (F5.2a) grading into a well-
developed banded muddy sandstone (F5.2b) capped by massive silty mudstone (F5.2d). 136
Figure 4.13: Palaeogeographic evolution of the Chachil Graben illustrated in schematic cross sections
(not restored) showing changes of depositional setting, facies distribution and inferred fault-block
motion during deposition of the units (see the precise timing, fig. 4.2). Section numbers refer to spatial

location on the map shown in fig. 4.3-A. 143

Figure 4.14: Block diagram showing the evolution of sedimentation patterns and interactions with
topography in the Chachil Graben from an underfilled to a sediment-balanced depocentre during the syn-
to post-rift transition, detailing relationships between facies distribution and structures. Detailed logs in
lobes show typical facies association of cleaner lobes rich in HEB type 1 and dirty lobes rich in HEB type 2

and 3, and distal lobe fringe deposits. 153

Figure 5.1: General map of the Neuquén Basin showing the distribution of syn-rift volcanic depocentres,
basement and structures (after Gdmez Omil et al. (2002), Silvestro and Zubiri (2008), Yagupsky (2009),
Cristallini et al. (2009),Pdngaro et al. (2009), Garcia Morabito et al. (2011), Sigismondi and Ramos
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(2011), Bechis et al. (2014); location of the Early Andean magmatic arc is after Sudrez and Marquez

(2007) and volcanic arc depocentres after De la Cruz and Sudrez (1997)). 169

Figure 5.2: Map of the Southern Neuquén Basin showing the structural configuration and distribution of
syn-rift volcanic depocentres, basement and structures (after Gomez Omil et al. (2002), Silvestro and
Zubiri (2008), Yagupsky (2009), Cristallini et al. (2009),Pdngaro et al. (2009), Garcia Morabito et al.
(2011), Sigismondi and Ramos (2011), Bechis et al. (2014).) 170

Figure 5.3: Regional geological map of the study area showing the location of the studied depocentres
(Chacaico, Eastern and Western Catdn-Lil, Chachil, La Jardinera), the location of the large-scale
stratigraphic sections collected and U-Pb age data used in the stratigraphic chart of fig. 5.3 and 5.25.

The map includes informations after Leanza and Blasco (1990), Gulisano and Gutiérrez-Pleimling (1995),
Cucchi et al. (2005), Franzese et al. (2006, 2007), Garcia Morabito et al. (2011) and Muravchik et al.
(2014). 173

Figure 5.4: Detailed map of the two investigated Eastern Catdn-Lil and Chacaico depocentres showing
the location of logs collected, spatial distribution of tectono-stratigraphic units presented in this study,

and palaeocurrents collected in each of these units. 177

Figure 5.5: Correlation panel showing the spatial distribution of facies associations and relationships
between late syn-rift and early post-rift units across structures in each basins (location of logs are shown
in the map fig. 5.4), with palaeocurrents and location of the tuff 1 sample. Note that the main datum

used to correlated unit is indicated in black dotted line. 178

Figure 5.6: Stratigraphic scheme for the Chacaico and Eastern Catdn-Lil basins, (see section location fig.
5.3) integrated with available constrains of thickness and fossil data from the literature (Volkheimer,
1973; Gulisano and Gutiérrez-Pleimling, 1995, Franzese et al., 2006, 2007, Paim et al. 2008) and U-Pb
zircon ages (186.3 + 0.4 Ma in the Chachil Graben, Armella et al., 2016 modified from Leanza et al.,
2013; 182.4 + 2.3 Ma in the Chacaico Basin, Naipauer et al., 2018), as well as new U-Pb zircon data
provided in this contribution (red stars).Nannofossil chronozones follow Ballent et al. (2011), standard
European (EAB) and Andean (AAB) Ammonite biozone numbers follow Riccardi (2008) and bivalve
biozones follow Riccardi et al. (2011). The TOAE is placed in the late Tenuicostatum-early Dactylioceras
Hoelderi AAB after Al-Suwaidi et al. (2016) and in the NJ6 nannofossil chronozone after Angelozzi and
Pérez Panera (2016). Note that the stratigraphic names for intraslope fans follow Paim et al. (2008). 181
Figure 5.7: Sections located in the Chachil (see location of log in fig. 4.5) and Catdn-Lil basins (see
location of log in fig. 5.5) indicating the position of the tuff samples analysed in this study, at the base

and top of Unit 3 which corresponds to the Lower Los Molles Fm. 183

Figure 5.8: U-Pb geochronology results. A- Mount map of the tuff 1 sample zircons analysed and Temora-
2 standard zircons. B- Concordia diagram for the tuff 1, with ellipses at 68.3% confidence level (10 ) and
concordia diagram for the tuff 3, with ellipses at 95% confidence level (20). Blue ellipse represents the
centre of the obtained concordia age provided with 95% confidence level. N is the number of zircon
grains recovered, n is the number of accepted zircon grains after excluding anomalous grains. MSWD is

the Mean Square of Weighted Deviates. C-Diagram showing the frequency of ages and mean age
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obtained in each samples and diagram showing the distribution of zircon spots realized for each sample.
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Figure 5.9: A- Medium- to thick-bedded planar- to cross-stratified pebbly sandstone, very poorly sorted,
coarse- to medium-grained and bearing normal coarse-tail graded, subangular volcanic, carbonate,
metamorphic and granitic pebbles and rare cobbles (FA1.1). B- Siliceous carbonates containing wood
fragments and well-preserved Araucariaceae plant stems found in the intervening fine-grained
tuffaceous sandstone (FA1.1). D- Very thick-bedded sandstone with a very poorly sorted, ungraded,
slightly muddy medium-grained sandstone matrix supporting subrounded volcanic and siliciclastic
cobbles and boulders (FA1.2). C- Medium- to thick-bedded, poorly sorted and normally graded coarse- to
fine-grained sandstone (FA1.2). 198

