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Received in revised form 3 March 2022
Accepted 7 March 2022
Available online 12 March 2022

nantly composed of non-channelized deposits interspersed with fluvial channel bodies. The succession records
evidence of variations in water discharge at multiple temporal scales. One-hundred-and-eighty sand-prone
and conglomeratic bodies present within otherwise fine-grained deposits have been examined by facies and
architectural-element analyses. These have been assigned to four distinctive types: (i) simple and (ii) compound
channelized deposits, (iii) multilateral and multistorey elements, and (iv) sediment gravity-flow deposits. Simple
and compound channel bodies represent deposits of channelized high-energy flows associated respectively with
single floods or multiple events occurring in the same channel belt. Multilateral and multistorey elements are as-
sociated with sedimentation in longer-lived channel belts. An increase in the occurrence of these latter elements
through the stratigraphy can be related to changes in tectonic and/or climatic drivers, heralding a change in facies
architecture that signifies a shift to perennial discharge conditions and incised-valley backfilling. This is itself
followed by a marked change in architectural style in a part of stratigraphy recording the Paleocene-Eocene Ther-
mal Maximum (PETM), when variations in precipitation regime and/or intrabasinal characteristics
(e.g., vegetation) related to this event favoured the lateral migration of channels, causing the development of lat-
erally extensive coarse-grained bodies. Floodplain sediments comprise (i) heterolithic deposits accumulated in
the vicinities of the fluvial channels where riparian ecosystems were developed, and (ii) overbank mudstones
with variable degree of pedogenesis, especially associated with wetting and drying cycles in areas of the flood-
plain located distally away from fluvial channels. This succession records the importance of water-discharge var-
iations in the evolution of alluvial systems: it displays facies arrangements recording the effects of highly variable
discharge in ephemeral to perennial channels, as well as variations in stratigraphic architecture testifying to

longer-term hydrological changes in the late Paleocene and earliest Eocene.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction horizontal stratification in deposits of similar origin (e.g., McKee et al.,

1967; Frostick and Reid, 1977). Similarly, in the rock record, some suc-

The facies record of water discharge variability in fluvial successions
has long been a debated research topic. For example, many early studies
of present-day and recent ephemeral stream floods in arid areas de-
scribed a great variety of sedimentary structures indicating both
upper- and lower-flow regime sedimentation in the resulting deposits
(e.g., Williams, 1971; Karcz, 1972; Picard and High, 1973), whereas
other authors conversely reported a significant predominance of
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cessions interpreted as the product of ephemeral streams are domi-
nated by horizontal lamination (Tunbridge, 1981), whereas many
others display a wider variety of structures and architectural arrange-
ments indicative of variable flow regimes (Wells, 1983; Stear, 1985;
Olsen, 1989; Bromley, 1991; North and Taylor, 1996; Soares et al.,
2021). Such variability, in terms of sedimentary structures and architec-
tures, suggests that any interpretation of ephemeral or perennial flow
based on particular lithofacies arrangements are inherently uncertain
(cf. Colombera and Mountney, 2019), and that consideration should
be given to specific evidence of streambed drying (e.g., mudcracks,
root marks, burrows) (Bridge and Demicco, 2008).
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Nonetheless, the role of discharge variability as a fundamental con-
trol on the resultant facies architecture of river systems is increasingly
emphasized (Fielding et al., 2009, 2018; Plink-Bjorklund, 2015; Leary
and Ganti, 2020). In this perspective, new categories of fluvial systems
between the perennial and ephemeral end-members are considered, in-
cluding for example strongly seasonal rivers with intermittent fluvial
channels, as described by Allen et al. (2014). The recognition of relevant
sedimentary features that can be referred to for characterizing different
types of successions in terms of discharge variability allows the re-
evaluation of ancient fluvial successions and their palaeohydraulic and
palaeoclimatic interpretations. This is particularly relevant to fluvial sys-
tems that may not necessarily be located in ancient arid or monsoonal
regions, where discharge variability is expected, but rather in subtropi-
cal or temperate zones where strongly seasonal conditions may be
favoured by local climatic, palaeogeographic and/or orographic charac-
teristics. Thus, the water discharge variability of alluvial systems is re-
lated to extrinsic (allogenic) controls on sedimentation, particularly
climate and tectonics, which can ultimately control the evolution and
facies architecture of a fluvial system. In cases where the timing and
magnitude with which these allogenic drivers operate can be inferred
thanks to available geological constraints, it becomes possible to evalu-
ate the architectural record of such extrinsic controls.

