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ABSTRACT

The analysis of volcano-sedimentary infill in sedimentary basins constitutes a challenge for basin
analysis and hydrocarbon exploration worldwide. In order to understand the contribution of
volcanism to the sedimentary record in rift basins, we study the Jurassic effusive-explosive volcanic
infill of an inverted extensional depocentre at the Neuquén Basin, Argentina. A cause and effect
model that evaluates the relationship between volcanism and sedimentation was devised to develop
a conceptual model for the tectono-stratigraphic evolution of this volcanic rift basin. We show how
the variations in the volcanism, coupled with the activity of extensional faults, determined the types
of volcanic edifices (i.e., composite volcanoes, graben-calderas, and lava fields). Volcanic edifices
controlled the stacking patterns of the volcanic units as well as sedimentary systems. The landform
of the volcanic edifices, as well as the styles and scales of the eruptions governed the sedimentary
input to the basin, setting the main variables of the sedimentary systems, such as provenance, grain

size, transport and deposition and geometry. As a result, the contrasting volcaniclastic input, from
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higher volcaniclastic input to lower volcaniclastic input, associated with different subsidence
patterns, determined the high-resolution syn-rift infill patterns of the extensional depocentre. The
cause and effect model presented in this study isolates the variables of the volcanic environments
that control the sedimentary scenarios. We suggest that, by adjusting the first order input
parameters of the model, these cause and effect scenarios could be adapted to similar rift basins, in
order to establish predictive facies models with stratigraphic controls, and the impact of volcanism

on their stratigraphic records.

INTRODUCTION

The development of volcanic activity synchronous with some of the evolutionary stages of rift basins
(e.g., East African Rift, South Atlantic basins, Red Sea Basin, the Mesozoic Western Gondwana basins;
Morley, 1999; Ziegler & Cloetingh, 2004; Chorowicz, 2005; Bosworth et al., 2005; Ramos, 2009;
Ebinger & Scholz, 2012) and extensional intra-arc basins (e.g., Intra-arc Taupo Volcanic Zone; Wilson
et al., 2009; Rowland et al., 2010; Downs et al., 2015) is a widely recognized phenomenon. However,
most tectono-stratigraphic works on extensional basins that addressed high-resolution sedimentary
models, were performed on successions with null concomitant volcanism (e.g., Leeder & Gawthorpe,
1987; Schlische, 1991, 1992; Schlische & Anders, 1996; Leeder et al., 1996; Ravnas & Steel, 1998;
Gawthorpe & Leeder, 2000). The mainstreams of research that took into account volcanic rift
successions were focused on stratigraphic and chronostratigraphic schemes (e.g., Baker & Mitchell,
1967; Baker, 1986; Ebinger et al., 1989; Skilling, 1993; Moore & Kokelaar, 1997; D’Elia & Marti, 2013;
Chambefort et al., 2014, Downs et al., 2015) or the relationships between tectonic, magmatic and
volcanic processes, such as the relation between tectonic structures and the magmatic system, the
types and rate of subsidence (i.e., tectonic or volcano-tectonic subsidence), and what controls the
development of different volcanic edifices (e.g., composite volcanoes and calderas) and their
magmatic plumbing systems (e.g., Ebinger et al., 1989; Marti, 1991; Skilling, 1993; Moore & Kokelaar,
1997, 1998; Ebinger & Casey, 2001; Spink et al., 2005; Wolfenden et al., 2005; Aguirre-Diaz et al.,
2008; Rowland et al., 2010; Ferguson et al., 2010; Ebinger & Scholz, 2012; Acocella, 2014). Together,
these studies illustrate fundamental feedbacks between tectonic, magmatic and volcanic process in
rift basins, and show how related basin subsidence affects sedimentary processes. However, they do
not consider how the construction of volcanic edifices that form a continuum with sedimentary
scenarios, as well as variations in the style, volume, and frequency of volcanism, affect the high-
resolution architecture of the rift basins. Although, the high potential for hydrocarbon exploration in
volcanic and associated sedimentary rocks in marine and continental basin infills has recently been

asserted (e.g., Hinterwimmer, 2002; Sruoga et al., 2004; Lenhardt & Gotz, 2011; Caineng et al.,
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2013), and reservoir rocks in volcano-sedimentary successions have been reported in several
sedimentary basins worldwide (Mathisen & McPherson, 1991; Pangaro et al., 2002; Sruoga et al.,
2004; Feng, 2008; Legarreta et al., 2008; Pangaro et al.,, 2009), the difficulty in establishing
predictable facies models (Németh & Martin, 2009) and the large variation in the petrophysical
properties of volcanic and volcaniclastic successions (Mathisen & McPherson, 1991; Sruoga et al.,
2004) have contributed to the lack of information on the relationship between volcanism and

sedimentation with regard to basin studies, in particular in extensional basins.

Volcanic activity has an effect of great magnitude on basins and sedimentary systems. In the
long term, as well as the short term, volcanism affects the main variables of a sedimentary basin,
which are taken into account in basin analysis, such as the uplift, subsidence and supply rate of
sediments (Allen & Allen, 2013). The nature of volcanic edifices, whether as constructional features
(e.g., composite volcanoes) or substrate collapse (e.g., caldera), affects and superimposes the
tectonic relief (Thouret, 1999) and subsidence (Van Wyk de Vries & Merle, 1996; Moore & Kokelaar,
1997, 1998) within the sedimentary basins. In the short term, the influence of volcanic activity on
sedimentary basins is substantial due to the volume of the supplied material and its rate of supply,
which is generally orders of magnitude bigger than those of non-volcanic sedimentary systems
(Thouret, 1999; Mathisen & McPherson, 1991; Fisher & Smith, 1991; Manville et al., 2009). For
instance, the average present-day discharge of the Brahmaputra River is ~0.67 km?®/yr (Goodbred &
Kuehl, 2000), whereas the 1991 eruption of Mount Pinatubo or the 2008 eruption of the Chaitén
volcanoes delivered about 5-8 km? in a few days (cf. Scott et al., 1996a, 1996b; Lara, 2009), causing
the complete modification of the sedimentary environment (Hayes et al., 2002; Umazano et al.,
2014). Volcanic products have a strong aggradational tendency (Smith, 1987, 1991; Haughton, 1993;
Martina et al., 2006; Paredes et al., 2009), whether as positive topographic features (e.g., Palmer and
Neall, 1991; Palmer et al., 1993; Karatson & Németh, 2001; Zanchetta et al., 2004) or filling pre-
existing depressions (i.e., overfilled state; Busby & Bassett, 2007; Muravchik et al., 2011). During
volcanic eruptions, the depositional landscape may be modified in a matter of only hours or days
(e.g., Cas & Wright, 1987; Thouret, 1999; Davidson & De Silva, 2000; Németh & Martin, 2007). Such
capacity to drastically modify the sedimentary conditions, as well as the basin configuration, leaves
an unambiguous imprint in the stratigraphic record, which leads to the misunderstanding of the

volcanic successions in the framework of basin analysis.
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The present study includes a volcano-tectono-stratigraphic analysis of the Lower Jurassic
exposures of the Saiicd half-graben in the Neuquén Basin, Argentina. It focuses on how the coupled
activity of volcanism and extensional tectonics determined not only the 4D evolution of the rift
depocentre, but also, on how the external controls interacted to set the high-resolution architecture
of different syn-rift stages. The combination of uplift and tectonic deformation during Andean
orogeny, as well as the Quaternary fluvial incision, facilitates exposure of the whole hanging-wall and
footwall stratigraphy in the rift basin, both along- and across-strike, and the identification of the
tectonic structures. Detailed geochemical, petrographic, petrologic data, as well as a tectono-
stratigraphic model of this basin can be found in D'Elia et al. (2012a, 2012b); D'Elia and Marti (2013);
and D'Elia et al. (2015). Here, we integrate this dataset with new observations to perform the
following comprehensive sequenced analysis: i) analysis of genetically related lithofacies (grouped by
unconformity) in order to determine the depositional processes/environments and the high
resolution stratigraphy to volcanic and sedimentary counterparts; ii) identification of the main
volcanic and tectonic variables that set each high-resolution stage; and iii) integrated analysis of the
“counterparts” through a cause and effect model that identifies the volcanic variables that
contributed to the control of the sedimentary scenarios. By comparing with other similar rift basins,
the contributions of this work are not only expected to be of relevance in the field of academic
research, but also in hydrocarbon exploration, as the understanding of the role of volcanism on
sedimentary-volcanic rift basins may have significant impact on volcanic rift successions that may

constitute important targets for the oil and gas industry.