Figure 5.10: A- Succession of highly bioturbated sandy siltstone interbedded with thin to medium beds of
fine- to medium-grained structured sandstone and skeletal grainstone (FA2.1). B- Example of anisotropic
hummocky cross-stratification in sandstone (FA2.1). C- Thallasinoides bioturbations in sandstone. D- Very
poorly sorted, crudely normally graded (with local basal inverse grading), coarse- to fine-grained
polymictic gravelly sandstone, bearing subrounded to subangular siliciclastic, volcanic and metamorphic
pebbles and cobbles with normal coarse-tail grading in their lower part. E- Moderately bioturbated silty

mudstone and muddy siltstone successions (FA2.2). 202

Figure 5.11: A- Thickening and coarsening-upward succession including basal thin-bedded mudstone and
silty mudstone (FA2.3) grading upwards into silty mudstone to muddy siltstone packages with
uncommon thin to medium sandstone and breccias beds (FA2.4). B-Skeletal packstone-floatstone with
normally graded bioclastic material including broken or disarticulated shells, crinoid ossicles and sponge
spicules in a silty-marly matrix (FA2.2). C- Very poorly sorted, coarse- to fine-grained polymictic
sandstone planar laminated (2-3 cm thick) with inverse or normal coarse-tail grading of sand- to
granule-sized grains (FA2.2). D- Very fine- to fine-grained massive bioturbated sandstone including
planolites, curvolithus and chondrite (FA2.2). E- Pyroclastic breccia with juvenile pumice lapillis (5 cm
long) showing ragged margins floating in a tuffaceous clayey matrix (FA2.2-FA2.3). F- Thin-bedded
siliciclastic mudstone to silty mudstone, with scarce fine-grained sandstone, tuff layers and breccias
(FA2.3). G- Fine-grained sandstone with planar parallel and current ripple-cross-laminations (FA2.3). H-

Fine-grained sandstone with convolute laminations (FA2.3). 205

Figure 5.12: A-Thickening- and coarsening-upward succession including medium- to thin-bedded massive
mudstone and planar laminated silty mudstone with intervening fine-grained sandstone beds (FA2.4)
grading upwards into medium- to thick-bedded sandstone-prone packages (FA2.5). Inset shows
bioturbation (Ophiomorpha) at thick sandstone bed top). B- Fine-grained sandstone beds interbedded
with planar laminated silty mudstone, showing undulatory to planar parallel laminations with soft
sediment deformation (FA2.4). C- Medium- to fine-grained bioclastic sandstone lenses isolated within
massive mudstone showing normal grading of granule- to pebble-size comminute shell debris and
complete shells and siltstone pebbles (FA2.5). D- Moderately to well sorted, medium- to fine-grained
normally graded sandstone, with planar and low-angle cross-laminations and siltstone pebbles (FA2.5).

Inset shows carbonaceous-rich siltstone of sandy heterolithics. E-F Example of medium- to fine-grained
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sandstone found in sandy heterolithic packages with quasi-planar to undulatory laminations associated

with large anisotropic hummocks and asymmetrical rounded ripples with tangential to sigmoidal

foresets (E) and symmetrical ripples with rounded crests (F). 207

Figure 5.13: A-Thin- to very thin-bedded calcareous organic-rich mudstone found A- in the Catdn-Lil
Basin, with darker color, concretions and rare tuff beds and B- in the Chacaico basin, with a lighter color

as more calcareous and bearing large ammonites deposited parallel to bedding. 214

Figure 5.14: A- Thick-bedded, poorly sorted, matrix-rich, medium- to fine-grained sandstone with a
tabular geometry, internally massive to crudely normally graded, locally with faint planar laminations,
bearing few mudstone clasts in the lower part of beds. B- Medium- to thick-bedded, poorly sorted,
matrix-rich, medium- to fine-grained sandstone interbedded with massive silty mudstone and mudstone.
Sandstone bear deformed mudstone pebbles distributed through the beds or near bed top, and with
sharp base and deformed top. C-Thin- to medium-bedded mufstone-dominated heterolithics including
including silty mudstone, mudstone and fine-grained sandstone that can be normally graded with planar

laminations or massive with small subrounded deformed mudstone pebbles. 217

Figure 5.15: 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-Coarse to medium-grained crudely normally graded sandstone bed, with a massive clast-bearing
lower part and a finer-grained muddier upper part with parallel planar lamination enriched in
carbonaceous material. Note the sharp grain-size break between the lower and upper bed part and the
amalgamated bed top highlighted with white dot line. C- Example of finer-grained structured upper part
of beds with carbonaceous-rich parallel planar and climbing ripple laminations. D-Example of finer-
grained structured upper part of beds parallel planar to undulatory laminations. Note the darker
carbonaceous material. E- Chaotic argillaceous and clast-rich sheared basal interval which marks the
concave-up scoured base of a thick sandstone bed. F- Thin- to medium-bedded sandstone-dominated
heterolithic packages consist of interbedded medium- to fine-grained sandstone internally planar
laminated and with sharp planar base and top, massive siltstone and carbonaceous-rich mudstone. _ 220
Figure 5.16: Outcrop in the Tutavel sector (left) showing stratal relationships between units with onlap of
the fine-grained strata of Unit 2A showing internal angular discordances onto alluvial fan deposits of
Unit 1 unconformably overlying the granitic basement and Precuyano Cycle volcanic syn-rift deposits.
Stratal dip angle decreases in overlying mudstone and sandstone of Unit 3 and 4. Note that distal ramp
lobes of Unit 4 thin and pinchout towards the basin fault border northwestwards. Logs 8 and 7 shown in
the correlation panel of figure 4 show thinning of proximal and distal ramp lobes from the Espinazo del
Zorro to Tutavel sector. Location of the tuff 1 is also indicated.Location of the two outcrops A and B is

shown on inset map (cf. fig. 5.4). 226

Figure 5.17: Detailed spatial relationships between FA1.1, FA2.1 and FA2.2 in the Chacaico Basin. ___ 228
Figure 5.18: Outcrop in the Lapa sector showing successions which pass upwards from shoreface-
offshore transition to fan-deltaic bottomsets in lower shoreface deposits (Unit 2A), with thickening of

shoreface-offshore transition deposits and fan-deltaic deposits onlapping towards the flank of a NE-SW
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trending blind fault growth fold in the Precuyano Cycle volcanic deposits. Note channelforms (red dotted
lines) stacked towards the SE, away from the growth fold and local offset by syn-depositional antithetic
and synthetic small-scale normal faults and the stratal decrease of dip angles southeastwards in
overlying deltaic (Unit 2B) and deep-marine siliciclastic-starved basinal mudstone (Unit 3) and sand-

starved slope mudstone deposits (Unit 4). 229

Figure 5.19: Detailed spatial relationships between FA1.2, FA2.2, FA2.3 and FA3 in the Chacaico Basin.

