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The interaction between hangingwall block rotation and alluvial deposition is examined from Late Triassic–Early
Jurassic successions exposed along the Catán Lil half-graben border fault system in the Neuquén Basin, Argentina.
Analysis of transport and depositional processes, clast composition and rock body geometry allowed the identi-
fication of three distinctive fan-shaped alluvial units. The contrasting lithologic nature of the basement (igneous-
metamorphic) and syn-rift fill (volcanic and volcanic-derived) permits detailed studies of clast provenance. The
origin of each alluvial system (footwall- vs. hangingwall-derived) can thus be verified. A simple method was
implemented to establish the geometry of each alluvial unit by comparing the stereographic projection of its
bedding to that of an idealised fan shaped body. Results show that the three alluvial systems occupied the
same relative location in the rift depocentre. Unit 1 is interpreted as an alluvial fan orientated transverse to the
depocentre border fault system and fed from the footwall. Non-cohesive debris flow deposition was the domi-
nant process in this environment. Unit 2 is interpreted as a mainly hangingwall-fed alluvial fan, parallel to the
depocentre border fault system and shows an upward decrease in footwall-derived clasts. Hyperconcentrated
flow was the principal transport process. Unit 3 represents a fan delta, parallel to the depocentre border fault
system. Its components are completely hangingwall-derived and hyperconcentrated flow deposition was the
dominant process. Differences in grain-size, composition, transport directions and fan body geometry are proved
to be directly linked to variations in ground tilting induced by the direction of hangingwall block rotation in an
endorheic rift depocentre.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Most of the published examples of alluvial evolution along border
fault systems result from studies undertaken in rift depocentres limited
by strongly interacting fault segments over relatively well integrated
drainage networks (e.g., Alexander and Leeder, 1987; Jackson and
Leeder, 1994; Eliet and Gawthorpe, 1995; Leeder et al., 1996; Leeder
and Mack, 2001). Linkage of small fault segments into large border
fault systems controls the location, size and shape of footwall catch-
ments and the focusing of sediment supply to hangingwall depocentres
(e.g., Roberts and Jackson, 1991; Gawthorpe andHurst, 1993; Leeder and
Jackson, 1993), favouring the inception of alluvial systems orientated ei-
ther transverse or parallel to the fault scarps (e.g. Gawthorpe et al., 1994;
Eliet and Gawthorpe, 1995; Leeder et al., 1996; Cowie et al., 2006). As a
result, well established depocentre- to basin-scale predictive models of
alluvial evolution in rift basins already exist (e.g., Eliet and Gawthorpe,
1995; Gawthorpe and Leeder, 2000; Cowie et al., 2006). In contrast,
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more detailed scale models are still needed in order to understand the
evolution of individual fans and the local controls operating over them.
The work presented in this study documents the evolution of alluvial
units in a presumably hydrologically-closed depocentre next to a border
fault system in which fault segments were already linked. This isolated
condition prevented the development of axialfluvial systems connecting
different depocentres and interactingwith any transverse alluvial system
elements (e.g., Mack and Leeder, 1999; Leeder and Mack, 2001). In the
absence of propagating and linking fault segments along the border
fault system, differences in hangingwall block rotation and subsidence
were the main control over alluvial fan/fan delta configuration and ori-
entation. Some of these characteristics are addressed as being originated
from deforming a more competent hangingwall substrate as opposed to
rift basin situations where the deforming hangingwall substrate is com-
posed of relatively thick unconsolidated syn-rift sediments and/or sedi-
mentary rock pre-rift units. The main objective of this contribution is to
evaluate the evolution of an alluvial environment originated along a
half-graben border, in terms of changes in fan geometry and orientation,
source areas and sedimentary processes, and how the integration of
these parameters can be used in order to understand the effects of
ground tilting and hangingwall block rotation. The data used for this pur-
pose come from the analysis of an inverted and eroded fossil rift
depocentre and the interpretations are based on its reconstructed fill.
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The methodology used and the results obtained from the present analy-
sis are expected to be of general applicability to other similar areas and
can contribute to the generation of predictive models of potential use
in the mineral and oil industries.
2. Geological setting

The Neuquén Basin is located between latitudes 32° and 40°S, main-
ly inwest-central Argentina but also extendingwest into Chile (Fig. 1A).
The basin has a triangular shape, occupying an area of about
160,000 km2, and the basin fill stratigraphy extends from the Early
Triassic to Holocene, with a maximum thickness of at least 7000 m
(Vergani et al., 1995). The origin of the basin lies in pre-Andean exten-
sional processes related to the extensional collapse of the Gondwanic
Orogen (Uliana and Legarreta, 1993; Tankard et al., 1995; Vergani
et al., 1995; Franzese and Spalletti, 2001), and its evolution can be divid-
ed into three phases: a rift phase (Late Triassic–Early Jurassic), a post-
rift phase (Early Jurassic–Early Cretaceous) and a foreland phase (Late
Cretaceous–Cenozoic) (Uliana and Legarreta, 1993; Tankard et al.,
1995; Vergani et al., 1995; Franzese and Spalletti, 2001; Howell et al.,
2005).

Long, narrow, isolated depocentres formed during Late Triassic to
Early Jurassic rifting (Fig. 1A,B), accompanied by intense magmatic ac-
tivity. The syn-rift basin fill can be divided into a lower Precuyano
Cycle (Gulisano et al., 1984) and an upper Cuyano Cycle (Groeber,
1946) (Fig. 2). The Precuyano Cycle comprises a complex array of main-
ly continental volcanic and sedimentary (alluvial, fluvial and lacustrine)
deposits (Franzese and Spalletti, 2001; Franzese et al., 2006, 2007;
Muravchik et al., 2011; D'Elia et al., 2012; D'Elia and Martí, 2013).
Marine clastic and carbonate rocks of the Precuyano Cycle are present
in Chile and locally in Argentina (Riccardi et al., 1997; Lanés, 2005;
Fig. 1. Location map of the study area. (A) Distribution of rift depocentres in the Neuquén Ba
Spalletti (2001). (B) Map of the major structures in southern Neuquén Basin. Location of the
High are according to Vergani (2005).
Giambiagi et al., 2008). The Cuyano Cycle units represent a widespread
marine transgression that diachronously flooded the entire Neuquén
Basin in a southward direction from the Late Triassic through the Early
Jurassic (Pliensbachian). It comprises relatively thin conglomerates
and shallow marine carbonate deposits followed by very thick
(at least 1000 m) black shale deposits with some intercalated sand-
stones (e.g., Gulisano, 1981; Gulisano and Pando, 1981; Legarreta and
Uliana, 1996).
3. Study area

This work focuses on alluvial deposits from the syn-rift Precuyano
Cycle and their transition to the Cuyano Cycle in the Catán Lil
Depocentre (Fig. 1). Exposures lie along the Catán Lil and Chachil
ranges, about 70 km southwest of the city of Zapala, where outcrops
of basement rocks and syn-rift successions are well preserved
(Figs. 1, 3). The basement includes Permian–Carboniferous granit-
oids of the Chachil Plutonic Complex (Leanza, 1990) intruding
Siluro-Devonian schists of the Piedra Santa Formation (Digregorio
and Uliana, 1980) (Figs. 2, 3A). The initial syn-rift fill is represented
by the Lapa Formation (Groeber, 1956) (Precuyano Cycle) consisting
of lava flows, alluvial, pyroclastic and reworked pyroclastic deposits
(Groeber, 1956; Leanza, 1990; Franzese and Spalletti, 2001; Franzese
et al., 2006, 2007). Black shale deposits of the Los Molles Formation
(Weaver, 1931, in Leanza, 1990) (Cuyano Cycle) completely cover
all older units in the area.