GEOLOGICAL SETTING
The Neuquén Basin is located on the eastern side of the Andean margin in central Argentina, and
more restrictedly in Chile, between 32° and 40° S latitude (Fig. 1). The Neuquén Basin experienced a
complex tectonic history that includes: (i) an initial extensional tectonic phase that developed in the
palaeo-Pacific margin of Gondwana from the Late Triassic to the Early Jurassic; (ii) subduction-related
thermal subsidence until the middle Cretaceous, in which punctuated episodes of localized inversion
occurred; and (iii) a major basin inversion related to the Andean contractional tectonics, which
occurred from the Late Cretaceous to the Neogene (Uliana & Legarreta, 1993; Vergani et al., 1995;
Legarreta & Uliana, 1996; Franzese & Spalletti, 2001; Howell et al., 2005).

The distribution of the basin fill can be divided into two distinctive regions: a western region,
comprising the Andean Neuquén and Mendoza provinces, in which basin inversion caused the partial
uplift and exposure of the basin infill (Fig. 1), and an eastern region, where most of the sedimentary

record lies in the subsurface (e.g., Vergani et al., 1995; Howell et al., 2005). Surface and subsurface
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studies show that the rift segments are elongated troughs, 20 to 150 km long and 10 to 50 km wide,
commonly composed of depocentres with half-graben geometries that display alternating polarity
(Vergani et al., 1995; Cristallini et al., 2006). The initial half-graben depocentres were associated with
profuse volcanic activity (Franzese & Spalletti, 2001; D’Elia et al., 2012a) that generated thick
subaerial volcanic successions (Precuyano Cycle; Gulisano et al., 1984). The syn-rift contains a large
volume of lava flows and pyroclastic deposits (D’Elia et al., 2012a), associated with volcaniclastic and
epiclastic sedimentary environments (Franzese et al., 2006, 2007; Muravchik et al., 2011; D’Elia et al.,
2012b; Muravchik et al., 2014). This rift phase was followed by a diachronic Upper Triassic—Lower
Jurassic regional marine transgression (Cuyano Cycle; Groeber, 1946) that flooded the Neuquén

basin under the last syn-rift to post-rift stages (Vergani et al., 1995; D’Elia et al., 2015).

TECTONO-STRATIGRAPHY OF THE NEUQUEN BASIN

The pre-rift units in the study area (Fig. 2) are formed by igneous-metamorphic rocks, including the
Cushamen Formation the Mamil Choique Formation of upper Palaeozoic age (Varela et al., 1991).
The syn-rift megasequence (Precuyano Cycle; Gulisano et al.,, 1984) in the southern part of the
Neuquén Basin is composed of three sequences (Fig. 2) that were accommodated in different
extensional depocentres during the rifting evolution (Fig. 3; D’Elia et al., 2015). The first syn-rift
sequence corresponds to a thin succession of fluvial siliciclastic deposits of Upper Triassic age (i.e.,
Paso Flores Formation; Morel & Ganuza, 2002), preserved in N-S-oriented depocentres (Figs. 2 and
3). The second syn-rift sequence in the study area comprises a thick Lower Jurassic (i.e., Sinemurian
age; Stipanicic et al., 1968) succession of lava flows and ignimbrites along with sedimentary deposits,
grouped into the Safiicd Formation (Fig. 2; Stipanicic et al., 1968). This unit was accommodated in
two NE-SW-oriented half-grabens, such as the Safiicd6 and the Piedra del Aguila extensional
depocentres (Fig. 3). The last syn-rift sequence, which is transitional with the post-rift phase of the
basin, corresponds to the lower—upper Pliensbachian marine succession (Damborenea & Mancefiido,
1993) of the Piedra Pintada Formation (Stipanicic et al., 1968; Stipanicic, 1969). Marine deposits
consist of a 250-m-thick succession of massive to millimetre-scale laminated mudstones with
ammonite and bivalve fossils, and plant remains. The boundary between the syn-rift and the
transitional post-rift units is either a conformable surface or an angular unconformity, representing a

short depositional hiatus (D’Elia et al., 2012b).
The Saiiicé depocentre is a well-preserved uplifted rift depocentre of the Neuquén basin,

where the complete volcanic syn-rift sequence can be analyzed. During the Miocene, the Safiicé

depocentre, as part of the North Patagonian Andes, was affected by contractional tectonics (Bilmes
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et al., 2013; Ramos et al., 2014). Even though it experienced partial inversion and uplifting, its
original geometry can still be clearly recognized by stratigraphic correlation of the syn-rift units,
revealing an overall half-graben geometry (Figs. 3 and 4). The boundaries of the depocentre are
presently exposed as NE-SW-trending basement-cored anticlines (Fig. 3c). The hanging-wall blocks
are defined by mainly NE- and ENE-oriented extensional and partially inverted normal faults. These
normal faults are spaced 0.1 to 3 km apart, ranging from 3 to 8 km in length, and show a
predominant dip-slip sense of movement and a displacement ranging from tens to several hundred
metres (Figs. 3 and 4; D’Elia et al., 2012b; D’Elia & Marti, 2013). The syn-kinematic sequence of the
Saficé depocentre is the Saficd Formation. It shows a large thickness change within the depocentre,
with successions reaching a thickness of 1700 m thick at the NW margin of the depocentre, which
contrasts with the 600- to 0-m-thick successions observed at its SE margin (Fig. 4D and 4E). Based on
previous U-Pb SHRIMP geochronological data (Spalletti et al., 2010) and on the palaeontological
analysis carried out with high-resolution ammonite biozonation in the lower marine deposits of the
Piedra Pintada Formation (Damborenea & Mancefido, 1993), the Safiicé Formation is constrained
between 191.7 + 2.8 Ma and ~190.8 + 1.0 Ma (International Chronostratigraphic Chart, 2015).
Therefore, the syn-rift interval analyzed is constrained from the middle to upper Sinemurian, with a

maximum depositional lapse of approximately 4.5 Myr.