232
Figure 5.20: Detailed spatial relationships between FA2.4, FA2.5 and FA3 in the Chacaico Basin. 234
Figure 5.21: Detailed sections of the J1.2 distal ramp lobe complexes of Unit 4. 239

Figure 5.22: Outcrop view of onlapping proximal ramp lobe complexes (shown in fig. 5.23) towards the

lateral basin margin. Location of the outcrop is shown on inset map (cf. fig. 5.4). 240

Figure 5.23: Detailed correlations showing the distribution of axis, off-axis and fringe facies associations
in proximal ramp lobe complexes including the amalgamation rate in percentages and thicknesses.
Quantitative diagrams in both distal and proximal ramp lobe deposits show the differences in the total
proportions of facies association measured in the two types of lobe complexes, with a dominant
occurrence of fringe and off-axis deposits in distal ramp lobes compared with proximal ramp lobes which
are dominated by lobe axis and off-axis deposits. Note that lobe complexes with high amalgamation
ratio include scours and channelforms in comparison with lobes having a lower amalgamation ratio and

common finer-grained interbeds. 241

Figure 5.24: Stratigraphic scheme showing the interpreted parasequences (PS), parasequence sets (PSS)
bounded by Flooding Surfaces (FS) and the main sequences J1.1 and J1.2. The early post-rift is recorded
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Chapter 1 Introduction

1.2. Background

This thesis entitled “Sedimentology and tectono-stratigraphic development
of the syn- to post-rift transition in Southern Neuquén Basin (Argentina) and
controls on early post-rift submarine lobes of the Los Molles Formation” has been
submitted to the School of Earth and Environment at the University of Leeds in
agreement with the requirements for the degree of Doctor of Philosophy (Ph.D.).
The results of the present thesis were obtained in the frame of a Joint Industry
project, Lobe 2 funded by a consortium of 16 companies (Equinor, Maersk Oll,
Woodside, Total, Neptune Energy, Petrobras, Shell, Anadarko, BP, Chevron,
Bayern Gas, VNG Norge, BHP Billiton, DONG Energy, Marathon Oil, and Premier
Oil). This thesis extends investigations and insights developed during the earlier
Lobe 1 and 2 joint industry programmes conducted in the Karoo Basin, South
Africa, to the Neuquén Basin, Argentina, in the frame of an international
collaboration between the University of Leeds, Imperial College London, and the
Geological Survey Center (CIG) of the University of La Plata (UNLP-CONICET),
Argentina. The objectives are to document the syn- to post-rift evolution of marine
sedimentation in multiple rift depocentres, and analyse early post-rift lobes
hosted in the Los Molles Fm. This research is driven by growing need for
stratigraphic detail on shallow- to deep-water sedimentary systems evolution
during the syn- to post-rift transition and associated post-rift prospectivity
intimately related to the development of sandy lobes across complex intrabasinal
topography, for which reservoir potential is difficult to assess due to multiple
sources for sands and scattered distribution. Previously, these research topics
have been poorly addressed at outcrop given the paucity of exhumed examples
of marine rift basins that permit both regional-scale and fine-scale stratigraphic
resolution, which is available in the Neuguén Basin. Another advantage to work
in the Neuquén Basin is the potential to produce predictive models for deep-water
reservoirs in a tectonically more complex setting, and with a coarser grain-size
range, than base-of-slope and basin-floor fans of the Karoo Basin systems
characterized by a maximum upper fine sand grain-size.

The Neuquén Basin is an ideal candidate to gain insights from both

outcrop and subsurface given the excellent exposure of exhumed rift
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depocentres, which have been uplifted in the eastern foothills of the Andes that
form the western part of the Neuquén Basin. The outcrop work can be supported
by the availability of subsurface datasets that image analogue quasi-
contemporaneous rift depocentres in the eastern part of the Neuquén Basin. In
addition, the study of Jurassic rift depocentres developed during greenhouse
times permits better insights into tectonically induced accommodation given that
rates of sea-level change had a lower rate (1 m/kyr) than more recent rift systems
with high frequency glacio-eustatic rates of sea-level change (10 m/kyr) (cf.
Leeder, 1995; Ravnas and Steel, 1998). Furthermore, the evolution of the
Neuquén Basin in a volcanic back-arc setting with growth of the Early Andean
magmatic arc contemporaneous with the syn- to post-rift transition means ash fall
and tuff beds permit high temporal resolution dating of the Early Jurassic
stratigraphy. Therefore, chronostratigraphy is constrained with relatively high
temporal resolution (<1 Myr timescale) using new geochronology (U-Pb SHRIMP
volcanic zircon dating) and ammonite and bivalve biostratigraphy. Exceptionally
well-exposed outcrops of exhumed syn- and post-rift depocentres in the Catan-
Lil department (39°S 70°W) located to the SW of the city of Zapala, in the
southwestern part of the Neuquén Basin, were chosen to investigate multiple
spatial and temporal scales of controls on the syn- to post-rift transition record
and characteristics of associated early post-rift lobes of the Los Molles Fm. Our
dataset includes seismic-scale correlation panels both of along-strike and
downdip systems (>10 km long, 100 to 500 m thick), and results of detailed
mapping to resolve the large-scale architecture and stacking patterns for various
depositional systems making up the Early Jurassic stratigraphy. U-Pb
geochronology on volcanic zircons of sampled tuff layers in the Los Molles Fm.
permit refinement of the chronostratigraphy and establishment of spatio-temporal
relationships between the investigated depocentres, integrated with microscopic
scale analyses of thin sections of sampled sandstone to test source provenance.