The Catán Lil Depocentre (Fig. 3) is elongated in a northwest–
southeast direction and is now completely bordered by inverted nor-
mal fault systems in two sets; one trending northwest–southeast and
another trending northeast–southwest (Muravchik, 2009), defining
a more or less rectangular hangingwall depocentre in plan view
sin, Argentina. The white rectangle shows the extent of (B). Modified from Franzese and
Catán Lil Depocentre is highlighted with a black rectangle. Structures from the Huincul



Fig. 2. Schematic stratigraphic column representing the different units that integrate the Catán Lil Depocentre, Neuquén Basin.
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(Fig. 3A). Although extensional structures that formed during the Late
Triassic–Early Jurassic rifting have been variably inverted, the geometry
of the original rift depocentre can still readily be reconstructed by
stratigraphic correlation of the syn-rift units (Fig. 3B). The depocentre
is interpreted as a half-graben based on the asymmetry of its fill (e.g.,
Leeder and Gawthorpe, 1987; Gawthorpe and Leeder, 2000): the
thickest syn-rift accumulations are found along the northeastern border
fault system while the thinnest occur along the southwestern border
(Fig. 3B). Therefore, the northeastern border fault system is considered
to bewhere normal faults accrued their greatest displacement. The cor-
responding northeastern footwall block has a horst geometry, is ~5 km
across strike and delimits a contiguous rift depocentre (Fig. 3A). Other
studies in the area indicate that the two fault systems at either side
of the horst were active at the same time, so this block constituted
a high relief area for both depocentres (Franzese et al., 2006;
Muravchik, 2009).

The studied alluvial succession crops out next to the northeastern
border fault system, overlying lava flow units and overlain by black
shale marine deposits of the Cuyano Cycle (Fig. 4). The lava flow units
constitute an amalgamated succession approximately 1000 m thick of
andesites and dacites. Examination of the lava succession at other local-
ities situated to the northwest and the southeast along the northeastern
border fault system (Fig. 3A) reveals great consistency in thickness
(Muravchik, 2009). It is crucial to note the role of the composition of
the fault blocks in the style of the deformation observed in this
depocentre. The current fault blocks, mainly consisting of granitoids
with a thick layer of consolidated lava flows (several hundreds of
metres thick), can only behave as discrete rigidmechanical units. No in-
ternal deformational structures such as anticline, syncline ormonocline
folding (i.e., distributed deformation) are detected within the fault
blocks (Fig. 3A). Likewise, neither drag folds nor monocline folds are
observed associatedwith the borders of these fault blocks. Folding is re-
stricted to the less competent lithologies that compose the Cuyano
Cycle (Fig. 3A). Therefore, the presence of topographic gradients in
the hangingwall area after the deposition of the lava flow units is
interpreted to be the result of either ground-tilting caused by rotation
of the fault blocks or a pre-existing volcanic topography. The lack of
transverse structures (i.e., folds or faults) affecting either the lava flow
units or the alluvial succession along the northeastern border fault sys-
tem (Fig. 3A) indicates that no linkage of fault segments occurred after
the emplacement of the lava flows (Schlische, 1992; Anders and
Schlische, 1994; Schlische and Anders, 1996; Morley, 1999, 2002).
This observation together with the relatively constant thickness devel-
oped by the lava flow units along the current fault system suggests
that the northeastern border fault system had already been linked
by the time that deposition of the alluvial units began. The alluvial suc-
cession consists of three units – Units 1 (oldest), 2 and 3 (youngest) –
readily distinguishable in the field by means of grain size, sedimentary
structures and clast provenance.

4. Methodology

Detailed geologic mapping, sedimentary logging and facies analysis
were performed in order to determine themain depositional character-
istics of the alluvial units. Six log sections were logged at 1:100 scale.
The geometry of the three syn-rift alluvial units was studied by con-
structing 2D cross sections parallel to the border fault system and by
stereographic projection techniques. The latter consists in plotting the
beddingdip and dip direction in a stereographic projection and compar-
ing it with that of a theoretical cone projection (Fig. 5). If the measure-
ments are taken over the same surface of a cone (Fig. 5A) the resultswill
show the data uniformly distributed along a small circle (Fig. 5B). This
same approach is used for analysing conical folds (e.g., Fernández
et al., 2003). By analogy, bedding measurements of a fan-shaped rock
body (Fig. 5C) will only be distributed along an arc segment of a small
circle (Fig. 5D). This arc represents the intercept of themeasured surface
with the lower hemisphere of the stereographic diagram, and thus the
fan-shaped geometry of an ancient sedimentary unit can be approxi-
mately tested. The arc convexity points in the same direction as the
fan axis plunge, while the apex is orientated in the opposite direction
(Fig. 5E). An estimate of the fan slope angle can be deduced from the di-
agram as an approximation to the arc's vertical angle measured from
the horizontal great circle. This method can also be helpful in determin-
ing whether alluvial units constitute single fans or more complex rock
bodies, i.e., coalesced fans or bajadas. In any case, the current method
cannot be implemented in an isolatedway. Its reliability has a strongde-
pendence on the geological context and the results should always be
used to complement the analysis of other geological and sedimentary
characteristics such as the distribution of bedding dip and strike in the
area (map view and cross-section analysis), clast provenance, catch-
ment area lithologies, paleotransport directions and depositional pro-
cesses. Finally, the current method is compatible with units that have

image of Fig.�2


Fig. 3. (A) Map of the Catán Lil Depocentre. (B) Correlation panel and schematic reconstruction of cross section geometry based on the thickness of units at different locations in the
depocentre: southwestern border (1), interior (2) and northeastern border (3). Total length of the panel is 13.5 km. Location of the studied alluvial succession is indicated with a
white rectangle in map view (A; see Fig. 4A) and with white lines in the correlation panel (B).
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suffered rigid body deformation (e.g., tectonic tilt), as they can always
be restored to their previous orientation by simple stereographic rota-
tion techniques (e.g., Fernández et al., 2003). However, it should only
be conductedwhen the bedding is not affected by non-rigid body defor-
mation (e.g., folding, faulting, and fluid escape). Clast provenance for
each unit was determined in the field by counting clasts along a square
matrix of 10 by 10 nodes at each counting site. Spacing between nodes
was kept equal to the average clast size in each case. Because of the pres-
ence of matrix in Unit 1, counts were done separately for clast and ma-
trix fraction in this case. In order to provide detailed quantification of
compositional variations observed in Unit 2, four sample stations were
arranged following a vertical trend along Log 4 (Figs. 4, 6). Each station

image of Fig.�3


Fig. 4. (A) Map of the study area, including the locations of the sedimentary logs (L1–6). (B) 2D section between map positions X and Y, levelled with offshore deposits internal strata.
Sedimentary log relative positions are projected onto this section. Logs are presented in Fig. 6.
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included 10 counting sites, adding up a total of approximately 1000
counts per station.

5. Alluvial deposits

Four different facies were defined for Unit 1, two for Unit 2 and two
for Unit 3. Their descriptions are given below and summarised in
Table 1. Compositional data are shown in Tables 2–4 for Units 1, 2 and
3, respectively.