In the eastern part of the Tremp-Graus basin (southern Pyrenees,
Spain), and specifically in the Arén and Esplugafreda sectors, there
exist laterally continuous exposures of a fluvial succession described
as dominantly being the product of ephemeral rivers (Dreyer, 1993).
This succession, informally named as Upper Red Garumnian (Rosell
et al,, 2001), spans the transition between the Paleocene and Eocene,
and has been the focus of numerous studies that aimed to define a gen-
eral sedimentological and stratigraphic framework (e.g., Médus and
Colombo, 1991; Cuevas, 1992; Dreyer, 1993; Pujalte and Schmitz,
2005; Lopez-Martinez et al., 2006b). From a more regional perspective,
the study of the structural evolution of the Pyrenees, together with the
application of geochronological techniques, has allowed the definition
of different stages of tectonic uplift and the influence of such uplift on
the sedimentation of the entire Late Cretaceous to Miocene synorogenic
succession (e.g. Camara and Klimowitz, 1985; Puigdefabregas et al.,
1992; Ardévol et al., 2000; Whitchurch et al,, 2011). Additionally, with
the identification of a negative carbon isotopic excursion associated
with the Paleocene-Eocene Thermal Maximum (PETM; Schmitz and
Pujalte, 2003), this succession has been the focus of studies on the strat-
igraphic identification of this hyperthermal event, and on the associated
environmental responses preserved in the sedimentary record
(Manners et al., 2013; Dawson et al., 2014; Adatte et al., 2014; Pujalte
et al., 2014; Colombera et al., 2017; Chen et al., 2018; Duller et al.,
2019). Previous local studies from the Arén and Esplugafreda exposures
have documented evidences of pedogenic and diagenetic processes
(Fjellbirkeland, 1990), palaeofloras (Médus and Colombo, 1991), and
the records of depositional environments and external controlling fac-
tors on sedimentation (Dreyer, 1993).

The aim of this study is to leverage on the excellent exposures at
these localities to present detailed qualitative and quantitative descrip-
tions of this fluvial succession, and to document sedimentary features at
different scales (macroscopic to megascopic), to enable inferences of
the effects of variations in river discharge at different temporal scales
(from that of a single flash flood to the order of 10° yr). In addition, by
building on current knowledge of the tectonic evolution of the Pyrenees,
and of climatic conditions at the Paleocene-Eocene transition, this study
assesses the evolutionary response of this fluvial system under
constrained sets of allogenic conditions. Specific research objectives
are as follows: (i) to document the geometry and internal lithofacies ar-
rangement of the architectural elements of this succession, and vertical
trends thereof, using techniques in lithofacies- and architectural-
element analyses; (ii) to quantify the geometry of coarse-grained (are-
naceous and conglomeratic) bodies by integrating data from
orthophotographs, LiDAR DEMs, field photomosaics and ground-based
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GPS measurements; (iii) and to interpret formative sedimentary pro-
cesses, depositional sub-environments, and variations in environmental
conditions through the stratigraphy.