From an applied perspective, the Neuquén Basin is one of the main oil and
gas producing basins of Argentina and offers a range of hydrocarbon plays, which
are concentrated within the Vaca Muerta and Los Molles Formations representing
the two main source rocks of the basin. Stratigraphic or combined structural traps
have been widely investigated in the southern part of the basin, associated with
the Huincul High, a major ENE-WSW trending structure 250 km long and 120 to

60 km wide, which hosts a series of inverted rift depocentres attractive for
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hydrocarbon exploration and exploitation. The Huincul High lies in the subsurface
to the southeast and is exhumed to the southwest of the Neuquén Basin, which
is the focus of the present field-based study. The very fine-grained successions
of the Los Molles Fm. are known for their source rock potential (subsurface 2-11
% TOC, kerogen type llI-Ill) and shale gas plays (Cruz et al., 2002; GGmez Omil
et al., 2002; Veiga et al., 2002; Stinco and Mosquera, 2005; Villar et al., 2005;
Pangaro et al., 2006; Ostera et al., 2016). Subseismic scale sandbodies
recognized at outcrop within the Lower Los Molles Fm. were deposited in early
post-rift setting with variable confinement and record the effects of interactions
between sediment gravity flows with a range of intrabasinal relief. The resultant
different lobe complex termination styles and intralobe facies distribution with
development of bed-scale heterogeneity have implications for the types of traps
and reservoir quality. Despite their development in a context suitable to
hydrocarbon generation, short migration pathways and trapping, targeting such
types of reservoirs remains challenging mostly due to the difficulty for seismic
imaging beneath thick shales, lack of or very low acoustic impedance contrast
and uncertainty of reservoir quality and geometry due to low vertical seismic
resolution and sparse wells. Outcomes of the present study will help to improve
strategies for the definition and assessment of stratigraphic and combined
structural traps, and reduce uncertainties related to exploration and development
of deeply buried analogue early post-rift plays in underexplored basins (Dampier
Subbasin, NW shelf of Australia, Karner and Driscoll, 1999; North Viking Graben,
Norwegian North Sea, Zachariah et al., 2009; Halten Terrace, Norwegian Sea,
Moscardelli et al., 2013; Taranaki Basin, New Zealand, Strogen et al., 2014;
Danish Central Graben, North Sea, Nielsen et al., 2015; Pelotas Basin, offshore
Uruguay, Conti et al., 2017; Hammerfest Basin, Barents Sea, Sattar et al., 2017,
North Falkland Basin, Dodd et al., 2019).
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1.2. Thesis rationale and relevance to current research

Active deep-water rift basins are present around the world, and include the
Gulf of Aden Rift, Red Sea Rift, Gulf of California Rift, Gulf of Corinth Rift, Terceira
Rift, African Great Lakes of the East, West and Central Africa Rift. Their
stratigraphic record enables semi-quantitative source-to-sink relationships to be
established, and decoupling of tectonic, global sea-level change and short-term
allogenic signals (climate, volcanism, oceanic circulation patterns). The syn- to
post-rift transition is a critical stage of basin evolution, which is recognized in
ancient rift basin-fills as a hiatal or angular unconformity, with strata onlapping
onto fault-block highs that are laterally equivalent to a disconformable or a
conformable transitional sequence in the deepest part of the basins, due to the
diachroneity and polyphased nature of this event (Suez Rift, Bosence, 1998; NW
Australian margin, Karner and Driscoll, 1999; Northern North Sea, Kyrkjebg et
al., 2004; West lberia-Newfoundland margins, Soares et al.,, 2012; Taranaki
Basin, New Zealand, Strogen et al., 2014; North Falkland Basin, Lohr and
Underhill, 2015; Pannonian Basin, Balazs et al., 2016; Fairway Basin, Northern
Zealandia, Rouillard et al., 2017). Seismic reflection data has excellent lateral
resolution, which permits the analysis of key regional stratigraphic markers.
However, outcrop-based studies of ancient rift basins have highlighted the
subseismic variability and complexity of the tectono-stratigraphic signature
associated with the syn- to post-rift transition, both at depocentre-scale, and less
commonly across multiple depocentres (Bahia Concepcion, Baja California,
Ledesma-Vasquez and Hohnson, 2001; Niigata-Shin’etsu Basin, Central Japan,
Takano, 2002; Lusitanian Basin, West Iberia, Alves et al., 2003; Pucara Basin,
Central Peru, Rosas et al., 2007; Wollaston Forland, East Greenland, Surlyk et
al., 2013; Taiwan, Yu et al., 2013; Sverdrup Basin, Canadian Arctic, Hadlari et
al., 2016). Outcrop analogues are key to resolving the subseismic scale changes
of stratigraphic architecture across the syn- to post-rift transition. Tycially,
however, these studies lack detailed documentation of stacking patterns,
depositional geometry and connectivity of sandbodies, facies distribution, and
characterization of sedimentary processes, which make up shallow- and deep-
water sedimentary systems.

The rapid temporal and spatial changes of accommodation, and external or

internal sediment supply, are closely related to the variability of depositional
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systems across rift depocentres and depocentre migration. In addition, patterns
of depocentre linkage provide insights into basin configuration and controls
during the final rifting. Models for rift basin evolution provide a basis for the
analysis of syn-rift basin stratigraphy based on genetically- and temporally-linked
depositional systems or parasequences (Gawthorpe et al., 1994; Howell and
Flint, 1996; Dorsey and Umhoefer, 2000; Martins-Neto and Catuneanu, 2010),
nomenclature for rift evolution based on basin-fill patterns (underfilled, filled or
balanced and overfilled) (Prosser, 1993; Caroll and Bohacs, 1999; Ravnas and
Steel, 1998), and fault evolution patterns (Gawthorpe and Leeder, 2000).
However, controls such as inherited rift physiography, accommodation patterns,
change in sediment source (intrabasinal versus extrabasinal), and strain
evolution during the syn- to post-rift transition are poorly emphasised aspects of
current conceptual rift basin models.