5.1. Unit 1

Unit 1 constitutes the only evidence of alluvial deposits with
basement provenance along the northeastern border fault system
(Fig. 3A). It spans from 135 to 273 m thick and is composed mainly of
granite-derived coarse-grained conglomerates that unconformably
overlie the irregular topography left on top of the lava flow units in
the hangingwall (Figs. 4, 6–8). This volcanic substratum shows variable
degrees of alteration and regolith formation on its top surface (Fig. 4A),
forming a weathering zone up to almost 2 m thick.
5.1.1. Facies 1A
This is the commonest facies present in Unit 1 (Fig. 6). It consists of

poorly sorted clast-supported to matrix-supported cobble to boulder
conglomerates (Figs. 7A, 8A,B). Clasts are mainly granitic (N80% of the
grain fraction). Mean clast-size range is 12 to 30 cm and maximum
granitic clast size reaches 60 to 120 cm. Volcanic clasts are smaller,
spanning 3 to 10 cm and reaching a maximum of 40 cm. Granitic clasts
are rounded while volcanic ones are angular. Matrix fraction is com-
posed of granules with a proportion of 59% granitic and 41% volcanic
granules (Table 2). Beds 1–5 m thick are tabular with irregular bases
and planar tops. They are commonly massive but sometimes they
show coarse-tail inverse grading at the base of the deposits.

Successions constituted by Facies 1A can be solely composed of
the above mentioned deposits, but they are also frequently found

image of Fig.�4


Fig. 5. Geometrical comparison between a cone and an alluvial fan. (A) Perspective view of a vertical cone. The perimeter of the base of a cone is called the directrix, and each of the line
segments between the directrix and apex is a generatrix of the lateral surface. (B) The stereographic projection of the generatrices of the cone shown in (A) defines a small circle with the
axis projected into its centre. (C) Perspective viewof an idealised alluvial fan. The alluvial fan corresponds to a section of a cone: by analogy,measurements of bedding dip anddip direction
are equivalent to the generatrices of that same cone section. (D) The stereographic projection of themeasurements of bedding dip and dip direction on the alluvial fan (C) distributes along
an arc segment of a small circle. (E) Theoretical span of the alluvial fan in (C). The bigger arrow marks the central direction. Ideally, the catchment area would be situated somewhere
opposite to where the central arrow is aiming.
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intercalated with Facies 1C or Facies 1D deposits (Figs. 7C, 9A,C). Facies
1A successions are not thicker than 12 m.

5.1.2. Facies 1B
This facies is irregularly distributed at the base of Unit 1 and the suc-

cessions are always less than 15 m thick (Fig. 6, Log 1). It is composed of
very poorly sorted matrix-supported boulder conglomerates (Figs. 7B,
8C,D). Clasts are granitic (N90%), subrounded and 60 to 120 cm of
maximum size. Matrix is composed of sand and silt of volcanic origin
with granitic granules in a proportion similar to that of Facies 1A
(Table 2). Beds are tabular, with planar irregular bases and tops and
measure 0.5 to 2.5 m thick. Coarse-tail normal and inverse-normal
grading is found. Facies 1B is commonly composed of successions of
amalgamated beds.

5.1.3. Facies 1C
Facies 1C consists mainly of moderately to well-sorted clast-

supported pebble and cobble conglomerates (Figs. 7C, 9A). Grain

image of Fig.�5


Fig. 6. Schematic sedimentary logs showing facies distribution, grain size, bed thickness and paleoflow directions. See Fig. 4 for log locations. Two coarsening and bed-thickening upwards
cycles can be appreciated for Unit 2 in Log 4. The lower one is composed of Facies 2B followed by Facies 2A. The upper cycle is completely composed of Facies 2A. Facies 3A clinoforms
downlap on top of Facies 2A successions. Facies 3A is capped by Facies 3B in Log 4 and Log 6. Note the gradual vertical decrease in granite-derived clasts throughUnit 2 until their complete
disappearance in Unit 3. For further detail on compositional analysis refer to Tables 2–4.
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composition is the same as for Facies 1A (Table 2). Clasts are rounded to
well-rounded for granite and angular for volcanics. They also include a
few outsized clasts 20 to 40 cm long. Less regularly, boulder conglomer-
ates are also found as part of this facies. Tabular and channelizedmatrix-
free bodies are observed with planar or trough cross- or horizontal
stratification and rare clast imbrication. They are 30 to 80 cm thick
and can extend laterally for up to 3 m. Channel bases are erosive with
a step-like configuration, while tops are planar.

Facies 1C is commonly intercalated with Facies 1A constituting 5 to
12 m thick successions. Channel bodies are rarely erosive over Facies
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1A and are never deeply incised. However, they commonly erode other
Facies 1C deposits (Fig. 9A). Exclusive Facies 1C successions are not
frequent and measure up to 9 m thick (Fig. 6).

5.1.4. Facies 1D
Two different kinds of deposits constitute Facies 1D. The first one in-

cludes conglomeratic and sandy successions consisting of lenticular and
tabular beds. They are composed of moderately well sorted clast-
supported granule and pebble conglomerates intercalated with well-
sorted sandstones. Lenses are massive to diffusely stratified (Fig. 9C).
They show concave bases and planar tops, measure 20 to 30 cm thick,
and are normally graded. Tabular bodies are also massive to diffusely
stratified, 20 cm thick, and show planar bases and tops (Fig. 9B). The
proportion of granitic/volcanic clasts is identical to that in the matrix
of Facies 1A (Table 2). Isolated cobble rounded granitic clasts are com-
monly present. The second type of deposit is composed of well-sorted
and clast-supported granule conglomerate lenses. These lenses show
horizontal stratification, concave bases and planar tops, and measure
25 to 35 cm thick. They often carry either granitic or volcanic cobble
clasts.

Facies 1D commonly appears intercalated with Facies 1A, in 10 to
20 m thick successions (Fig. 7A). Exclusive Facies 1D successions are
less than 8 m thick and are sparsely and irregularly distributed through-
out Unit 1 (Fig. 6).

5.1.5. Unit 1 sedimentary processes
The poorly sorted cobble to boulder conglomerates which make up

Facies 1A and 1B are characteristic of debris flow deposition (e.g.,
Smith, 1986; Blair and McPherson, 1992, 1994, 1998; Blair, 1999b).
The major difference between these facies lies in clast concentration
and matrix grain-size. Facies 1A has a granule-size matrix while it is
finer for the volcanic components of Facies 1Bmatrix. This can be attrib-
uted to differences in flow cohesive rheology. The nature of the matrix
particles is a key factor in grain support mechanisms within debris
flows (Blair and McPherson, 1992, 1994, 1998; Dasgupta, 2003). Clay
content proportion determines the cohesive or non-cohesive character
of the flow (N27% cf., Dasgupta, 2003, and discussion therein;
Wagreich and Strauss, 2005). Clay was observed neither in Facies 1A
nor in Facies 1B. The lack of any distinguishable cohesive particles in Fa-
cies 1A indicates its deposition by non-cohesive flows. The poorer
sorting and lower clast concentration observed in Facies 1B cannot be
taken unequivocally as a proof of cohesiveness. Nevertheless, they do
suggest a more cohesive nature for the debris flows represented by
Facies 1B than for those represented by Facies 1A.