2. Geological setting

The Pyrenean mountain chain is an asymmetric fold-and-thrust belt
oriented in WNW-ESE direction, which extends for ~400 km between
France and the Iberian Peninsula (Fig. 1A) (Choukroune, 1992; Bond
and McClay, 1995; Ardévol et al., 2000; Sibuet et al., 2004). This orogenic
chain comprises an axial zone of Hercynian rocks, two oppositely verg-
ing tectonic wedges (the North Pyrenean Zone and the South Pyrenean
Units), and two peripheral foreland basins, the Aquitanian and Ebro ba-
sins to the north and south, respectively (Choukroune, 1992; Capote
etal., 2002; Naylor and Sinclair, 2008). The South Pyrenean Units consti-
tute a south-verging tectonic wedge, which is transversally divided by
the Pamplona and Segre oblique wrench faults into Basque (western),
Tremp-Jaca-Pamplona (central) and Cadi (eastern) units (Luterbacher
et al, 1991; Costa et al., 1996; Rosell et al., 2001). The Tremp-Jaca-
Pamplona unit, itself, contains an easternmost part named as Central
South Pyrenean Unit (CSPU) whose western boundary corresponds to
the N-S to NW-SE trending Sobrarbe oblique fold-and-thrust system
(Fig. 1B) (Camara and Klimowitz, 1985; Capote et al., 2002; Fernandez
et al.,, 2012). The CSPU is a type of piggyback thrust system (Butler,
1982), which itself comprises three main WNW-ESE oriented thrust
systems detached over Triassic evaporitic and argillaceous rock units.
From north to south and top to bottom (Fig. 1B), these are the Boixols
(Bo), Montsec (Mo) and Serres Marginals (SM) thrust systems (Teixell
and Mufioz, 2000; Capote et al., 2002; Fernandez et al., 2012). On the
Montsec thrust sheet, a broad syncline forms a piggyback basin
known as Tremp-Graus basin (TGB), which contains a mixed clastic
and calcareous sedimentary fill of Paleocene to Eocene age (Ori and
Friend, 1984; Nijman, 1998; Capote et al., 2002).

The study area is located in the northern-central sector of the
Tremp-Graus Basin, between the localities of Arén and Esplugafreda
(Fig. 1C). The stratigraphic interval of interest is part of a mainly fine-
grained and red-coloured succession that extends across a wide part
of the eastern Pyrenean domain, and which has been named as
‘Garumnian’ (Leymerie, 1868; Rosell et al., 2001), Tremp Formation
(Mey et al., 1968) or Tremp Group (Cuevas, 1992). Although the rank
of group better reflects the complexity of this unit (Pujalte and
Schmitz, 2005), the lack of consistency in distinguishing the different
formations within the Tremp Group has precluded the widespread
adoption of this term (Riera et al., 2009). Herein, the informal lithostra-
tigraphic nomenclature of Rosell et al. (2001) is adopted, which trans-
lates to the Tremp Group subunits of Cuevas (1992) as follows: the
‘Grey Garumnian’ is equivalent to the Posa Formation; the ‘Lower Red
Garumnian’ to the Conques and Talarn formations, and the ‘Upper Red
Garumnian’ to the Esplugafreda and Claret formations (Riera et al.,
2009).

The interval discussed here is the ‘Upper Red Garumnian’, which is a
fluvial succession dominantly composed of calciclastic, mainly red-
coloured mudrocks, locally banded due to pedogenic processes, and
which contain calciclastic sandstone and conglomeratic bodies. Massive
to crudely nodular pedogenic carbonates (calcrete) are present, though
only locally. The upper part of the succession, which corresponds to the
Claret Formation of Baceta et al. (2011) and Pujalte et al. (2014), locally
contains a lower part (informal ‘member 1’ of the abovementioned au-
thors) corresponding to local incised valley fills, which are overlain by
an interval dominantly composed of amalgamated conglomeratic bod-
ies (‘member 2’). This latter interval, also named as the Claret Conglom-
erate by Pujalte and Schmitz (2005), has been interpreted as a megafan
deposit, and covers an area of over 500 km? (Schmitz and Pujalte, 2007).
The lower contact of the Upper Red Garumnian is not exposed in the
study area, but across the Tremp-Graus basin this unit overlies an im-
portant stratigraphic surface marked locally by a palaeosol catena
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Fig. 1. Location figure. A) Location of the Pyrenean mountain system in western Europe. B) Generalized geological map of the Pyrenees westward of Bilbao, showing the main geological
units, structures and tectonic elements. Abbreviations are as follows: CSPU = Central South Pyrenean Unit; TGB = Tremp-Graus Basin; Thrust sheets: B6 = Béixols, Mo = Montsec, SM =
Serres Marginals. Adapted from Capote et al. (2002). C) Generalized geological map of the eastern part of the Tremp-Graus basin, westward of Serraduy. Adapted from Ardévol et al. (2000)
and cartography by Instituto Geoldgico y Minero de Espaiia and Institut Cartografic i Geologic de Catalunya.