Typically, the margins of young rift basins are characterized by steep and/or
topographically complex slopes outboard of narrow structural shelves with a fixed
shelf edge position (sensu Helland-Hansen et al., 2012). This means that
sediment dispersal patterns are complicated and evolve through time to make
prediction of genetically connected and spatially disconnected sandstone-rich
depocentres challenging. This basin configuration can promote sediment bypass
across sediment-starved out-of-grade slopes and/or trapping across above-grade
slopes with ponded or healed accommodation (sensu Prather et al., 2003), with
significant implications for sediment storage or transfer downslope (Leeder et al.,
2002; Ford et al., 2007; Strachan et al., 2013; Weil3 et al., 2016). Such transient
sediment storage across complex slope and basin-floor morphology affects
sediment transfer to the deeper basin, which impacts the propagation of terrestrial
climatic forcing signals to deep-water sedimentation with time lags up to Myrs in
the sedimentary record (e.g Castelltort et al., 2004; Allen, 2008; Ducassou et al.,
2009; Covault and Graham, 2010). The effects of seabed topography on
sediment partitioning (sensu Prather et al., 2012) and evolution of fan architecture
and stacking patterns in response to filling of slope accommodation have been
observed in a range of physiographically complex settings (ponded, healed or
stepped slopes, tortuous corridors, intrabasinal counterslope or lateral oblique
slope) (Satur et al., 2000; Sinclair and Tomasso, 2002; Hooper et al., 2002; Booth
et al., 2003; Prather et al., 2003; Hodgson and Haughton, 2004; Adeogba et al.,
2005; Pyles et al., 2008; Romans et al., 2009; Cross et al., 2009; Kane et al.,



6

2010; Hay, 2012; Marini et al., 2015; Spychala et al., 2015; Jobe et al., 2017,
Pinter et al., 2017; Bell et al., 2018).

Similar insights on the distribution and morphology of early post-rift sand
fairways and sand-rich fans accumulated across inherited rift structures have
been gained from subsurface systems (Argent et al., 2000; Modica and Brush,
2004; Martinsen et al., 2005; Fjellanger et al., 2005; Gjelbeg et al., 2005; Fugelli
and Olsen, 2007; Jackson et al., 2008; Lohr and Underhill, 2015). Few subsurface
studies document the architecture, facies distribution and bed-scale
heterogeneity in early post-rift systems (Haughton et al., 2003; Southern et al.,
2017; Dodd et al., 2019). This is despite the range of potential plays in
underexplored post-rift successions and the associated risk for reduced reservoir
properties (Lien et al., 2006; Amy et al., 2009; Porten et al., 2016). Subsurface
datasets remain limited by their poor spatial and temporal resolution, with sparse
wells, and a seismic-scale resolution with low impedance contrast posing
problems for imaging isolated “thin” sandstone successions (<30 m). This are
commonly overlooked in organic-rich fine-grained early post-rift successions,
mostly regarded for their source rock and seal potential (Garret et al., 2000;
Moscardelli et al., 2013).

Likewise, the confined offshore (>100 m depth) physiography of modern rift
basins (e.g. Gulf of Aden Rift, Red Sea Rift, Gulf of California Rift, Gulf of Corinth
Rift, Terceira Rift) and associated sandy systems remains poorly documented.
However, modern systems permit direct high-resolution observation of variations
in slope morphology and the resultant influence on sedimentary processes.
Sediment gravity flow behaviour, sediment partitioning (bypass, erosion and/or
deposition), and flow transformation across complex submarine slopes with
structural or depositional reliefs have been poorly demonstrated in rift basin-fills.
Few studies have reported changes in the distribution, thickness and nature of
sediment gravity flow deposits across fault-related topography from exhumed
systems (Ferentinos et al., 1988; Hodgson and Haughton, 2004; Pochat et al.,
2007; Kane et al., 2010; Weil3 et al., 2016; Henstra et al., 2016) or experimental
modelling (Alexander and Morris, 1994; Gee et al.,, 2002; Ge et al., 2017).
Difficulties for flow monitoring in such seismically active environments have
limited our understanding of source-to-sink and deep-water sedimentation
dynamics in rift basins and have contributed to making early post-rift fans one of

the least explored types of deep-water clastic systems.
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Rift basin topography can induce abrupt changes in confinement and
gradient, which leads to flow transformation and waning-waxing behaviour. This
complicates the location of erosion, bypass and depositional processes through
time. The resultant distribution of sand-rich versus mud-rich deposits across
topography, and the development of bed-scale heterogeneity in potential sand-
rich accumulations, can form flow baffles within reservoirs (Amy et al., 2009) and
reduce the porosity and permeability of reservoirs (Porten et al., 2016). This issue
Is important for petroleum prospectivity and characterization of reservoirs
involved in stratigraphic and combined structural traps (hangingwall closures,
compactional drapes, four way dip closure over buried topography) and
assessment for the risks of leakage and post-depositional remobilization (Argent
et al., 2000; Modica and Brush, 2004; Martinsen et al., 2005; Milton-Worssel et
al., 2006; Jackson et al., 2008; Lopez-Gamundi and Barragan, 2012). Therefore,
improved understanding of sediment gravity flow interactions with complex
seabed topography in rift basins could reduce uncertainty in predictions of
reservoir and seal distributions, and reservoir quality distributions at the pinchout
of sand-rich fans.

The stratigraphic archives of rift basin-fills provide the opportunity to
constrain responses to the interplay of intrabasinal or extrabasinal controls, which
can help to inform past palaeoenvironmental changes, and better forecast natural
hazard prediction and related anthropogenic risks (Gulf of Corinth, Collier et al.,
2000; Leeder et al., 2002; Red Sea and Gulf of Aden, Garzanti et al., 2001; Inner
Moray Firth North Sea, McArthur et al.,, 2013; Southern Mexico, Martini and
Ortega-Gutiérrez, 2016; East African rift, Schneider et al., 2016). Understanding
mechanisms of rifting and sedimentation patterns in different source-to-sink
configurations enable improved palaeogeographic reconstructions and provide
insights into palaeoclimate, palaeooceanography, and palaeoenvironmental
evolution. Such observations in ancient rift basins can help to explain the
distribution of fauna and flora, speciation and diversification processes at a
continental scale, as shown with the syn- to post-rift evolution of Zealandia in a
back-arc setting (Pelletier, 2006; Rouillard et al., 2017). In the case of the Gulf of
California, understanding the interactions between rift basin physiography and
oceanic circulation, with seasonal upwelling variations causing fluctuations of
nutrients, helps correlation of trophic level fluctuations and distribution of