METHODOLOGY AND TERMINOLOGY

Detailed geological mapping, and sedimentary and stratigraphic logging were performed in order to
determine the lateral and vertical variations of the syn-rift units of the Safiicd depocentre (Fig. 4).
Seventeen log sections were logged at 1:100 scale (Fig. 4). To address a volcano-tectono-stratigraphy
analysis, the identification of unconformity-bounded assemblages of strata was performed, allowing
the recognition of different relatively conformable successions of genetically related units deposited
during distinct tectonic-volcanic events. Facies analysis of both volcanic and sedimentary units
allowed the characterization of the main processes of transport and accumulation. Rock body
geometry was assessed by analyzing photomosaics and fence diagrams of the exposures to identify
bounding surfaces and stratal patterns. Facies associations were determined and used to establish
the key volcanic and sedimentary elements involved in the accumulation of the studied units and to
characterize the accumulation environment. The relative abundance of lava, pyroclastic and
sedimentary rocks and their minimum volumes were estimated by weighting the thickness variations
deduced from the stratigraphic logs and their areal correlations. Provenance analysis of
conglomerate was performed in the field by counting 200 clasts along a square matrix adjusted

according to the grain size of the deposits at each counting site. In order to provide a detailed
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qguantification of the compositional variations observed, sample stations were arranged following a
vertical trend along logs in the sedimentary sectors. Sandstone facies were sampled and provenance

analysis was determined by point counting under microscope.

In the present work we use the term volcaniclastic as defined by White and Houghton
(2006), to refer only to volcanic clasts directly related to volcanism, and not using it as a more
general term applicable to all deposits containing clasts with a volcanic heritage (cf., Fisher, 1961).
Thus, deposits of clasts resulting from weathering and erosion of previous volcanic rocks are named
here epiclastic rocks/deposits. The term primary volcaniclastic rock (e.g., ignimbrite) is applied to
every type of deposits resulting directly from a volcanic eruption (White & Houghton, 2006), which
are described using the grain size classification introduced by Fisher and Schmincke (1984), such as
ash, tuff, tuff breccia. The deposits originated by secondary surface processes of transport and
deposition, with either volcaniclast or epiclast provenance, are described using grain size

classification of classic siliciclastic sedimentology (i.e., conglomerate, sandstone, siltstone).

Facies analysis allowed determination of facies models corresponding to different types of
volcanic edifices. We use the definition of Németh and Kereszturi (2015) for “monogenetic volcano”
to refer to a volcanic edifice with a small cumulative volume that has been built up by one or many
discontinuous, small eruptions occurring over a short timescale, whereas the term “polygenetic
volcano” is applied to a volcanic edifice with a large cumulative volume that has been built up by
many discontinuous, small or large eruptions occurred in a longer timescale (ka to Ma). In this sense,
monogenetic or polygenetic successions were defined according to 3D volcanic facies associations
(volume) and the evaluation of the stacking patterns, taking into account the boundary strata or

unconformities surfaces (time).

SYN-RIFT SEQUENCE

Based on the intra-depocentre discontinuity surfaces and stacking patterns of the Safiicd syn-rift, this
syn-kinematic sequence was separated into three sections, which in turn correspond to three
accumulation stages: the lower, middle and upper stages (Fig. 5; D’Elia et al., 2012b; D’Elia & Marti,
2013). Volcanic rocks are volumetrically the most important units in the lower and middle stages,
while they are less abundant in the upper stage of the syn-rift sequence (Fig. 4). Each stage is

characterized by a particular volcanic environment, associated with contrasting sedimentary units.
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Lower stage accumulation units

The lower stage comprises units accumulated during the earliest syn-rift phases (Fig. 4). During this
stage, syn-rift deposits show a clear wedge shape, limited by faults, with a maximum thickness of up
to 1100 m (Fig. 4). Lower stage accumulation units were mainly preserved in the hanging-wall blocks
in a highly compartmentalized depocentre. Lower stage rocks are characterized by lava units, which
form up to 61 % of the total volume of this phase (Fig. 4C), associated with volcaniclastic sediments
and minor silicic pyroclastic deposits. All units are intruded by andesitic dykes, and silicic necks and
cryptodomes (Fig. 4A). Although volcanic compositions vary from andesites to rhyodacites, andesitic

lava successions constitute the dominant component.

Andesite lava units show particular thickness changes along and across the depocentre.
Close to the depocentre boundary, at the footwall blocks, the volcanic products of this stage are
characterized by andesitic lava flows up to 120 m thick, ranging from mainly sheet coherent andesitic
lava flows to minor autobrecciated lavas (Figs. 6A and 6B). Dike swarms parallel to the border system
faults occur, along with isolated plug- and dome-like intrusion bodies (Figs. 4A, 4A and 6E) associated
with penetrative hydrothermal alteration. At the hanging wall, transverse to the faulted margins of
the depocentre, lava facies occur as mainly coherent lava flows with sheet geometries of tens of
metres thick. Towards the interior of the depocentre, lava facies gradually change to lenticular or
tabular lava flows with abrupt lateral lithofacies changes, characterized by autoclastic carapace
breccia facies consisting of slabby or rubbly oxidized blocks with a sparse interstitial matrix (Figs. 6C
and 6F). The proportion of autobreccias/coherent lava facies increases from the boundary (where
vents are located, see D’Elia & Marti, 2013) towards the interior of the depocentre, developing into
block-lava flows (Fig. 6B). Pyroclastic density current (PDC) deposits and conglomerate and breccia
sedimentary deposits occur as isolated bodies intercalated in lava successions (Figs. 4 and 6D). PDC
deposits appear either as thin decimetre-thick bodies or as large metre-thick lenticular bodies. They
have an acid composition, a lapilli-tuff lithology with vitroclastic textures and a low grade of welding
(Fig. 6D). Conglomerate and breccia sedimentary bodies, which show either tabular or lenticular
geometries, prevail towards the interior of the depocentre and the top of the lower stage syn-rift
succession (Fig. 4). Based on the analysis of the volcanic units, this stage was interpreted (Fig. 4A;
D’Elia et al., 2012b; D’Elia & Marti, 2013) as originating from volcano composite edifices located at
the boundaries of the depocentre (Fig. 5A). From the vents to the distal position, lava flow units
cannot be traced along great distances and show angular discordance. Facies change, combined with
the abrupt lateral variation of lava units towards distal zones—which may indicate channel-confined,

low aspect ratio lavas typical of steep sides common in volcanic edifices—, records the occurrence of
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central/proximal volcanic cone units to middle/distal volcanic cone units (see Hackett & Houghton,

1989; Davidson & De Silva, 2000).

Two sedimentary facies associations characterize the lower stage accumulation units: on the
one hand, tabular volcaniclastic megabreccias and conglomerates and, on the other, channelized
volcaniclastic conglomerates and sandstones (Fig. 7). The tabular volcaniclastic megabreccias and
conglomerates are composed of unsorted megabreccias and poorly sorted conglomerates, forming
laterally extensive bodies that can be up to 5 km long, 3 km wide and 200 m thick (Figs. 4, 7 and 8A).
The megabreccias are clast- to matrix-supported massive deposits that compose successions up to
170 m thick. They are composed of angular to subangular andesitic clasts with sizes ranging from a
few microns up to 20 metres in length. The fabric of the megabreccias varies from domains of jigsaw-
fit texture to domains where the complete rotation and transport of clasts occurred (Figs. 9A and
9B). These characteristics, together with the composition of the clasts, suggest that the
megabreccias derived from volcanic avalanche flows (Siebert, 1984; Glicken, 1991; Schneider &
Fisher, 1998; Ui et al. 2000; Clavero et al., 2002; Zanchetta et al., 2004; Bernard et al., 2009), in which
fragmentation and dispersion mechanisms were originated by high-speed granular mass movements
(Coussot & Meunier, 1996) that behaved as dilatant fluids (Schneider & Fisher, 1998). Conglomerate
facies are poorly sorted, medium- to coarse-grained, sandy matrix-supported with andesitic clasts
(Figs. 8B, 8D and 8E). They generally develop as lobate or tabular bodies 2 to 5 m thick and 50 to 150
m long at distal positions on top of the megabreccia facies (Fig. 8B). Their massive nature and the
complete lack of tractional structures are interpreted as the result of non-cohesive debris-flow

deposition (Shultz, 1984; Pierson et al., 1990; Coussot & Meunier, 1996).