known as the Colmenar-Tremp Horizon (Luterbacher et al.,, 1991;
Lopez-Martinez et al., 2006a). The top of the Upper Red Garumnian
corresponds to a transitional contact with a succession of calcareous
and terrigenous marine sediments, which across the study area com-
prises a basal interval of fossiliferous limestones referred to in the liter-
ature as ‘Alveolina Limestone’ (Serra-Kiel et al., 1994, and references
therein).

Well-drained and oxidizing substrate conditions prevailed during
most of the Upper Red Garumnian deposition, resulting in a dominant
(though not exclusively) red colour for the preserved succession. Due
to these conditions, the palaeontological record of the Upper Red
Garumnian is very limited; across the Tremp-Graus Basin, macro and
microfossils are only found locally. Fossils and related features comprise
palynomorphs (Médus, 1977; Médus and Colombo, 1991; Tremp and
Esplugafreda sections, respectively), charophytes (Feist and Colombo,
1983; Claret section), mammals (Lopez-Martinez and Pelaez-
Campomanes, 1999; Tremp area) and eggshells (Donaire and Lopez-
Martinez, 2009; Claret section). Palynomorphs from the Esplugafreda
section allow attribution of this succession to the shallow benthic
biozones Alveolina levis (SBZ4) to A. ellipsoidalis (SBZ6) (Médus and

Colombo, 1991). Palynomorphs and charophytes from the Claret section
are assigned to the intervals A. primaeva (SBZ3) to A. cucumiformis
(SBZ5) (Médus, 1977; Feist and Colombo, 1983). Based on the
biozonation scheme of Serra-Kiel et al. (1998) and the timescale of
Gradstein et al. (2008), these biozones comprise the Thanetian (Paleo-
cene) to earliest Ypresian (Eocene) (Fig. 2).

3. Methodology

This study combines results from two main activities: (i) photo-
interpretation of remotely sensed imagery; and (ii) acquisition of sedi-
mentological data in the field. Photointerpretation was undertaken on
different sets of publicly available remote-sensing imagery (National
Geographic Institute of Spain; Geographic and Geologic Institute of Cat-
alonia). These datasets included high-resolution orthophotographs
(horizontal resolution: 2.5 m) and Light Detection and Ranging
(LiDAR) topographic data (horizontal resolution: 0.5 point/m?). The
chosen LiDAR dataset, which included a predetermined classification,
was filtered to use only ground and model key points to generate a Dig-
ital Elevation Model (DEM). A DEM with pixel size of 2 m was
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Fig. 2. Chronostratigraphic scheme of the ‘Upper Red Garumnian’ and correlative units in the northern part of the Tremp-Graus basin. Based on information from: Feist and Colombo
(1983); Médus and Colombo (1991); Serra-Kiel et al. (1994); Vergés et al. (1995); Rosell et al. (2001); Lépez-Martinez et al. (2006b); Arostegi et al. (2011); Whitchurch et al. (2011);
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generated. Through application of a gradient filter, the channelized ele- field photomosaics, 220 channelized elements were identified and dig-
ments, which show steeper slopes than the surrounding mudrocks, itized.
were highlighted to facilitate their mapping. Based on a combination The field work was undertaken to acquire quantitative and qualita-