Facies 1C and 1D are clearly better sorted than Facies 1A and 1B. The
structures developed in Facies 1C such as planar and trough cross-
stratification, in addition to the better development of horizontal strat-
ification, imply turbulent current conditions. Channel bodies are well
defined and show relatively complex erosive features whose form in
cross section resemble channel fills preserved between Facies 1A debris
flow deposits. Facies 1C is the result of secondary fluidal flow processes
occurring between events of debris flow deposition (Blair and
McPherson, 1992, 1994, 1998; Blair, 1999b). The fact that the channels
are only rarely found incised into the debris flow deposits suggests the
superficial reworking character of the involved processes. Successions
exclusively composed of Facies 1C represent more persistent fluidal
deposition conditions in localised positions along Unit 1. They may be
related to the existence of incised channels (e.g., Blair, 1999b) but
none of these could be readily distinguished in the outcrops. Facies 1D
clast-size is finer than that of Facies 1C; it lacks any conclusive evidence
of turbulent deposition, and also presents channel-like bodies, albeit of a
much smaller scale. These lenses do not show erosive bases. The
arrangement of massive tabular beds and normal graded lenses can be
explained by rapid water-flow deposition by flashy flood surges (e.g.,
Blair and McPherson, 1994). These types of flows can range from truly
fluidal to even hyperconcentrated. Facies 1D was originated under less



Fig. 7. Typical log sections for Facies 1 deposits. (A) Facies 1A successionwith intercalations of Facies 1Ddeposits; clast-supported Facies 1A deposits indicated as (c) andmatrix-supported
ones as (m). (B) Facies 1B succession. (C) Facies 1C at the base of the log section, followed by intercalations between Facies 1C and Facies 1A. (A), (B) and (C) correspond to actual sections
from Logs 3, 1 and 5, respectively (See Fig. 6). Keys are indicated inside the box.
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energetic conditions than Facies 1C but the two are equivalent in terms
of being deposited in between major debris flow event deposits (Blair
and McPherson, 1992, 1994, 1998; Blair, 1999b).

The difference between volcanic- and granitic-derived clasts is not
only compositional but also in terms of shape and size. Granitic clasts
are rounded to subrounded while volcanic ones are invariably angular.
The proportion of granitic clasts in Unit 1 is higher in the coarser-
grained beds and it decreases in the finer-grained deposits and the ma-
trix fraction (Table 2). Overall abundance of granitic clasts reflects the
predominance of this lithology in the bedrock catchment area, which
is indicative of a footwall block derived provenance (Fig. 4). This special
signature is evidentlyweaker in thefiner portions because of the contri-
bution of fragments derived from weathering of the volcanic substra-
tum. Volcanic clasts were thus incorporated to the different flows in
the hangingwall area after the flows left the footwall catchment zone.
The lower proportion of coarser volcanic clasts is explained by the
implied lower gradient in the hangingwall area.

5.2. Unit 2

Unit 2 unconformably overlies Unit 1 along a sharp and abrupt
contact (Fig. 4). It is a 92 to 128 m thick succession composed of
volcanic-derived medium- to fine-grained conglomerates. This compo-
sitional trend becomes more marked upwards throughout the unit
(Table 3; Fig. 6, Log 4). Almost the entire unit is formed by Facies 2A
(Figs. 6, 10, 11).

5.2.1. Facies 2A
Facies 2A comprises very well sorted clast-supported mixed prove-

nance pebble conglomerates, with an absence of matrix (Figs. 10A,
11A). Volcanic clasts are characteristically angular to subangular in
shape while granitic ones tend to be rounded. Average clast-size ranges
from 4 to 64 mm, with granitic clasts generally smaller than volcanic
ones. However, isolated outsized rounded granitic and volcanic cobbles
and boulders are present, measuring 40 to 120 cm (Fig. 11B). The suc-
cessions are conspicuously composed of 20 to 80 cm thick massive to
diffusely stratified tabular beds, with planar bases and tops (Fig. 11B).
Less frequently, couplets 30 to 50 cm thick, of pebbly (15 to 30 cm
thick) and granule (5 to 20 cm thick) conglomerates, are observed
(Fig. 11C). Facies 2A successions are 80 to 180 m thick and are typically
coarsening- and bed-thickening upwards (Figs. 6, 11D). Large volcanic-
derived blocks are commonly found near the top of Unit 2 (Fig. 11E).

5.2.2. Facies 2B
Very restrictedly, it occurs only at the base of Unit 2 (Fig. 6, Log 4)

and it is mainly differentiated from Facies 2A by its finer grain-size. It
is composed of very well sorted clast-supported granule conglomerates
(Figs. 10B, 11F). There is nomatrix in these deposits. Volcanic clasts are
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Fig. 8. Field photographs of the conglomerate deposits inUnit 1. (A) Succession of stacked tabular beds of poorly sorted conglomerates (Facies 1A). (B) Clast rich conglomerates (Facies 1A).
(C) Very poorly sortedmatrix-supported boulder conglomerate (Facies 1B). (D) Succession of amalgamated beds ofmatrix rich conglomerates (Facies 1B).Wooden stick andwhite bar for
scale are 1.2 m, hammer is 30 cm long.
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subangular, while granitic ones are rounded to subrounded. Clast-size
ranges from 2 to 4 mm, with rare volcanic fragments measuring 4 cm
and definitely outsized rounded granitic boulders of up to 60 cm. Beds
are stratified, showing tabular geometry with planar bases and tops, 5
to 15 cm thick. Successions composed by Facies 2B tend to be about
5 m thick.

5.2.3. Unit 2 sedimentary processes
Well-sorted clasts, the lack of matrix fraction and the occur-

rence of massive to diffusely stratified beds in Facies 2A suggest
hyperconcentrated flow deposition (Smith, 1986; Blair and McPherson,
1994; Blair, 1999a,c)while the better stratified Facies 2Bmay correspond
to deposition from more diluted flows. The only other difference is the
coarser nature of Facies 2A, implyinghigher energy conditions for this fa-
cies. These features, along with the couplet grain-size alternations, are
typical characteristics of sheet-flood dominated alluvial systems (Blair
and McPherson, 1994; Blair, 1999a,c). Outsized clasts are indicative of
the competence of the sheetfloods (e.g., Blair, 1999a). However, it is
also possible that some of themwere transported by rolling from nearby
heights. Neither Facies 2A nor 2B present any clear evidence of erosive
processes within Unit 2 deposits. Predominance of volcanic over granitic
clasts (Table 3) implies a catchment area dominated by volcanic bedrock,
suggesting a catchment situated mostly in the hangingwall (Fig. 4).
Facies 2A contains footwall-derived (granitic) as well as hangingwall-
derived (volcanic) boulders. On the contrary, Facies 2B contains only
footwall-derived boulders.

5.3. Unit 3

Unit 3 is only 3 to 6 m thick. It is composed of medium- to fine-
grained conglomerates that always overlie Unit 2 deposits, separated
by an irregular but not incised erosion surface (Fig. 6), and are covered
by black shales (Fig. 4). Almost all of Unit 3 is composed by Facies 3A
and its composition is characteristically volcanic-derived (Table 4).

5.3.1. Facies 3A
Facies 3A comprises very well sorted clast-supported matrix-free

pebble conglomerates (Fig. 10C). Clasts are angular to subangular and
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Table 2
Unit 1 compositional data. See Fig. 4 for log locations and Fig. 6 for station positions along logs.