The channelized volcaniclastic conglomerate and sandstone facies association is constituted
by horizontally stratified pebbly sandstones, massive to horizontally stratified conglomerates and, to
a lesser extent, massive coarse-grained conglomerates and planar to trough cross-stratified
sandstones (Figs. 7, 8C, 8F and 8G). It occurs as large channels and gully-fill bodies 10 to 50 m thick
and 100 to 300 m wide that eroded previous syn-rift deposits (Fig. 7). The horizontally stratified
pebbly sandstones appear as moderately sorted tabular bodies 5 to 20 cm thick with sharp or
transitional lower boundaries and common normal grading (Fig. 8G), and are interpreted as sandy
hyperconcentrated-flow deposits (Smith, 1986; Smith & Lowe, 1991; Orton, 2002). The massive to
horizontally stratified conglomerates are poorly sorted polymodal and clast-supported deposits,
whose pebbles are aligned with their longest axes parallel to stratification (Fig. 8F). They occur as

tabular or lenticular bodies decimetres to 1 m thick with transitional to sharp contacts. These
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features are indicative of gravelly hyperconcentrated-flow deposits (Smith, 1986; Smith & Lowe,
1991; Orton, 2002). The massive coarse-grained conglomerates are poorly sorted with a sandy
matrix, occurring in tabular bodies up to 5 m thick, which is indicative of non-cohesive debris-flow
deposition (Shultz, 1984; Pierson et al., 1990; Coussot & Meunier, 1996). The planar to trough cross-
stratified sandstones occur as moderately well sorted, thin (1 m) and narrow (up to 10 m) bodies
filling gullies eroded into the horizontally stratified pebbly sandstones (Fig. 8C). This relationship
indicates overland floods associated with small shallow channels (see Blair, 2000). The channelized
volcaniclastic conglomerates and sandstones show a conspicuous coarsening-upwards arrangement
of facies from sandstones at the base towards conglomerates at the top. Among these deposits, the
clast composition varies from andesitic lava clasts to polymictic clasts characterized by a mixture of
provenances: andesitic lavas, pyroclastic materials and igneous-metamorphic clasts with an

abundance that ranges from 5 to 30 % (Fig. 7).

The sedimentary facies associations that developed in the lower stage syn-rift are the result
of alluvial systems (Blair & McPherson, 1994), reflecting different stages of degradation of volcanic
edifices (Palmer & Neall, 1991). The tabular volcaniclastic megabreccia and conglomerate facies
association indicates gravitational collapses in proximal settings of high-relief andesitic edifices.
Absence of deep incisions between volcanic debris avalanche and debris-flow deposits, together
with their monomictic nature, suggests that the conglomerates resulted from reworking and
resedimentation of the megabreccias (see Palmer et al., 1991; Bernard et al., 2009). The channelized
volcaniclastic conglomerate and sandstone facies association corresponds to the deposition of high-
density flows with more mixed sources, comprising heterogeneous syn-rift components as well as
pre-rift lithologies. This observation indicates the establishment of longer periods of erosion and
degradation that favoured more integrated drainages affecting both volcanic and structural highs

(see Palmer & Neall, 1991; Zanchetta et al., 2004).

Middle stage accumulation units

In the middle stage, which is laterally continuous, a 400 m thick sequence of silicic PDC deposits
occurs, constituting more than 85 % of the volume of the middle stage succession (Fig. 4C). The PDC
deposits represent the emplacement of two large-scale ignimbrite units, of around 20 kilometres
long and hundreds meters thick, throughout the whole depocentre (Fig. 10A). The ignimbrite units
were only identified inside the depocentre. They overlie the previous units throughout a sharp

regional stratigraphic unconformity (Fig. 10B). Pyroclastic units are intercalated with volcaniclastic
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deposits and they are also intruded by domes associated with the internal faults of the depocentre

(Figs. 4A, 4D and 4E).

The two rhyolitic/rhyodacite ignimbrites (Fig. 4E) are characterized by lapilli-tuff facies with
massive or oriented fabrics, presenting moderate welding and particular post-depositional deuteric
alteration (Fig. 10B). The two ignimbrite units are continuous along the interior of the depocentre
and separated by thin tuffaceous volcaniclastic deposits (Fig. 4). These ignimbrites were only
preserved inside the depocentre, showing facies and thickness variations. They are mostly developed
in the interior zones of the depocentre and either gradually decrease in thickness, from hundreds of
meters to tens of meters, or pinch out abruptly towards the depocentre margins, with important
thickness changes related to extensional faults (Figs. 4 and 10A). Intra-formational breccia facies
occur in the hanging-wall blocks of the interior faults, at the base of the ignimbrite units. These
facies were interpreted by D’Elia and Marti (2013) as co-ignimbrite lag deposits, deposits often form
during phases of caldera-collapse (i.e., Lipman, 1976) when caldera faulting occurs to accommodate
a loss of mass (Figs. 4 and 10D). The facies changes and intrusive acid domes (Fig. 10E) are related to
the faults of the depocentre. This allows the definition of the location of another magma plumbing
system, which is also located at the boundary of the depocentre (Fig. 4; see D’Elia & Marti, 2013).
Therefore, ignimbrite units were associated with a significant volcano-tectonic subsidence episode,
in which they overfilled the depocentre in a very short time, and are considered as representing a

(half) graben-caldera stage (Fig. 5B; D’Elia & Marti, 2013).

The sedimentary units that developed during the middle stage correspond to amalgamated
volcaniclastic tabular bodies 1 to 50 m thick and up to 300 m in lateral extent (Figs. 4 and 11), which
are intercalated between ignimbrite units (Figs. 4, 11A and 11B). They are composed of horizontally
stratified pebbly tuffaceous sandstones, massive tuffaceous sandstones and, to a lesser extent,
massive pumiceous breccias (Figs. 11B, 11C and 11D). The horizontally stratified pebbly tuffaceous
sandstones are moderately sorted and form tabular bodies 5 to 30 cm thick with sharp contacts. The
massive tuffaceous sandstones, which in some cases include some pumice lapilli fragments, are
moderately sorted and clast-supported, deposited in tabular bodies 10 to 30 cm thick (Fig. 11D). The
massive pumiceous breccias are fine-grained, clast-supported with polymodal sorting. They occur as
tabular bodies 5 to 30 cm thick that in some cases develop normal to inverse-normal grading (Figs.
11B). The compositional analysis of these facies indicates an exclusive pyroclastic provenance with
minimum transport (Fig. 9D). The sedimentary textures and structures observed suggest deposition
from sandy/gravelly sheet flows in hyperconcentrated flow conditions and subordinate debris flows

(Smith, 1986; Smith & Lowe, 1991). Thus, these lithofacies suggest a close relationship between
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sediment gravity flow mechanisms of transport and deposition, and high rates of pyroclastic supply
(Fisher & Smith, 1991; Smith & Lowe, 1991; Smith, 1991), which in conjunction with the absence of
degradational cycles suggests a low-slope alluvial context in a high aggradational context with short

depositional times (Smith, 1987; Smith, 1991; Fisher & Smith, 1991).