of the processed DEM with high-resolution orthophotographs and tive sedimentological data on channelized elements and floodplain
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deposits. Following the methodology of Kjemperud et al. (2008), chan-
nelized elements of thickness greater than 0.5 m were identified and
mapped. To characterize these channel bodies, representative strati-
graphic sections were logged, and the orientations of bounding surfaces
and palaeocurrent indicators were measured (330 measurements, 318
of which correspond to different types of cross-bedding). A record of
the orientation of the channel bodies was hampered by the overall lim-
ited three-dimensionality of the outcrops, but the likely orientation of
the channel bodies could nevertheless be inferred in the field thanks
to the presence of additional palaeocurrent indicators (imbricated
clasts, sole marks) and the orientation of cut-banks that are locally ex-
posed in three dimensions. A total of 257 logs were measured (516 m
cumulative thickness); they record information from 180 channel bod-
ies. Additionally, for an overall characterization of the entire succession,
15 continuous stratigraphic logs (882 m cumulative thickness) were
measured using a Jacob staff with a laser sighting stage designed for pre-
cise thickness measurement (Patacci, 2016). In addition to the detailed
sedimentological and stratigraphic work in the Arén-Esplugafreda sec-
tor, observations of the Upper Red Garumnian near the localities of
Claret and Gurp (Fig. 1C) were also gathered. For sedimentological log-
ging, the lithofacies scheme of Colombera et al. (2013), itself a modified
version of the fluvial lithofacies scheme by Miall (1996), was used. For
the description and interpretation of bounding surfaces, the scheme of
Tedesco et al. (2010), which is based on the classic scheme of Miall
(1996), was used. To describe the geometry and shape of channelized
elements based on their width-to-thickness ratio, the nomenclature of
Gibling (2006) was adopted. In the case of conglomeratic bodies coarser
than granulestone, the modal clast size was determined by the count of
20 gravel fragments; the size of the single largest clast, following the
methodology of Lindholm (1987), was also determined. For the grain-
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size description of gravel fractions, the Udden-Wenthworth modified
scale of Blair and McPherson (1999) was used.

4. Local geology of the Upper Red Garumnian

Based on the integration of the photogeological interpretation with
the field study, the Upper Red Garumnian in the study area has been
subdivided in four intervals (1 to 4 from base to top). Mapping results
of these four intervals and of the different types of conglomerate and
sandstone bodies (channelized elements and sediment gravity-flow de-
posits) are shown in Figs. 3 and 4 for the Arén and Esplugafreda areas,
respectively. Rose diagrams with the restored palaeocurrent (cross-
stratification and cross-lamination) data are shown for each area.
Palaeocurrent vector means consistently indicate a SSE to SSW
sediment-transport direction, in agreement with the notion of the out-
crop belt being oriented approximately along strike; however, impor-
tant dispersion in palaeocurrent orientations is seen, which is
compatible with the interpretation of a relatively low-gradient fluvial
plain. The basal boundary of interval 1 is not exposed. The basal bound-
ary of the intervals 2-3 has been defined in local stratigraphic sections
and laterally extrapolated thanks to the consistent stratigraphic occur-
rence of basal coarse-grained conglomeratic deposits or correlative un-
confined heterolithic deposits. However, there are extensive sectors
where these coarser-grained deposits are absent, and the corresponding
boundary cannot be traced confidently. The basal boundary of the Inter-
val 4 corresponds locally to the Claret Conglomerate, which can be read-
ily identified in outcrop, or to the base of underlying localised valley fills.
Representative lithofacies are shown in Fig. 5. Vertical profiles recording
successions of these lithofacies for the Arén (Fig. 6) and Esplugafreda
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Palaeocurrent data show high dispersion with a mean vector toward SSW. See Fig. 1 for location.

sections (Fig. 7) highlight the predominance of fine-grained lithofacies
in the Upper Red Garumnian.