carbonate production along the rift, which has ecological implications for the
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management of these sensitive biotopes (Halfar et al., 2004). Fine-scale
observation of modern rift basin-fills, such as the Gulf of Corinth, have also helped
to forecast short-term (10s to 100s kyrs) climate changes over the last ice ages,
and the effects on onshore to offshore sediment transfer rate (Collier et al., 2000).
This can be key for geohazard assessment as the physiography promotes mass
movement, and flow transformation from slumps to debris-flows or turbidity
currents, and considerable risk for cable breakage and landslide-generated
tsunamis in areas of high coastal population density (Gulf of Corinth,
Papatheodorou and Ferentinos, 1997; Lykousis et al.,, 2007). Other natural
hazards characteristic of rift basins (e.g. Brune, 2016) along with earthquakes,
includes volcanic eruptions with catastrophic degassing events and release of
high-concentration of dissolved carbon dioxide and methane gas (Great Lakes of
the East African Rift, Schmid et al., 2003), lava flows (Mount Nyiragongo, East
African Rift, Favalli et al., 2009; Nabro volcano, Afar Rift, Hamlyn et al., 2014),
ash or pumice falls, debris avalanches/mudflows, hydrothermal explosions and
acid rains. These types of volcanic hazards involve days to decades timescales,
long environmental recovery and cause a number of fatalities and migration of

entire populations.

1.3 Objectives and research questions

The present study addresses a multiscale outcrop-based analysis of the
evolution of sedimentation with changes in sediment supply and accommodation
induced by the interplay of tectonism, eustasy and thermal subsidence in multiple
marine rift depocentres (cf. Chapters 4-5-6). This contribution aims to refine and
extend established models of sedimentation in marine rift basin-fills and factors
of control during the syn- to post-rift transition, and to provide outcrop-based
models for early post-rift lobes. The concepts and data can be used to improve
prediction of reservoir potential in underexplored marine rift basin-fills that remain
high-risk prospects for the hydrocarbon industry. The following research

guestions are addressed in the discussion (cf. Chapter 7).

Temporal and spatial variability of sedimentation, evolution of depositional

systems, stacking and basin-fill patterns across single depocentres or at a
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regional-scale, and the factors of control intervening during the syn- to post-rift
transition are not resolved by current conceptual models for rift basin evolution
» What factors controlled the temporal and spatial variability of the
syn- to post-rift transition sedimentation?
» What are the characteristics of the syn- to post-rift transition

signature?

Studies of intraslope basins have demonstrated the importance of slope
morphology on submarine fan development however the effects of inherited rift
topography on siliciclastic systems have been poorly explored. The early post-rift
setting remains a poorly investigated basin configuration for the factors of control
onto the development of lobes and their characteristics in general, which needs
to be better defined.

» What were the timing and source for early post-rift sand supply, and
their implications for palaeogeographic evolution of the Southern
Neuquén Basin margin?

» What are the characteristics of early post-rift intraslope fan deposits
of the Early Jurassic Los Molles Formation and how do they compare

to other deep-marine sandy systems?
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1.3 Methodology

1.3.1 Outcrop data

The study area is located in the eastern foothills of the Andes, in the Catan-
Lil department (39°S 70°W) located to the SW of the city of Zapala, in the
southwestern Neuquén Basin, Argentina. Mezozoic sedimentary sequences, and
specifically the Late Triassic to Early Jurassic deposits, were uplifted along
basement-involved faults of the main exhumed rift basins. This configuration
provides outcrops enabling two- and locally three-dimensional control for tracing
structures and strike and dip sections of syn- and post-rift deposits. Mean bedding
orientations were calculated for each unit from all measurements taken
(Appendix 1 and 2) to constrain an average tectonic dip and dip direction to help
identify dip discordances and subtle unconformities.

Stratigraphic vertical sections, measured at 1:25 scale with regular HCI
test for change in the rocks carbonate content, document grain-size, sedimentary
structures and palaeocurrents, types of bed contacts (amalgamated, erosional,
sharp, loaded, deformed), body and trace fossils. A total of 399 palaeocurrent
measurements collected from ripple, dune-scale cross-stratification and parting
laminations, cross-stratification, flutes and grooves were plotted in rose diagrams
to reconstruct the palaeoflow pathways with bedding restored using Stereonet
software (Appendix 3). A total of 25 logged vertical sections with cumulative
thickness of 5.9 km (Appendix 4) were used to identify facies and facies
associations, and to interpret related sedimentary processes and depositional
environments. Analysis of sedimentary facies, palaeocurrents, stratal geometries
and thickness, onlap/truncation patterns and local deformation in relation to
structures (faults and folds) were used to determine the influence of tectonism
(locus and timing of fault/fold activity and reconstructed structure length) and
inherited palaeotopography on sedimentation. Changes in facies associations,
and deformation and evolution of sedimentary systems, permitted tectono-
sedimentary units bounded by stratigraphic surfaces to be recognized, which
mark major sedimentary changes across depocentres.

Marker beds and units chosen for log correlation mostly correspond to
sandstone packages of the Los Molles, which permit physical correlation between

logs as they could be walked out for several kilometres and constrained with
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Unmanned Aerial Vehicle (UAV) photo panels. Detailed mapping and regular
record of bedding strike dip information was conducted with Garmin GPS
referencing, Digital Terrain Model (DTM) and UAV surveys and were integrated
with previous structural and geological mapping studies (Leanza and Blasco,
1990; Gulisano and Gutiérrez Pleimling, 1995; Cucchi et al., 2005; Franzese et
al., 2006; Garcia Morabito et al., 2011; Muravchik et al., 2014). The presented
maps and cross sections are shown across the actual structural and topographic
configuration, given that structural restoration and backstripping would need
more constraints on isopach distribution, burial depth, crustal parameters and
palaeogeographic changes including bathymetry beyond the scope of the present
study.