Upper stage accumulation units

In the upper stage, andesitic lava flow successions associated with coarse- to fine-grained epiclastic
units and carbonate rocks occur. All these units are asymmetrically distributed within the depocentre
(Fig. 4). Deposits of this phase are only preserved inside the depocentre. The volume of the volcanic
products within the syn-rift sequence decreases to 55 % during this stage (Fig. 4C). The lower part of
the upper stage syn-rift shows thickness changes across the interior faults and pinch out of the lava
and sedimentary units. Towards the top, the lava and sedimentary units are laterally continuous,
with subtle thickness changes across the interior faults. The andesite lava units occur as individual
sheets that have been mapped along up to 7 km in length and are 5 to 30 m thick. Intercalated with
the lava flows, thin sedimentary units are recorded. Most of the andesite sheets consist of a simple
flow in which the tops and bottoms of individual lavas are remarkably regular and sub-parallel over
distances of 5 to 7 km (Figs. 12A, 12B and C). The frequent occurrence of conformable, bedded
sedimentary rocks between flows that show conspicuous vein structures and filled vesicles at the
base of the flows indicates that the lavas were dominantly sub-horizontal and developed close to the
depositional time of the sedimentation (Fig. 12D). Although lateral terminations of individual flows
are locally exposed, highly discordant contacts are rare. Therefore, the upper stage volcanic units and
sedimentary deposits were developed in a low gradient equilibrium (Fig. 5C; D’Elia et al., 2012b;
D’Elia & Marti, 2013). All of the above-mentioned features indicate the occurrence of andesitic lava
fields aggrading in a low-relief environment, formed by the coalescence of lava flows erupted from

several centres or fissures in the extensional depocentre (see Petterson et al., 1992).

The sedimentary elements emplaced during the upper stage (Figs. 4, 13 and 14A) consist of
tabular and wedge-shaped bodies that are 50 m thick and up to 6 km long, grading from
conglomerate-dominated facies in proximal areas to siltstones interbedded with limestones towards
their distal reaches. The most proximal deposits to the depocentre margins display a distinctive
vertical arrangement of the facies. At the base, they are characterized by poorly to moderately
sorted, clast-supported fine to medium conglomerates forming tabular beds with irregular bases and
a thickness of up to 1.5 m (Fig. 4). They are massive or stratified, either cross-stratified or

horizontally stratified, with pebble long axes aligned parallel to the stratification. Moderately to well
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sorted clast-supported sandstones appear intercalated as cross-stratified lenticular and tabular beds
with concave or sharp flat erosive bases. Towards the middle part of the succession, deposits
become dominated by moderately sorted clast-supported, fine to medium conglomerates organized
in large-scale cross-beds, dipping 21° on average and grouped in 2- to 5-m-thick tabular packages
(Figs. 13 and 14B and 14C). At the top of the proximal succession, the facies consists of massive and
horizontally stratified, fine to medium conglomerate tabular bodies 0.3 to 1 m thick. To a lesser
degree, horizontally stratified—laminated sandstones are found intercalated (Fig. 13). The
compositional analysis reveals a polymictic volcanic provenance of the epiclastic deposits, (i.e.,
intermediate to acidic lavas and pyroclastic materials) with a low proportion of igneous-metamorphic
clasts (Fig. 9E). The facies described above grade distally into stratified or massive fine-grained
sandstones and reddish horizontally laminated siltstone beds 1 to 3 cm thick (Figs. 14H and 14l),
interbedded with highly silicified 5- to 20-cm-thick limestone beds. There is a very low preservation
of primary sedimentary features in the carbonate facies. However, microbial lamination can be

detected in some cases (Figs. 9F and 14)).

The lithologies described and their particular stacking pattern are consistent with those
observed in coarse-grained delta systems (e.g., Postma, 1983; McPherson et al., 1987; Nemec, 1990;
Backert et al., 2010). The basal part of the succession is thus interpreted to correspond to the toeset,
with transitional characteristics between the coarser-grained foreset facies to the fine-grained
prodelta facies. The absence of tractional structures in the conglomerate facies suggests their
deposition from sediment gravity flow processes, whereas the stratified sandstone facies indicate
underflow deposition caused mainly by low-density turbidity processes (e.g., Reading & Collinson,
2002; Blair & McPherson, 2008; Backert et al., 2010). The large-scale cross-bedded conglomerate
packages occurring in the middle section represent different foreset progradation cycles, deposited
by sediment gravity flows (Postma, 1983; Nemec, 1990; Backert et al., 2010). The massive and
horizontally-stratified conglomerates at the top are interpreted as gravelly hyperconcentrated flow
deposits (Smith, 1986; Smith & Lowe, 1991) and the stratified and laminated sandstones as deposits
from upper-flow-regime sheet floods (Blair & McPherson, 1994) or very shallow stream flows
associated with small channels (Blair, 2000). Both facies constitute the topset of this coarse-grained
delta system. The overall predominance of sheet floods and hyperconcentrated flow deposits in the
topset is characteristic of alluvial dominated environments (sensu McPherson et al., 1987; Blair &

McPherson, 1994).
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The horizontally-laminated siltstone facies represents deposition from suspension fallout or
low-velocity flow and, together with the limestones, it constitutes the prodelta setting. The
development of algal limestones requires aqueous environments of relatively low energy and
moderate clastic input, under conditions of CaCO; precipitation (e.g., Riding, 2000; Tucker, 2001;
Dupraz et al., 2004). Their presence indicates water depths within the photic zone range (~30 m)
(e.g., Talbot & Allen, 2002), which is also compatible with the scale of the foreset cycles (up to 4 m

thick), indicating the shoal-water profile (Postma, 1990) of this coarse-grained delta system.

DISCUSSION

The analysis of the Safiicd half-graben infill succession carried out in this work, reveals how
volcanism, in close relation with the tectonics, had different impacts on the stratigraphy and stacking
patterns of that rift basin. In order to conceptualize and understand this volcano-sedimentary basin
infill, we propose a cause and effect model (Fig. 15) in which the accurate evaluation of the volcanic
activity (cause) makes it possible to understand the sedimentary systems that occurred (effect) in
this rift basin. First, we will discuss the high-resolution facies models in the different contexts of the
volcaniclastic input, taking into account the external controls on the infill, and then, we will discuss
the cause and effect model and the implications for evaluating the impact of volcanism on the

stratigraphic record of the rift basin.

High-resolution facies model and external controls on the infill

According to the syn-rift sequence analysis carried out in this study, the lower and middle stages will
be analyzed within a high volcaniclastic input context, while the upper stage will be analyzed within a
lower volcaniclastic input context (Fig. 15). From the perspective of the basin analysis, we define the
volcaniclastic input as the supply rate of volcaniclastic materials to the basin, which is governed by
the complex interaction of several parameters, such as the landform of the volcanic edifices, the
eruption styles, and scales and frequencies of the volcanic eruptions (effusive or explosive), for
which it exists a fundamental link between frequency and scale of the eruptions (Parfitt & Wilson,
2008). It is important to remark that the style and scale of volcanic eruptions were obtained from
volume estimates, dimensions and genetic analysis of the units (Fig. 4), whereas the chronologic
framework was constrained from an allostratigraphic approach. Therefore, the analysis of genetic
units and their boundary surfaces (discontinuities and surfaces) are assumed to have time-
stratigraphic significance. From high resolution stratigraphy point of view, the volcanic and
sedimentary processes involve 2-3 orders of temporal magnitude less than the error margin of the

radiometric dating. For instance, caldera cycles for systems worldwide are around 4-20 kyr to 300—

This article is protected by copyright. All rights reserved.