Location L2 L2 L1 L2 L1 Total Total (%)

Latitude (S) 39°13′31″ 39°13′32″ 39°13′14.8″ 39°13′25.5″ 39°13′31.2″

Longitude (W) 70°36′59″ 70°36′58.2″ 70°37′34.2″ 70°37′35.2″ 70°37′1.7″

Facies 1A matrix 1A matrix 1B matrix 1C clasts 1C clasts

Station 1 Station 2 Station 3 Station 4 Station 5

Granitic clasts 56 68 58 55 58 295 59
Volcanic clasts 44 32 42 43 44 205 41
n 100 100 100 98 102 500

Location L2 L2 L3 L1 L5 Total Total (%)

Latitude (S) 39°13′31″ 39°13′32″ 39°13′34.6″ 39°13′15.8″ 39°12′47.3″

Longitude (W) 70°36′59″ 70°36′58.2″ 70°37′1.4″ 70°37′33″ 70°38′5.1″

Facies 1A clasts 1A clasts 1A clasts 1A clasts 1A clasts

Station 1 Station 2 Station 6 Station 7 Station 8

Granitic clasts 82 84 80 84 83 413 83
Volcanic clasts 18 16 19 16 17 86 17
n 100 100 99 100 100 499

80 M. Muravchik et al. / Sedimentary Geology 301 (2014) 70–89
totally of volcanic provenance (Table 4). Average clast-size is 12
to 15 mm, reaching a maximum of 7 cm. Some fragmented and
disarticulated marine bivalves are also present. The most conspicuous
feature of this facies is the development of oblique clinoforms with an
average dip of 19° and up to 15 m long (Fig. 12). Clinoforms height
varies from 2.5 m at the southeast (Fig. 4A,B, between Logs 4 and Y)
to 4 m at the northwest (Fig. 4A,B, Log 6), locally reaching up to 5.5 m
to the north of Log 6 (Fig. 4A,B). The clinothems aremassive to diffusely
stratified tabular beds with net planar bases and tops and are 30 to
80 cm thick (Fig. 12). They downlap onto Facies 2A deposits and are
Fig. 9. Field photographs of the conglomerate deposits in Unit 1 (A) Channelizedwell sorted co
sortedfine conglomerate (C) deposits (Facies 1D). (C) Gullyfill composed ofmoderatelywell so
conglomerate deposits (Facies 1A). Trekking pole for scale is 1.2 m long and pencil is 7 cm lon
developed throughout Facies 3A successions (Fig. 6). No outsized clasts
were observed in these deposits.

5.3.2. Facies 3B
Facies 3B is only present in some locations and always overlies Facies

3A (Figs. 6, 10C). It includes evenly stratified and very well sorted clast-
supported granule conglomerates.While clasts aremainly volcanic,ma-
rine bivalve fragments are also present. Less common are platy black
shale intraclasts which are aligned parallel to stratification. This facies
is only 50 cm thick.
nglomerates (Facies 1C). (B)Well sorted sandstones (S) intercalated withmoderately well
rted coarse sandstones andfine conglomerates (Facies 1D) in between two coarser-grained
g.
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Table 3
Unit 2 compositional data. See Fig. 4 for log locations and Fig. 6 for station positions along L4. CS, counting site.

CS 1 CS 2 CS 3 CS 4 CS 5 CS 6 CS 7 CS 8 CS 9 CS 10 Total Total (%)

L4— station 9 (lower section): Facies 2B. Coordinates: 39°13′43.3″S, 70°37′6.7″W
Granitic clasts 30 48 44 37 43 28 36 36 35 39 376 36.90
Volcanic clasts 71 52 66 62 57 82 64 64 64 61 643 63.10
n 101 100 110 99 100 110 100 100 99 100 1019

L4— station 10 (lower middle section): Facies 2A. Coordinates: 39°13′44.1″S, 70°37′6″W
Granitic clasts 29 34 24 36 28 23 26 29 23 29 281 27.41
Volcanic clasts 71 75 76 74 77 77 74 71 78 71 744 72.59
n 100 109 100 110 105 100 100 100 101 100 1025

L4— station 11 (upper middle section): Facies 2A. Coordinates: 39°13′44.8″S, 70°37′5.8″W
Granitic clasts 23 23 18 15 22 15 24 18 15 12 185 18.52
Volcanic clasts 77 77 82 85 78 85 76 82 85 87 814 81.48
n 100 100 100 100 100 100 100 100 100 99 999

L4— station 12 (upper section): Facies 2A. Coordinates: 39°13′45.9″S, 70°37′7″W
Granitic clasts 8 5 9 9 10 6 7 7 6 12 79 7.85
Volcanic clasts 92 95 91 91 90 94 93 93 94 94 927 92.15
n 100 100 100 100 100 100 100 100 100 106 1006
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5.3.3. Unit 3 sedimentary processes
There is a great resemblance between Facies 2A and Facies 3A, re-

vealed in grain size, clast composition (Table 4) and shape, well sorted
condition and complete lack of a matrix fraction. Geometry and struc-
ture of the beds are also very similar. Facies 3A is thus also interpreted
to represent deposition from hyperconcentrated flows (Smith, 1986;
Blair and McPherson, 1994; Blair, 1999a,c). Nevertheless, the conspicu-
ous development of well defined clinoforms throughout the deposits is
an unequivocal evidence of subaqueous deposition and typical of deltas
(e.g., Postma, 1990; Orton and Reading, 1993). As clinoform height
approximately represents the paleo-bathymetry during deposition
(e.g., Postma, 1990; Mortimer et al., 2005) it would imply in this case
a depth of water between 2.5 and 5.5 m, which is typical of shoal-
water deltas (Postma, 1990). The facies are characteristically very simi-
lar between the subaerial and subaqueous parts of this type of deltas
(Postma, 1990; Orton and Reading, 1993). The oblique geometry of
the clinoforms indicates a dominance of progradation over aggradation
in the depositional system (e.g., Mortimer et al., 2005). The thin, but
widespread occurring Unit 3 deposits, together with the implied
shallow water, are compatible with that progradational scenario. The
presence of the bivalve fragments in Facies 3A argues for marine condi-
tions in the depositional environment. In this sense, Facies 3A repre-
sents the continuation of hyperconcentrated flow deposition resulting
from a sheet-flood dominated alluvial system (Blair and McPherson,
1994; Blair, 1999a,c) that projected into the marine realm in a fan
delta setting (McPherson et al., 1987; Sohn and Son, 2004; Blair and
McPherson, 2008).
Fig. 10. Typical log sections for Facies 2 and 3 deposits. (A) Facies 2A. (B) Facies 2B. (C) Facies 3
actual sections from Logs 1, 4 and 6, respectively (See Fig. 6). See Fig. 7 for keys.
Facies 3B is the product of less energetic and more diluted flows at
the end of Unit 3 deposition. Facies 3B thin and discontinuous in nature
together with its content of broken shells and clay intraclasts are char-
acteristics referable to transgressive lags (e.g., Cattaneo and Steel,
2003). Their occurrence on top of Facies 3A foresets could represent
the transgression that led to the deposition of the black shale units
that overlie Unit 3.

An overall gradual decrease in the clinoform height is noted formost
of the exposure from 4 to 2.5 m (Fig. 4A,B, between Logs 6 and Y). The
fact that this decrease coincides with the progradation direction could
indicate a relative fall in sea level (~1.5 m) before the transgression
that deposited Facies 3B and the subsequent black shales occurred.
The combined effect of sea level fall followed by a transgression, and
its consequent erosional effect, could account for the lack of preserved
clinoform tops in Unit 3. Caution is needed interpreting any relative
sea level fall from the preserved height of the clinoforms as it is possible
that some of the observed variations respond to local irregularities
inherent to the inundating nearshore substrate (i.e., top of Unit 2).
Also, only a sharp non-incised surface is observed between Facies 3A
and Facies 3B (Figs. 6, 10C). Facies 3B grain-size is significantly smaller
than Facies 3A (Figs. 6, 10C), so if similar grain-sizes are assumed
between topset and foreset, Facies 3B does not possibly represent
reworking of any Unit 3 clinoform tops.