5. Lithofacies

Fourteen lithofacies were identified, principally on the basis of their
texture and sedimentary structures (Table 1; Fig. 5). These lithofacies
comprise conglomerates (four types), sandstones (six types), fine-
grained lithofacies (three types) and pedogenic carbonates. The fine-
grained lithofacies comprise (i) massive packages of mudstones and
siltstones (Fsm lithofacies) and (ii) interbeds of very fine-grained sand-
stones and siltstones (Fl lithofacies). For each of these fine-grained lith-
ofacies, two subtypes have been defined, based on colour variations
from red to grey hues, and respectively designated by addition of r
(red) and g (grey) letters after the main lithofacies code. The third
fine-grained lithofacies (Fmc), which shows a very restricted strati-
graphic occurrence, consists of grey-coloured mudstones with coaly
fragments. Concentrations of pedogenic calcareous nodules (P litho-
facies) form a distinct, non-clastic lithotype. The detrital components
of the conglomeratic and arenaceous lithofacies described here are usu-
ally calciclastic sensu Braunstein (1961).

6. Depositional and architectural elements

The Upper Red Garumnian succession in the studied area comprises
three main depositional elements associated with specific sedimentary
processes and settings: (i) channelized fluvial deposits, (ii) sediment
gravity-flow deposits and (iii) fluvial non-channelized deposits. In these
types of depositional elements, six classes of architectural elements
have been defined. Channelized deposits comprise three architectural-
element types, which are distinguished according to their geometry and

degree of complexity defined by their internal architecture. Sediment
gravity-flow deposits are represented by a unique element type. Non-
channelized deposits are represented by two types of elements defined
according to their geometry, dominant lithotypes and interpreted rela-
tive distance away from genetically related fluvial channel deposits. Rep-
resentative sketches and logs of these six types of architectural elements,
together with pie charts depicting overall proportions of lithofacies in
each type based on cumulative facies thickness, are shown in Fig. 8. Sta-
tistics referring to the thickness, apparent width and width-to-thickness
(W/T) ratios of the coarse-grained bodies (channelized elements and
sediment gravity flow deposits) are shown in Table 2.

6.1. Channelized fluvial deposits

The subdivision here established for channelized deposits comprises
three different types: (i) simple single-storey channelized elements
(FC1); (ii) compound single-storey channelized elements (FC2); and
(iii) multi-storey and multilateral channelized elements (FC3). The dis-
tinction between these different elements is based on their preserved
geometry, internal architecture, and recognition and interpretation of
the bounding surfaces delimiting these bodies and their constituent
packages of strata. Simpler channelized bodies (FC1 and FC2) record
mostly vertical aggradation processes, whereas more complex bodies
(FC3) show more diverse architectural styles, including evidence of lat-
eral and downstream barform accretion. However, it is important to
note that because the orientation of the Arén and Esplugafreda outcrop-
ping sections is mostly normal to slightly oblique with respect to the
dominant palaeoflow direction, downstream accretion geometries
may be underrecognized in the available exposures.
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Fig. 5. Lithofacies defined in the ‘Upper Red Garumnian’. A. Massive conglomerates (Gcm); B. Conglomerates with horizontal bedding (Gh); C. Conglomerates with planar cross-bedding
(Gp); D. Conglomerates with trough cross-bedding (Gt); E. Sandstones with horizontal bedding (Sh); F. Sandstones with low-angle cross-bedding (SI); G. Sandstones with planar cross-
bedding (Sp); H. Sandstones with trough cross-bedding (St).