500 kyr (Costa, 2008), the constructional phases of a ring plain of composite volcanoes may take
around 1 kyr (Palmer et al., 1993), and the eruptive frequencies of monogenetic volcanic fields are <
1 kyr (Németh & Kereszturi, 2015), whereas the average error margin of the U-Pb SHRIMP
radiometric data for the syn-rift in the Neuquén basin is from 2.8-0.26 Ma, on average 1 Ma (e.g.,

Schiuma & Llambias, 2008; Spalletti et al. 2010; Leanza et al., 2013).

High volcaniclastic input context

The volcanic successions associated with the lower stage of the Saficé depocentre suggest that they
were related to composite volcanoes. This type of volcanic edifice implies strongly aggradational
features that can reach high altitudes (Thouret, 1999; Davidson & De Silva, 2000; Németh & Martin,
2007), developing steep slope gradients. Their growth in height and areal development reflected the
high rate of production of volcanic material. The supply of volcaniclastic material in this first stage
was mainly provided by the emplacement of blocky lava flows and pyroclastic deposits, but also the
erosion and degradation of the composite volcanoes, resulting in thick, extensive volcaniclastic
aprons (e.g., Palmer & Neall, 1991; Palmer et al., 1991, 1993; Thouret, 1999; Orton, 2002; Németh &
Martin, 2007). The landscape resulting from the growth of composite volcanoes typically has a high
gradient, with different processes affecting the stability of the volcano slopes. This condition is made
evident by the development of volcanic avalanche flow deposits in the lower stage (Fig. 15), in which
the distribution of the sedimentary facies and sedimentary units was also controlled by the geometry
of the depocentre. The volcanic debris avalanche deposits are preserved in the hanging-wall fault of
the depocentre, where andesitic lava flows, intrusive domes and associated volcaniclastic deposits
prevail at the base (Figs. 4 and 7). The facies distribution suggests that the asymmetric shape of the
volcanoes, caused by the tectonic structures and the polarity of the depocentre, controlled the
occurrence and emplacement of the collapses. This situation agrees with analogue models and
natural examples in which the close relationship between the structurally controlled asymmetry of
the volcano and the position of the collapse can be observed (van Wyk de Vries & Francis, 1997; Le
Corvec & Walter, 2009; Wooller et al., 2009). Subsequently, the short-lived resedimentation of the
avalanche deposits originated debris flow deposits with andesitic provenance (see Bernard et al.,
2009). Thus, the type of volcanism and depocentre position of the volcanic edifices controlled the
main variables of the sedimentary environments. These variables include the distribution and
dimension of the sedimentary environments, the high-gradient processes of transport and
sedimentation, the coarse-grained size, and even the andesitic lithology of the sedimentary unit
occurring in inter-eruptive stages (Fig. 15). Regarding the channelized volcaniclastic conglomerates

and sandstones facies, large entrenchment channels associated with a passive infill suggest large
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degradational episodes of the volcanic relief (e.g., Palmer et al., 1993; Zanchetta et al., 2004). The
predominantly andesitic composition suggests that flank lithology and local drainage networks
controlled these units (Fig. 15). The drainage network was slightly integrated and dominated by the
proximal conditions surrounding the volcanoes and, to a lesser extent, by epiclastic products
originating from the erosion of the faulted pre-rift blocks. The vast dominance of andesitic lithoclasts
among the deposits indicates that the degree of pre-rift exposure was very restricted. It is
interpreted that this was not related to the small degree of uplift of faulted blocks, but to the
aggrading nature of the composite volcanoes that grew over the pre-rift basement. The large
amounts of sand-sized lava fragments originating from coherent or blocky lava flow units suggest
that long-lived, inter-eruptive degradational processes took place (e.g., Brown & Bell, 2007). In this
context, the volcanic landscape, both during eruptive and inter-eruptive episodes, was the main
provider of volcaniclastic material to the sedimentary environment with a predominance of gravity
flows as the main mechanisms of transport and deposition of the sediments. In this case, the inter-
eruptive lapses controlled the degree of erosive relief of the sedimentary units, as well as their grain

size (i.e., the longer the lapse, the smaller the grain size of the deposits; Fig. 15).

During the middle stage, the Saficé depocentre evolved into a graben-collapse caldera
scenario (D’Elia & Marti, 2013), produced by the emptying of a shallow magma chambers and the
consequent collapse of the magma chamber roofs (e.g., Aguirre-Diaz et al., 2008). Collapse calderas
provide the largest supply of volcaniclastic material in the shortest time (Lipman, 2000), saturating
the capacity of the sedimentary agents to transport and redeposit the pyroclasts. In this particular
case, the substantial synchronous subsidence undergone by the floor of the caldera trapped a big
proportion of the supplied pyroclasts in the form of two main ignimbrites. In addition, the
emplacement of these thick intra-caldera ignimbrites covered the previous topography and
generated low-gradient environments (e.g., Németh & Martin, 2007; Manville et al., 2009). Overall,
the volcanic activity during the formation of a caldera dominates the depositional environment, and
the sedimentary units found within the caldera fill tend to constitute extremely thin and laterally
restricted deposits (Fig. 15). Therefore, in this context, the large explosive eruption events triggered
a phase of ash/pumiceous-rich volcaniclastic syn-eruptive sedimentation. The low-gradient relief
resulting from the nearly instantaneous massive and widespread emplacement in the depocentre of
a large volume of pyroclastic material (see Muravchik et al., 2011) caused low-slope conditions that
favoured the formation of volcaniclastic hyperconcentrated flows after their deposition (Fig. 15). A
short syn-eruptive lapse set a non-integrated drainage network that drove the thin, limited lateral

distribution of the sedimentary units, which—combined with a high aggradational rate—prevented
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the occurrence of major erosive surfaces and degradation cycles (see Fisher & Smith, 1991; Fig. 15).
A central point to the high-resolution stratigraphy of the middle stage is that, although the volume of
extra-caldera ignimbrites can also be significant (Cas & Wright, 1987), their preservation in the
record of ancient extensional basins is interpreted to may be relatively small, as the areas external to
the depocentre constitute the footwalls of the border fault systems and, as such, are subjected to
uplift and erosion or even further tectonics (e.g., Marti., 1991). This observation is substantial when
comparing the example studied here with younger and better preserved examples (e.g., Taupo
Volcanic Zone; Rowland & Sibson, 2001; Spink et al., 2005; Gravley et al., 2007; Wilson et al., 2009;
Rowland et al., 2010; Allan et al., 2012; Chambefort et al., 2014; Downs et al., 2015).

During periods of high volcaniclastic input context (i.e., the lower and middle stages), a
polygenetic, composite volcano and graben-caldera were formed in association with either
extensional tectonic subsidence or volcano-tectonic (caldera collapse) subsidence, respectively
(Marti, 1991; Moore & Kokelaar, 1997, 1998; Fig. 15). The interpretation of the boundary surfaces
between different volcanic and sedimentary units marks diverse orders of depositional hiatus,
evidencing the complex superposition in space and time of these units. Differences in eruptive style,
frequency, and volume of the eruptions from composite volcanoes and graben-calderas, determined
different kind of “effects” on the sedimentary scenarios, in particular related to the grain sizes of the
material supplied and their mechanisms of transport and deposition, and the sizes of the
sedimentary units (Fig. 15). Thus, the high volume of pyroclastic materials mainly provided coarse silt
to fine gravel particle sizes (Vessell & Davis, 1981; Smith, 1991; Németh et al., 2009), and autoclastic
lavas feed boulder and gravel size particles (see Hackett and Houghton, 1989; McPhie et al., 1993;
Brown & Bell, 2007), whereas the steep topography resulting from high aggradational volcanic
edifices and/or the large volume of volcaniclastic material supplied to the depocentre led to
mechanisms of transport and deposition dominated by gravity flow processes (Fig. 15). Regarding
the scale of the sedimentary units, making a comparison between lower and upper middle units, the
genetic interpretation of their boundary surface indicates that they have a positive correlation with
the scale of the volume of the volcaniclastic input and a negative correlation with the lapse between

the eruptions (Fig. 15).