Except for the bivalve fragments and the black shale intraclasts,
all the other clasts forming Facies 3 are volcanic. This is compatible
only with a catchment area entirely placed on the hangingwall
block.
; Facies 3A and 3B indicated as F 3A and F 3B, respectively. (A), (B) and (C) correspond to
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Fig. 11. Field photographs of the conglomerate deposits in Unit 2. (A) Typical deposit composed of well sorted conglomerates (Facies 2A) with angular volcanic clasts; pencil for scale is
15 cm long. (B) View of Unit 2 lowermiddle section. Tabular stratified bedswith dispersed outsized boulders (Facies 2A); trekking pole (circled) for scale is 1.2 m. (C) Couplet alternation
between pebble (P) and granule (G) conglomerates (Facies 2A); compass for scale is 7 cmwide. (D) View of Unit 2 upper section. The succession is bed-thickening and grain-coarsening
upwards; comparewith (B). The outsized boulders get even bigger (some arrowmarked); see person for scale. (E) Outsized volcanic derived block of about 5 m long and 3.2 m across; see
person for scale. (F) View of Unit 2 base. Tabular well stratified beds made of granule conglomerates (Facies 2B) with outsized cobbles and boulders (some arrowmarked); trekking pole
(circled) for scale is 1.2 m.
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6. Alluvial evolution

6.1. Composition of the alluvial units

As a whole, the alluvial successions studied show a definite upwards
decrease in the proportion of granitic clasts (Fig. 6, Tables 2–4). The
change in composition is abrupt fromUnit 1 to Unit 2 and is then gradual
up to Unit 3. This indicates a general decrease in footwall-derived compo-
nents and corresponding enrichment in hangingwall-derived ones. It is
significant, however, that such diminution is not detected in the case of
outsized clasts (i.e., cobbles and boulders), where the relative proportions
of granitic and volcanic material do not vary substantially. Unfortunately,
the wide dispersion of these fragments prevents obtaining any quantita-
tive result. The presence of scattered granitic cobbles and boulders
throughout the thickness of Unit 2 is indicative of a steep gradient in
the granitic footwall, where the fault scarp still constituted a positive ele-
ment shedding occasional debris into the hangingwall during deposition
of Unit 2. In contrast, the absence of both volcanic and granite outsized
clasts from Unit 3 deposits may imply that locally steep gradients no
longer existed either in the hangingwall or the footwall.

Of the twomain transport processes detected, each one corresponds
to a definite composition: granite-rich units are mainly a product of
non-cohesive debris flows while volcanic-rich ones are related to
hyperconcentrated flow deposition. No relation of cause and effect is
necessarily implied for this particular example, but bedrock lithology
has proved in other cases to be a decisive control defining the nature
of the flows (Blair, 1999a, 1999b, 1999c; Nichols and Thompson,
2005; Wagreich and Strauss, 2005).
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Table 4
Unit 3 compositional data. See Fig. 4 for log locations and Fig. 6 for station positions along logs.

Location L1 L4 L6 Total Total (%)

Latitude (S) 39°13′38.7″ 39°13′46.8″ 39°13′6.1″

Longitude (W) 70°37′38.4″ 70°37′7.4″ 70°38′12.9″

Facies 3A 3A 3A

Station 13 Station 14 Station 15

Granitic clasts 0 0 0 0 0
Volcanic clasts 100 100 100 300 100
n 100 100 100 300
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6.2. Geometry and orientation of the alluvial units

Detailed mapping and surveying of bedding dip and strike of the
studied alluvial units do not suggest the existence of coalesced alluvial
fans among their deposits (Fig. 4A). On the contrary, the bedding pat-
tern in each unit is more compatible with the one expected for a single
fan. The 3D geometry of the alluvial units was evaluated by testing their
approximation to a fan shaped body (see Section 4). The results are pre-
sented in Fig. 13, along with rose diagrams for the available paleoflow
data. In cross-section parallel to the border fault, Unit 1 appears as a
lobe deposited over an irregular volcanic surface, depressed in its medi-
al sector (Fig. 13D). Thickness pattern is consistentwith this volcanic to-
pography, thickening towards the centre (273 m) and tapering towards
Fig. 12. (A) Typical oblique clinoforms in Unit 3 downlapping directly over Facies 2A deposits
indicated with a white triangle in (A) and (B) and the trace is highlighted with a white dashed
the southeast (135 m) and northwest (145 m). No normal faults or syn-
clines are observed affecting the lava flow units below this depression
or anywhere else in the study area (Figs. 4, 13). The origin of this depres-
sion on top of the lava flowunits is thus interpreted to be intrinsic to the
volcanic topography. On the other hand, Unit 2 shows moderate wedge
geometrywith aflatter top gradually sloping to the southeast. Thickness
decreases in the same direction from128 m to the northwest to 92 m to
the southeast (Fig. 13D). Unit 3 is a thin wedge-veneer on top of Unit 2,
reaching 6 m thick to the northwest and only 3 m thick to the southeast
(Fig. 13D).

The distribution of bedding dips (Fig. 13C) and paleoflow directions
(Fig. 13B) suggests that the axis of Unit 1 fan was orientated to the
southwest, transverse to the border fault system. These data strongly
from Unit 2. (B) Line drawing and interpretation of (A). Contact between Units 2 and 3 is
line in (B). Person (circled) for scale is about 1.8 m.
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Fig. 13. Analysis of the transport directions for the sedimentary systems represented by Units 1, 2 and 3 deposits and its relation with the depocentre border fault system: Geologicalmap
(A) and cross section X–Y (D) of the study area. See Fig. 4. for keys and further explanation. Paleotransport directions are shown for each unit with red triangles in the map (A). (B) Rose
diagrams showing paleoflowdirections for Unit 1 (cross-stratification, base of channels and clast imbrication) and Unit 3 (foreset clinoforms orientation). (C) Stereographic projections of
bedding dip and dip directions for Units 1, 2 and 3. Unit 1 transport direction is to the southwest, transverse to the border fault system. Units 2 and 3 transport direction is to the southeast,
parallel to the border fault system.
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support Unit 1 being an alluvial fan sourced from the footwall off the
northwest–southeast trending border fault. This configuration is consis-
tent with compositional data suggesting a granitic source and the ob-
served cross-sectional lobe geometry (Fig. 13D). In contrast, Unit 2 fan
shows an axis orientated to the southeast, parallel to the border fault
system,with a fan apex towards thenorthwest (Fig. 13C). Due to the na-
ture of Unit 2 deposits no paleoflow data can be recorded. However,
transport direction expected from the fan configuration for this sedi-
mentary system is from northwest to southeast. Thus, the condition of
a hangingwall-fed alluvial system implied by the predominance of vol-
canic clasts agrees with this fan orientation and the southeastward-
tapering wedge geometry observed in the 2D section (Fig. 13D). In the
case of Unit 3, the fan delta also shows an axis orientated parallel to
the border fault system and a northwesterly pointing apex (Fig. 13C).
Transport direction is from northwest to southeast (Fig. 13B), the
same direction in which the deposits taper (Fig. 13D).
7. Discussion