The palaeogeographic evolution of rift basins is based on spatial variations
of facies associations (Table 4.1 and 5.3) and thickness, deformation and
onlap/truncation patterns. These observations and data enable the description of
the evolution of depositional systems across rift structures, and the definition of
four tectono-sedimentary units (Unit 1, 2, 3 and 4) and three main sequences
(J1.1, J1.2 and J2.1) bounded by stratigraphic surfaces which mark major
sedimentary changes across depocentres. Spatio-temporal relationships
between the four tectono-sedimentary units of the Early Jurassic Lower Cuyo
Group were based on pre-existing geochronologic and biostratigraphic markers
(Nannofossil chronozones, Ballent et al., 2011; Standard European (EAB) and
Andean (AAB) Ammonite biozone numbers, Riccardi, 2008; Early Jurassic
ammonite, bivalve and brachiopod biozones, Volkheimer, 1973; Gulisano and
Gutiérrez Pleimling, 1995; Quattrocchio et al., 2007; TOAE in the late
Tenuicostatum-early Dactylioceras Hoelderi, Al-Suwaidi et al. 2016 and TOAE in
biozones 14-15, Angelozzi and Pérez Panera. 2016; U-Pb LA-ICPMS zircon age
186.3 £ 0.4 Myr at base of the Chachil Fm. in the Chachil Graben, Armella et al.,
2016 modified from Leanza et al., 2013; U-Pb LA-ICPMS zircon age 182.4 + 2.3
Myr in the Los Molles Fm. in the Chacaico Basin. Naipauer et al., 2018) and
integrated with new U-Pb ages in the Lower Los Molles Fm. obtained in this study.
This refined temporal and stratigraphic framework permitted estimation of

sedimentation rates (Table 5.1).
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1.3.2 Geochronological data

Two tuff samples were collected in the Lower Los Molles Fm. (i) Tuff 1 at
the top of Unit 3 in the Catan-Lil basin (39° 15.427'S 70° 34.959'W) and (ii) Tuff
3 at the base of Unit 3 in the Chachil basin (39° 10.554'S 70° 31.447'W) (cf.
Chapter 5). Tuff samples of 2 kg each were crushed and grinded to recover
zircons at the CIG (Centro de Investigaciones Geolégicas) and Museum of La
Plata-UNLP. The first step for zircon separation is to use a 140 microns mesh for
sieving, washing, and concentration of heavy minerals in the bottom and grooves
of the tray, while the light minerals were discarded by its edge. The heavy mineral
preconcentrate was washed with ethyl alcohol, recovered by filter paper, and
oven-dried. Manual handpicking of 50 zircon grains was carried out under a
binocular magnifying glass and stored inside an eppendorf tube to be sent for U-
Pb geochronology at Research School of Earth Sciences (RSES) of the
Australian National University (ANU). U-Pb dating was carried out using sensitive
high-resolution ion microprobe (SHRIMP-II) following analytical procedures of
Williams (1998) and Ireland and Williams (2003). Hand-picked grains (31 grains
for Tuffl and 29 grains for Tuff2) were mounted with standard zircon (Temora-2)
in an epoxy disc, ground and polished to expose grain surface for laser ablation.
Cathodoluminescence imaging was conducted using SEM-EDS (Scanning
Electron Microscope with Energy Dispersive Spectroscopy) to characterize
idiomorphic zircon crystals (internal texture with oscillatory zoning indicative of
igneous origin) inherent to their volcanic provenance, to ensure the absence of
inherited cores and define laser ablation spots within well-zoned rims of euhedral
grains.

Analytical data were processed using SQUID (Ludwig, 2001a) and
ISOPLOT/EX (Ludwig, 2001b), tabulated with isotopic data (Table 5.2). Uranium
and thorium abundances have been calculated with reference to SL13 (238 ppm
U) and the 2°6Pb/238U ratios have been normalized relative to a value of 0.0668
for the 2°6Pb/?38U ratio of the standard zircon Temora-2 of 417 Ma (Black et al.
2004).
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1.3.3 Thin section data

A total of 28 hand samples were collected (Appendix 5 in the three distinct
stratigraphic units (J1.1, J1.2 and J2.1) and 15 samples were chosen for
extraction of petrographic thin sections (cf. Chapter 6) (Table 6.1 and 6.2). Thin
sections were analysed at the Centre of Geological Investigations Laboratory
(CIG) of the National University of La Plata, Argentina and at the University of
Leeds, UK. Digital images were taken at high magnification (4x) in plane (PPL)
and cross polarized (XPL) transmitted light using a digital-camera equipped
microscope, and stitched with the Photoshop software into high-resolution PPL
and XPL photomosaic slices. The JMicrovision V1.27 software Java™ (Roduit,
2008) was used to proceed to semi-automatic digital point counting. Percentage
abundance of component grains were defined with 600 modal point counts per
thin section, stochastically distributed across an aleatory grid with a minimum

interpoint distance larger than the maximum grain size fraction (Appendix 6-7-8).
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1.4 Thesis outline

This thesis comprises 8 chapters and includes one manuscript submitted

for publication in international peer-reviewed journal.

Chapter 2, “Scientific background”, synthetises several aspects of the
current knowledge which are relevant to understand key questions and objectives
of the conducted research. This includes models and nomenclature for the
genesis and evolution of rift basins, sedimentation patterns during the syn- to
post-rift transition, and the development of submarine fans in topographically

complex settings.

Chapter 3, “Introduction to the Neuquén Basin”, provides the geological
setting with a focus on the syn-rift and post-rift evolution, structural and
sedimentological framework of the study area, with detailed literature review of

the Early Jurassic stratigraphy in the southern Neuquén Basin.