Lower volcaniclastic input context
During the upper stage the input of volcanism to the sedimentation in the Safiicd depocentre
decreased significantly. The most important change, with regards to the previous stages was the

decrease or absence of eruptive-related volcaniclastic deposits, and the development of large-
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extended, coherent, tabular lava flows that blanket the depocentre in low relief conditions
(evidenced by lava units with remarkably regular and sub-parallel contacts over long distances and
lack of avalanches deposits). These lava flows were emplaced from different vents, thus reflecting
more the existence of a monogenetic volcanic field than that of a composite volcano. As a
consequence, there was a low volcaniclastic input to the depocentre. This is important to remark
because the total eruptive volume of a whole volcanic field may be comparable with the total
volume of eruptive products of a polygenetic composite volcano (Németh, 2010), although the
impact of the volcaniclastic supply to the sedimentary environment is low, resulting in low potential
of preservation in the sedimentary record (White, 1991). Monogenetic volcanic fields are composed
of individual, short lived volcanoes that are commonly small in eruptive volume (see Walker, 2000;
Németh & Martin, 2007; Cabrera & Caffe, 2009; Németh, 2010; Nishiki et al., 2011). The higher
eruption frequency during this volcanic scenario could have been buffered in the record by the low
volume of these eruptions and the change in vent locations over time, forming the typical dispersed
patterns of volcanoes characteristic of volcanic fields (Németh & Kereszturi, 2015). For this reason,
the boundary surfaces between lava field products and stabilized delta-lacustrine environments,
mark longer lapses than in higher volcanic input conditions. The paucity in which the lavas were spilt
inside the depocentre allowed the drainage system to accommodate to the new topographic
conditions over longer periods of time, enabling a better integrated drainage system to evolve in the
area. The “effect” was a significant reduction of the influence of volcanism as an allocyclic control
over the sedimentary systems, causing the high facies polarity—which is uncommon in volcano-
dominated sedimentary environments (Németh & Martin, 2007)—, the polymictic provenance of the
fan-delta facies, and the grain size (from gravel to siltstone), which were driven by
weathering/erosion cycles of previous rocks. The widespread lava flow emplacement inside of the
depocentre originated a new base level and low gradient conditions (adjusted to the landform of the
lava field) and the relief was set by the tectonic processes. Therefore, the nature of the transport and
depositional processes of the sedimentary environment were not different to those developed in
non-volcanic rift depocentres (cf. Gawthorpe & Leeder, 2000; Fig. 15). In this syn-rift stage the type
and the evolution of this volcanic environment reduced the impact of volcanism on the sedimentary
record with respect to other variables, such as the climate, tectonics or bedrock lithology (see
Reading & Level, 1996). This is evident in the development of limestones and stromatolitic facies in

such starved depocentre conditions (e.g., Riding, 2000; Dupraz et al., 2004).
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Towards a cause and effect model to evaluate impact of volcanism on the sedimentary record

In recent decades, most of the studies addressing volcanic influence over sedimentary environments
have focused on non-compartmentalized basins with a large areal distribution (e.g., foreland basin or
linked rift basins; e.g., Smith, 1987, 1991; Haughton, 1993; Martina et al., 2006; Paredes et al., 2009)
or non-restricted volcanic aprons (e.g., Walton & Palmer, 1988; Palmer and Neall, 1991; Palmer et al.,
1993; Karatson & Németh, 2001; Zanchetta et al., 2004). Such studies have documented the controls
of volcanic activity on sedimentation in either proximal areas or proximal to distal areas, based on
provenance (Smith, 1988; Cole & Ridgway, 1993; Haughton, 1993; Riggs et al., 1997), mechanisms of
transport and deposition (Brantley & Waitt, 1988; Walton & Palmer, 1988; Bahk & Chough, 1996),
and aggradational versus degradational behaviour of the sedimentary units (Smith, 1987; Bahk &
Chough, 1996; Riggs et al., 1997). As a result of such significant works, several models have been
proposed to understand the mechanism of transport and deposition, aggradational versus
degradational behaviour, as well as the distribution and size of the volcano-related sedimentary
environments. These models have been devised for several types of volcanoes and volcanic settings,
as well as for several types of basins. However, these models may seem disconnected from each
other, leading to a misinterpretation from the standpoint of basin analysis. The cause and effect
model that we propose for the Saiiicd basin, represents a “dynamic” scheme to explain the influence
of the volcanic activity (cause) on the sedimentary regime of the basin (effect), for a specific
accommodation space (i.e., tectonic or volcano-tectonic —caldera collapse— subsidence; Fig. 15).
This evolution is similar to that observed in other extensional basins (Sierra Madre (Mexico), Aguirre-
Diaz et al., 2008; Pyrenees (Spain), Marti, 1991; Glencoe (Scotland), Moore & Kokelaar, 1998, Taupo
Volcanic Zone; (New Zeland), Spink et al., 2005; Chambefort et al., 2014, Downs et al., 2015). In fact,
many of the fundamental relationships established in this work, such as (i) coeval faulting and
volcanism, (ii) monogenetic and polygenetic volcanoes associated with border fault systems, (iii)
uplift and subsidence patterns locally controlled by explosive volcanic eruptions, and (iv) the
development of calderas associated with regional tectonic structures, have been found in other rift
systems (e.g. Southern Red Sea, Main Ethiopian Rift, Iceland; see Ebinger et al., 1989; Gudmundsson,
2000; Acocella et al., 2002, 2007; Spinks et al., 2005; Abebe et al., 2007; Ebinger and Casey, 2001;
Wolfenden et al., 2004, 2005; Rowland et al., 2010; Ebinger & Scholz, 2012). Nevertheless, it is not
the aim of this work to propose a universal high resolution facies model for rift basins worldwide.
Despite the similarities we may find, each case may have particular aspects that may imply important
differences in the dynamics of each basin. The approach followed in this study may applied to other
cases in order to facilitate obtaining a cause—effect model that could help to quantify the influence of

volcanism on the sedimentary record of the basin. Essentially, the model presented in this study
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identifies the variables that control the influence of volcanic and tectonic activity on the sedimentary
scenarios and the resulting stratigraphic record of a rift depocentre. Thus, adjusting the first order
input parameters of the model this can be adapted to other similar rift basins, in order to establish

predictive models on the impact of volcanism on their stratigraphic records.