Alluvial deposition along the border fault system in a half-graben
depocentre is characterised by the development of three distinctive el-
ements (e.g., Leeder and Gawthorpe, 1987; Jackson and Leeder, 1994;
Eliet and Gawthorpe, 1995; Leeder et al., 1996; Gawthorpe and
Leeder, 2000): a) relatively high-gradient transverse footwall-sourced
alluvial fans, b) lower gradient transverse hangingwall-fed alluvial
fans typically coalesced into a bajada, and c) an axial river. From
these, neither the transverse hangingwall-fed bajada nor the axial fluvi-
al system was found preserved in the current depocentre. Instead, two
basic alluvial fan configurations were identified: a footwall-fed fan
orientated transversely to the border fault system (Fig. 14A) and a
hangingwall-fed fan orientated parallel to the border fault system
(Fig. 14B). The first configuration corresponds to Unit 1 and the second
to Units 2 and 3.
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7.1. Ground tilting and alluvial fan orientation

Hangingwall block rotation determines the topography in the
hangingwall surface by ground tilting, controlling the orientation of
the alluvial systems in a half-graben (Alexander and Leeder, 1987,
1990; Peakall et al., 2000). It is important to note however, that large
footwall-derived sedimentary systems can eventually prograde against
the tilt of the hangingwall towards the opposite half-graben margin
(e.g., Alexander and Leeder, 1987; Eliet and Gawthorpe, 1995; Leeder
et al., 1996). Such a situation only occurs when sedimentation outpaces
the creation of accommodation space, which often implies small dis-
placements at the border fault system and consequently low gradients
on the hangingwall block (e.g., Alexander and Leeder, 1987; Gordon
and Heller, 1993; Eliet and Gawthorpe, 1995; Leeder et al., 1996). This
does not apply to the present case as Unit 1 alluvial fan characteristics
are related to those of small frontal catchments (sensu Cowie et al.,
2006; see Section 7.3, below). Thus, the change in orientation from
Unit 1 to Units 2 and 3 can be interpreted to indicate a change in the
hangingwall surface gradients. The transverse orientation of the Unit 1
fan can be explained in two possible ways: either its catchment output
was situated straight on a topographic low or there were no significant
slope gradients along the strike of the border fault system. In any case, it
shows that hangingwall block rotation was uniform along strike
(Figs. 14C, 15A). The opposite is interpreted to be the case of the longi-
tudinal fan recorded for Unit 2 (Figs. 14D, 15B). The southeastward
orientation of this fan consequently needs the existence of a southeast-
ward slope gradient to be explained. Such a change in the hangingwall
slope gradients is interpreted to be induced by a southeastward rotation
component. Unit 3 fan delta poses a different case. It is difficult to state
Fig. 14. Schematic diagrams of the alluvial units and their orientationwith respect to the depoce
(B) Alluvial fan orientated parallel to the border fault system. Dip anddip directions shown in (A
block that experiences no rotation along strike (C) and a hangingwall block rotating along strike
hangingwall towards the left side of that point in the diagram and a relative increase in the foo
conditions this can induce the erosion of the uplifted portions and inception of alluvial system
from Unit 3 data alone whether the hangingwall block experienced any
rotation towards the southeast during deposition of the fan delta. Only
the gradient of Unit 3 substrate can be inferred. The small and relatively
uniform height of clinoforms indicates nearly constant shallow water
conditions throughout most of the deposition of Unit 3, suggesting
that the substrate for Unit 3 deposition (i.e., top of Unit 2 alluvial fan)
was nearly horizontal. The marine transgression represented by the
boundary surface between Units 2 and 3 is a regional flooding surface
recognised at the base of the Cuyano Cycle. Its effects are widespread
all over the Neuquén Basin and a eustatic origin for this transgression
is widely accepted (e.g., Gulisano, 1981; Gulisano and Pando, 1981;
Legarreta andUliana, 1996). It is thus proposed that Unit 3 fan delta rep-
resents the flooding of the Unit 2 alluvial system, which constituted at
that time a low-gradient alluvial fan (Fig. 15C). It is inferred, however,
that subsequent pulses of southeast rotation occurred after deposition
of Unit 2.While the difficulties to state the case for Unit 3 were exposed
above, the wedge geometry of Cuyano Cycle offshore deposits pre-
served below the beds used as datum for the cross section presented
in Figs. 4B and 13D indicates a tilting event towards the southeast
after the deposition of Unit 3.

7.2. Possible structural controls on sedimentary patterns

Rotation of the faulted blocks that integrate the hangingwall area is a
necessary consequence of the deformation of the highly competent rock
units that compose the deforming substrate (granitoids and consolidat-
ed lava flow units). Geometrical linkage of fault segments in a normal
fault array does not necessarily imply that they behave as a single
fault kinematically, and differences in displacement along strike
ntre border fault system. (A) Alluvial fan orientated transversely to the border fault system.
) and (B). Hangingwall cross-sections, parallel to the border fault system, for a hangingwall
(D). (D) At any point on the hangingwall surface rotationwill result in relative uplift of the
twall/hangingwall height relation towards the right side of it. Given the right geomorphic
s. A hypothetical catchment section is shown with a dotted line. No scale implied.
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Fig. 15.Hangingwall schematic cross-sections, not to scale, parallel to the border fault system, forUnit 1 depositional times (A), for Unit 2 depositional times (B), and for Unit 3 depositional
times (C). Note the different subsidence patterns experienced by the hangingwall between (A) on the one side and (B) on the other side. (C) Deposition of Unit 3 fan delta occurred over a
relatively flat substrate on a shallowmarine environment. (D), (E) and (F) Paleogeographic representations of Units 1, 2 and 3 sedimentary systems in the rift depocentre. (D) Unit 1 was
deposited by a debris flow dominated alluvial system that built a transverse footwall-fed fan with a catchment area situated on the footwall block. (E) Unit 2 was deposited by a
hyperconcentrated flow dominated alluvial system that built a hangingwall-fed fan, parallel to the border fault. The catchment area was mainly situated on the hangingwall, with a
minor proportion on the footwall. (F) Unit 3 is also the result of hyperconcentrated flow dominated deposition by a hangingwall-fed alluvial system, parallel to the border fault. In this
last case, a fan delta was built and the catchment area was fully situated on the hangingwall block. The kink in the northeastern border fault system in (D), (E) and (F) is a possible
interpretation that results from reconstructing a portion of that fault system that is now covered by Cenozoic volcanic rocks (Compare with Fig. 3A).
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between them in an already linked border fault system commonly occur
(e.g., Morley, 2002; Bull et al., 2006). Therefore, the two main possible
mechanisms to induce the southeastward rotation of the hangingwall
block between deposition of Units 1 and 2 are by increasing the dis-
placement along-strike the northeastern border fault system, and/or
by allowing the displacement along the southeastern border fault sys-
tem to overpass that one along the northeastern border fault system.
Due to the inversion of the extensional structures of the Catán-Lil
Depocentre the original extensional kinematic indicators were erased
or over-printed, precluding any proper kinematic analysis of the fault
population. The original geometry of the depocentre and its structures
can only be reconstructed from the analysis of the syn-rift stratigraphy
(see Section 3). Examination of other depositional systems postdating
the lava flow units and from a different location in the Catán-Lil
depocentre shows paleoflow directions compatible with the existence
of southeast surface gradients in the hangingwall blocks (Muravchik,
2009). As no transverse structures are observed along the northeastern
border fault system, it is interpreted that no significant differences in
displacement between the fault segments existed during deposition of
the alluvial succession (e.g., Schlische, 1992; Anders and Schlische,
1994; Schlische and Anders, 1996; Morley, 1999, 2002). Consequently,
increased displacement along the southeastern border fault system is
the preferred explanation for the origin of southeastward tilting
hangingwall blocks in the Catán-Lil depocentre.