Chapter 4 is based on a manuscript “Evolution from syn-rift carbonates to
early post-rift deep-marine intraslope lobes: the role of rift basin physiography on
sedimentation patterns” that is founded on a detailed case study conducted in the
Chachil basin, which is in re-review at Sedimentology. This chapter provides a
refined sedimentological analysis and addresses the evolution of, and controls
on, the development of carbonate to siliciclastic systems during the syn- to post-
rift transition. It highlights the role of inherited rift topography on sedimentation
patterns during the syn- to post-rift transition, differential compaction controlling
post-rift sedimentation patterns, and documents argillaceous intraslope lobes
trapped in complex topographic setting. The chapter provides an outcrop-based
model for the depositional architecture, termination style, distribution and types
of hybrid event beds present in early post-rift intraslope lobes. Results have
significant implications for predicting the location of clastic injectites and bed-

scale heterogeneity within intraslope lobes departing from classic models.

Chapter 5 forms the basis for a manuscript on a larger-scale analysis of the
contrasting signature of the syn- to post-rift transition across multiple

depocentres, based on a refined Early Jurassic chronostratigraphic framework



15

constrained with new geochronological ages obtained in the Los Molles
Formation. The aim is to address the evolution and control on the variability of
late syn-rift and early post-rift depositional systems, and implications for analog
rift basins. The effects of pre-rift inheritance and volcanism on stratigraphic
architecture of the syn- to post-rift transition, individual basin-fill patterns,
changes in the mode of sediment supply (intrabasinal versus extrabasinal) and
sediment dispersal (transverse versus axial) and successive depocentre
migration, are assessed from local (Chacaico and Eastern Catan-Lil basins) to
regional-scale. The chapter provides an outcrop-based seismic-scale analog to
assess the stratigraphic architecture and facies variability of the syn- to post-rift
transition with outcomes for the spatial distribution and characteristics
(dimensions, termination style, stacking patterns, facies) of early post-rift lobe
complexes developed diachronously across basins with variable topographic

confinement.

Chapter 6 is based on a manuscript that focuses on the stratigraphic evolution
of compositional and textural characteristics of Early Jurassic sandstones of the
Chacaico and Los Molles Fm. The aim is to investigate changes in sediment
source areas during the syn- to post-rift transition with implications for temporal
and spatial changes in the quality of reservoir sandstones. Two early post-rift
intraslope fans of the Los Molles Fm. are used to compare petrofacies in relation
to characteristics of lobe complexes and related depositional processes. This
chapter highlights stratigraphic change in reservoir quality of sandstone
depending on source, and within intraslope fans depending on effects of inherited
topography, which can be used as analogues for early post-rift sandy systems

developed across above-grade slopes.

Chapter 7 adresses the research questions and discusses results and

implications in the frame of the initial objectives.

Chapter 8 synthetises the main findings of the present study and potential

perspectives for further investigations to be conducted in the study area.

Bibliographic references are provided at the end.



16



17



18



19

Chapter 2 Scientific background

2.1 Models and nomenclature for the genesis and evolution of rift basins

Tectonically active rift basins, back-arc basins and passive margins form a
group of genetically related extensional basins (Doglioni et al., 1998; Ziegler and
Cloetingh, 2004; Cloetingh and Willett, 2013; Franke, 2013; Buck, 2015; Brune,
2016). Continental extension arises in a range of tectonic settings characterized
by normal and strike-slip faulting, lithospheric thinning, variable magmatism with
high heat flow near magmatic centres and magmatic underplating (post-orogenic
gravitational collapse, back-arc extension behind island arc, pull-apart extension-

transtension strike-slip) (Allen and Allen, 2013).

2.1.1 Diversity of rift architecture

The tectonic development of rifts (extension, uplift and subsidence) is
mainly controlled by the lithospheric strength strongly dependent on its thermal
structure (with a typical heat flow of 40-50 mw ™?2), initial crustal rheology,
thickness and pre-existing structures, mode of extension (i.e. orthogonal or
oblique), volcanism, and the rate, magnitude and width over which extensional
strain is distributed (narrow versus wide rifts) (McKenzie, 1978; Ruppel, 1995;
Ziegler and Cloetingh, 2004; Buck, 1991, 2004; Cloetingh and Willett, 2013). Rift-
related magmatism, with lithospheric weakening and intrusive heating below the
rift axis accommodate extension, playing a fundamental role in the breakup of
strong thickened continental lithosphere and onto the evolution of rift, including
changes in strain localization, volcano-tectonic subsidence, uplift and thermal
subsidence patterns (Buck, 2004; Ziegler and Cloetingh, 2004). The development
of large offset normal faults and significant rift topography, which is characteristic
of brittle crustal thinning in non-magmatic rift settings, is hampered in magmatic
rift settings by the lower differential stress required to accommodate extensional
strain. In magmatic rift settings, strain is largely accommodated by intrusions, with
little tectonic subsidence and preservation of crustal thickness, and volcanic
heating and loading of the upper crust that tend to focus extension. This in turn

increases eruption events of greater volumes of magmas, and can promote
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anomalously large-magnitude thermal subsidence (Ethiopian Rift, Ebinger and
Casey, 2001; Red Sea, Wolfenden et al., 2005; Great Rift Idaho, Holmes et al.,
2008; Tongariro Graben, New Zealand, Gomez-Vasconcelos et al., 2017). The
obliquity of rifting seem to have an important control on the distribution of volcanic
activity focused where pure shear at the curved tips of oblique faults locally
increases rates of extrusion (Ethiopian Rift, Korme et al., 1997; TVZ, New
Zealand, Acocella et al., 2003).

Rift architecture depends of the degree of coupling between the brittle upper
crust and ductile lower crust and mantle, which increases with the heat flow,
producing a range of deformation styles between narrow (thin crust, low heat flow,
brittle deformation), wide (intermediate crustal thickness and heat flow, ductile
deformation) and core complex (thickened crust, high heat flow) modes of
lithospheric stretching (Brun, 1999; Buck, 2015; Fig. 2.1.).
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Figure 2.1: Scheme (Gartrell et al., 2001) showing the three end member modes of lithospheric
extension depending on thermal state of the lithosphere and crustal thickness. Hot and weak
lithosphere promotes ductile deformation with strong decoupling between brittle crustal and
mantle. This can promote a metamorphic core complex mode in the case of thick and high heat
flow conditions (A),or wide rift mode in the case of intermediate crustal thickness (B). Cooler
and stronger, thin crust leads to preferential coupling between crust and mantle and brittle
deformation results