CONCLUSIONS

Even though most rift basins may be associated with volcanism at some point of their evolution,
stratigraphic analysis and high-resolution stratigraphy models do not always include volcanism as a
major control over the sedimentary system. In such cases, the theoretical knowledge of the basin-fill
architecture is mainly based on their 3D structural configuration, evolution of their drainage system,
climate changes and variations of the base level or sea/lake level. Comparing with previous studies
on volcanic rift basins where the focus is made on more specific aspects, the present work offers a
multidisciplinary approach provides a holistic view of the interplay of tectonics, volcanism and
sedimentation in the evolution of the Saficd rift basin. We have considered volcanic and
sedimentary units as a part of the continuum that took place in a particular space (i.e.,
accommodation space originated by tectonic or volcano-tectonic subsidence). Also, we have
recognized depocentre-scale unconformities that group packages of volcanic and sedimentary units
genetically associated with the different tectonic and volcanic events. Finally, we have established
high-resolution facies models with accurate identification of the stratigraphic controls. The
volcaniclastic input conditions, from lower input to higher volcaniclastic input, was determined by
the complex interaction of several parameters of the volcanic scenario, such as the landform of the
volcanic edifices, as well as the eruption styles, scales and frequencies of the volcanic eruptions,
which, in turn, set the parameters that control the internal dynamics of sedimentary environments.
In order to obtain a high-resolution stratigraphic model capable of evaluating the tectono-
stratigraphic evolution of the volcanic infill, we have proposed a cause and effect model assessing
the relationship between volcanism and sedimentation, which can be easily generalized for other
similar basins, in order to devise predictive models applied to the exploration and development of

natural resources.
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FIGURE LEGENDS:

Figure 1. Location map showing the distribution of the surface and subsurface rift depocentres in the
Neuquén Basin, Argentina (modified from Franzese and Spalletti, 2001). Location of the study area is

highlighted with a rectangle.

Figure 2. Schematic stratigraphic column of the Safiicd depocentre (Neuquén Basin) showing the

different stratigraphic and tectono-stratigraphic units of the study area.

Figure 3. (A) Map of the major structures recognized at surface and subsurface of the southern part
of the Neuquén rift basin. Location of the Saiicé depocentre is highlighted with a rectangle.
Modified from Vergani et al. (1995, 2005), D’Elia & Marti (2013) and D’Elia et al. (2015). (B) Geologic

map and stratigraphy of the study area. (C) Cross-section of the Safiicé depocentre.

Figure 4. (A) Detailed geological map of the Safiicdé depocentre and location of stratigraphic logs
shown in Figure 4b (Modified from D’Elia & Marti, 2013; D’Elia et al., 2015). (B) Stratigraphic logs of
the syn-rift succession of the Safiicd depocentre. Mst, mudstones; Sst, sandstones; Congl,
conglomerates; F, fine; M, medium; C, coarse. (C) Percentage of lava, pyroclastic and sedimentary
products measured for each member. (D) Correlation panels perpendicular (NW-SE-oriented) and

parallel (NE-SW-oriented) to the trend of the Safiicé depocentre (see logs in Fig. 4a for location).

Figure 5. Conceptual model showing the syn-rift evolution of the Safiicd depocentre (modified from

D’Elia & Marti, 2013).
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Figure 6. Lower stage volcanic units. (A) Detailed correlation panel showing the relationships
between sedimentary and volcanic units of the Lower Stage (see Fig. 4 for location). (B) Photograph
of the coherent sheet andesitic lava flows located close to the master fault of the depocentre. (C)
Andesitic block lava flow occurring towards the inner part of the depocentre. (D) Outcrop-scale
photograph of the lapilli-tuff ignimbrite facies with horizontal stratification. (E) Plug intrusion

recorded at the boundary fault system. (F) Detail of autobrecciated carapace of sheet lava flows.

Figure 7. Lower stage sedimentary units. (A) Sedimentary logs showing the lateral and vertical
correlation of volcaniclastic breccia-conglomerate unit (to the top) and channelized volcaniclastic
conglomerate-sandstone unit (to the bottom). (B) Detailed correlation panel showing the

relationships between the sedimentary and volcanic units of the lower stage.

Figure 8. (A) Outcrop scale-photograph of massive matrix-supported to clast-supported breccias
formed by volcanic debris avalanches. (B) Lobate body successions composed of massive matrix-
supported conglomerates deposited by debris flows. (C) Photograph of channelized volcaniclastic
conglomerates and sandstones (SH, sandy hyperconcentrated flow deposits; GH, gravelly
hyperconcentrated flow deposits; SX, cross-stratification sandstone facies originated by waning
phases of the flows). (D) Detail of the matrix of volcanic debris avalanche deposits. (E) Detail of
debris flow deposits. (F) Gravelly hyperconcentrated flow deposits. (G) Sandy hyperconcentrated

flow deposits.

Figure 9. Microphotographs showing the different provenances of the volcanic syn-rift succession.
(A) and (B) Microphotographs of the matrix of an avalanche flow deposit at proximal (A) and distal
positions (B). Note the fragmented feldspar crystal (FC) and the andesitic monomictic composition of
the lithoclasts (AL). (C) Microphotograph of the matrix of a debris flow deposit. Note the
predominance of andesitic lithoclasts with different alteration and texture features. (D)
Microphotograph of monomictic tuffaceous sandstones (PF, pyroclastic fragment; FC, feldspar
crystal). (E) Microphotograph of the matrix of conglomerates of the upper stage deposits. (F)

Microphotograph of microbial lamination in stromatolitic lacustrine deposits.

Figure 10. Middle stage volcanic units. (A) Correlation panel showing the relationships between the
sedimentary and volcanic units of the middle stage. (B) Thick intra (graben) caldera ignimbrite
overlying the Lower Stage units through a sharp unconformity. (C) Detail of co-ignimbrite lithic

breccias located close to volcano-tectonic faults that acted during graben caldera events. (D) Outcrop
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photography of the intracaldera lapilli-tuff ignimbrite facies. (E) Post-eruptive acid intrusive dome

related to major volcano-tectonic faults located at the boundary position of the depocentre.

Figure 11. Middle stage sedimentary units. (A) Outcrop-scale photograph of the syn-eruptive
ash/pumiceous-rich volcaniclastic sandstone and breccia deposits (I, intracaldera ignimbrite units;
SED, syn-eruptive deposits). (B) Sedimentary logs showing the syn-eruptive ash/pumiceous-rich
volcaniclastic sandstone and breccia deposits (see figures 4 and 10 for the location of the
sedimentary sections and the detailed correlation panel showing the relationships of the upper stage
units). (C) Photograph of massive pumiceous breccias interbedded with massive to horizontally
stratified pebbly tuffaceous sandstone, formed by hyperconcentrated flows. (D) Detail of massive

pumiceous breccias with transitional contacts and normal grading.

Figure 12. Upper stage volcanic units. (A) Detailed correlation panel showing the relationships of the
upper stage units. (B) Outcrop-scale photograph of the lacustrine deposits interbedded with lava
flow units. (C) Outcrop-scale photograph of the sheet lava flows base, showing veins and filled
vesicles formed by interaction between lava flows and wet sediment. (D) Detail of veins and filled

vesicles shown in (C).

Figure 13. Upper stage sedimentary units. Sedimentary logs showing the passage from
conglomerates and sandstones of alluvial/delta facies to siltstones and stromatolitic lacustrine
deposits (see figures 4 and 12 for the location of the sedimentary sections and the detailed

correlation panel showing the relationships of the upper stage units).

Figure 14. (A) Outcrop-scale photograph of fan-delta deposits. (B) Tabular body with slightly erosive
bases formed by large-scale cross-stratified clast-supported conglomerates deposited at a delta
front. (C) and (D) Sandstone facies interbedded with conglomerate foreset facies. (E), (F) and (G)
Laminated to massive sandstone facies at the bottomset of delta front. (H) and (l) Outcrop-scale
photograph of silicified limestone and siltstone deposits originated in a shallow lacustrine

environment. (J) Detail of the limestone and siltstone deposits.
Figure 15. Cause and effect model showing the volcanic variables that control the different

parameters of the sedimentary environments defined for the three different volcanic scenarios

recorded in the Safiicdé depocentre (variability of the monogenetic—polygenetic volcanoes was
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modified from Németh & Kereszturi, 2015). Schematic basin infill models for each case are illustrated

at the bottom.
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EXTENSIONAL TECTONICS AND VOLCANIC ACTIVITY
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