The existence of varied and contrasting directions in the arrange-
ment of extensional structures during the rifting phase of the Neuquén
Basin is a well recognised characteristic throughout the basin,
interpreted to be caused by a non-unidirectional stress field (e.g.,
Franzese and Spalletti, 2001; Cristallini et al., 2009; Giambiagi et al.,
2009). As such, the half-grabens in the subsurface show a predominant
NE–SW polarity in the Neuquén Embayment (eastern Neuquén Basin,
Cristallini et al., 2009) and N–S to NW–SE polarities in the Huincul
High (southern Neuquén Basin, Vergani, 2005; Fig. 1A,B). W–NW and
NE orientated structures are observed to cut the predominant NW bor-
der fault systems in the half-grabens from the Neuquén Embayment
and oblique rifting is regarded as a possible mechanism (Cristallini
et al., 2009). Likewise, the coexistence of both NE–SW and NW–SE di-
rections of extension was identified from kinematic analysis of exposed
depocentres from the northern Neuquén Basin (Atuel, Malargüe and
Cara Cura-Reyes depocentres) and oblique rifting was proposed for
their formation (Giambiagi et al., 2009). Situated immediately to the
southeast of the Catán-Lil Depocentre, the Sierra de Chacaico half-
graben has N–S polarity and is interpreted as an exposed portion of
the Huincul High structure which lies to the east in the subsurface
(Franzese et al., 2007; Fig. 1A,B). Consequently the southeastward
rotation of the hangingwall block in this case does not necessarily
imply any change in the stress field during deposition of the studied
succession. On the contrary, the existence of a non-unidirectional
stress field and the effects of oblique rifting allow for the develop-
ment of multiple extensional components that consequently derive
in contrasting subsiding patterns through time even in one single
depocentre.
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7.3. Possible drainage configurations

The existence of an axial fluvial system connecting different
depocentres along an extensional fault array is a common feature in ba-
sins in a relatively advanced phase of fault growth and linkage andwith
well integrated drainage networks such as in the Basin and Range, Cen-
tral Greece and East African Rift (e.g., Jackson and Leeder, 1994; Eliet
and Gawthorpe, 1995; Morley, 1999; Densmore et al., 2004). This was
not the case for the southwestern Neuquén Basin during deposition of
the Precuyano Cycle, when depocentreswere isolated entities rarely ex-
ceeding 15–20 km in length (Franzese and Spalletti, 2001; Franzese
et al., 2006, 2007; D'Elia et al., 2012). There is no evidence of axial fluvial
drainage in any of the exposed depocentres, and no other records exist
of deposits rich in basement-derived clasts (Franzese et al., 2006, 2007;
D'Elia et al., 2012). Precuyano Cycle depocentres are interpreted as rel-
atively isolated drainage basins controlled by the interaction between
volcanism and extensional tectonics (Muravchik et al., 2011; D'Elia
et al., 2012).

Drainage evolution studies in rift basins are mainly focused on ex-
tensive (20–40 kmwide and N60 km long) domino-like footwall blocks
(Jackson and Leeder, 1994; Ellis et al., 1999; Densmore et al., 2003, 2004,
2005; Cowie et al., 2006). In such areas, large drainage catchments form
at the expense of antecedent drainage and/or existence of low relief
transfer zones (e.g., Gordon and Heller, 1993; Gawthorpe et al., 1994;
Eliet and Gawthorpe, 1995) or due to the structural evolution inherent
to extensional fault arrays (Cowie et al., 2006). Footwall uplift is an es-
sential component in the inception of drainage catchments on the foot-
wall block (e.g., Cowie et al., 2006). Uplift results from elastic rebound
during seismic slip events (Stein and Barrientos, 1985) and isostatic ad-
justment to unloading of the footwall block (Jackson and McKenzie,
1983) as well as from the back-tilting of domino-like fault blocks
(Jackson et al., 1988). Given the particular horst geometry and dimen-
sions (~5 km across-strike) of the current footwall block, no significant
footwall uplift can be expected by those mentioned mechanisms. The
existence of large hinterland catchments (sensu Cowie et al., 2006)
thus is unrealistic for this case. In this context, the footwall catchment
draining into Unit 1 transverse fan is interpreted as a relatively small
frontal catchment (sensu Cowie et al., 2006) (Fig. 15D).

The longitudinal alluvial fan represented by Units 2 and 3 deposits
implies a catchment area situated to the northwest. According to facies
composition the catchment area should have been located mainly on
the hangingwall block (Fig. 15E,F). Granitic clast content decreases up-
wards from 37% at the base to only 8% at the top of Unit 2 until its com-
plete disappearance in Unit 3 (Fig. 6, Log 4). This gradual diminution in
the contribution of basement-derived clasts implies variations in the
configuration of the drainage network. The catchment area necessarily
loses the influence of granite outcrops and becomes volumetrically
richer in volcanic rocks. The drainage network became progressively
isolated from the footwall blocks, and as such, is interpreted as being
mainly endorheic (Fig. 15E,F).

7.4. Footwall to hangingwall drainage shift

As noted above, alluvial fan configuration can be an indicator of the
hangingwall slope orientation. Nevertheless, drainage in the catchment
area on the footwall block cannot be completely reconstructed from the
alluvial fan orientation alone. The boundary surface between Units 1
and 2 is sharp and abrupt, suggesting a sudden shift from one sedimen-
tary system to the other. Abandonment of frontal catchment (sensu
Cowie et al., 2006) sourced alluvial fans is a common phenomenon
originated by an increase in the displacement of a border fault system
(e.g., Seger and Alexander, 1993; Eliet and Gawthorpe, 1995; Cowie
et al., 2006). Increased displacement steepens the area around the
fault scarps, eventually overcoming the capacity of the drainage system
to keep pace by eroding into the footwall block (e.g., Cowie et al., 2006).
Also, footwall uplift and back tilting can deflect drainage around the
fault segments or simply reverse their course (e.g., Seger and
Alexander, 1993; Eliet and Gawthorpe, 1995; Cowie et al., 2006). No
transitional deposits that could be assigned either to drainage diversion
into the same depocentre or into the contiguous depocentre to the
northeast of the footwall block horst were found exposed (Franzese
et al., 2006; Muravchik, 2009). The exact reasons why the footwall
sourced drainage feeding Unit 1 fan was shut off and replaced by a
hangingwall sourced one building Unit 2 and later Unit 3 fans cannot
be fully established from the preserved exposures and this matter
should remain open to question.
8. Conclusions

A succession of three different alluvial systems was deposited along
the border fault of the Catán Lil half-graben in the Neuquén Basin: a
transverse footwall-fed alluvial fan dominated by debris flow deposi-
tion (Unit 1), a longitudinal hangingwall-fed alluvial fan dominated
by hyperconcentrated flow deposition (Unit 2) and a longitudinal
hangingwall-fed fan delta dominated by hyperconcentrated flow depo-
sition (Unit 3). Hangingwall rotation is proposed as the main structural
control over the orientation of the fans along this half-graben border
fault system.

Alluvial fan/fan delta configuration is a sensitive indicator of
hangingwall paleoslope direction. Coupled provenance and geometrical
analysis of the alluvial successions proved to be essential in order to es-
tablish the original orientations of the alluvial systems in the depocentre.
The results obtained are especially meaningful for understanding the al-
luvial evolution in hydrologically closed rift depocentres, where fluvial
systems are not very well developed. Correct identification of fan mor-
phology and orientation can provide the only evidence for reconstructing
the original drainage pattern in a fossil rift depocentre.
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