1. Massive conglomeratic sandstones (Sm); J. Sandstones with ripple-bedding (Sr); K. Interbeds of red-coloured siltstones and very fine-grained sandstones (Flr); L. Interbeds of grey-
coloured siltstones and very fine-grained sandstones (Flg); M. Red-coloured massive mudstones to siltstones (Fmr); N. Grey-coloured massive mudstones to siltstones (Fsmg); O. Grey
coloured mudrocks with coaly streaks and fragments (Fmc); P. Light-coloured pedogenic carbonates with massive to nodular structure (P).
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Fig.5 (continued).
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Fig. 6. Representative logs from the Arén section. See Fig. 3 for the location of the logs. Log A8 is from the vicinity of the 100 km marker of the N230 motorway.

6.1.1. Simple single-storey channelized elements (FC1)

6.1.1.1. Description. Thirty-nine instances of these channelized elements
were described and recognized in all the stratigraphic intervals defined
for the Upper Red Garumnian in the study area; they tend to be more
common in the intervals 1 and 2. The thickness of these elements ranges
from 0.5 m to 1.3 m; their average apparent width is 11.8 m. According
to their apparent width-to-thickness ratios, they mostly comprise of
broad ribbons to narrow sheet-like bodies (Table 2). The base of these
elements is sharp and corresponds to 4th-order bounding surfaces
(Miall, 1985), whose relief is mostly flat or slightly concave-upward
(Fig. 9A), and only locally irregular and strongly incisional. These ele-
ments are outlined by a single channel form, here termed as ‘storey’.
In most cases (26 examples), these elements are dominated in-
ternally by either conglomeratic or sandy facies, with no marked

grainsize trend (Fig. 9B); in 12 cases, a fining-upward trend is ob-
served, usually associated with the vertical superposition of sand-
stone lithofacies above a basal conglomerate; only one example of
coarsening-upward pattern was documented. Horizontally bedded
conglomerates (Gh: 39.66%) and sandstones (Sh: 26.1%) are the
dominant lithofacies. Conglomerates and sandstones with planar
cross-bedding are observed in lower proportions (Gp: 11.2% and
Sp: 10.7% respectively), and can either occur indistinctly as the
only lithofacies present, or be preferentially located at the base
(Fig. 9C) or toward the top (Fig. 9D) of these channelized elements;
massive conglomerates (Gcm) attain an abundance of 6.4%; other
lithofacies types occur in percentages lower than 5%; only one
example of rippled-sandstones capping the channel fill was re-
corded; fine-grained (F lithofacies) are not observed in these
channel bodies.
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Table 1
Summary of lithofacies observed in the ‘Upper Red Garumnian’ in the Arén-Esplugafreda sector.

Facies  Grain size Sedimentary structures Biogenic/pedogenic features Interpretation

Code

Gem Very poorly to poorly sorted, Massive beds None recorded High flow stage deposition by streamflows (Hassan
clast-supported, et al., 2009) or non-cohesive sediment-gravity flows
medium-pebble to (Went, 2005; Blair and McPherson, 2009)
fine-cobble conglomerates

Gh Poorly to moderately sorted, Horizontal stratification in medium to Infrequent occurrence of basal High-energy deposition associated with gravel sheets
fine- to very coarse-pebble coarse beds horizontal burrows (finer-grained  migration in streamflows (Hassan, 2005; Hassan et al.,
conglomerates (0.1-1m) varieties) 2009)

Gt Poorly to moderately sorted, Trough cross-bedding in coarse beds None recorded Downstream migration of three-dimensional dunes
granule to very (0.3 m-1m) and bars or fill of minor depressions located in the
coarse-pebble conglomerates deeper parts of channels (Miall, 1978)

Gp Poorly to moderately sorted, Planar cross-bedding in medium to None recorded Downstream migration of bars or straight-crested
granule to very very coarse beds (0.1-3 m) dunes in the deeper parts of channels (Miall, 1978)
coarse-pebble conglomerates

Sh Poorly to well-sorted, Planar horizontal bedding, with Burrows, rhizohaloes and irregular  High-velocity shallow flows under upper flow-regime
occasionally conglomeratic,  occasional current parting lineation; drab haloes; occasional conditions (McKee et al., 1967; Williams, 1971;
very fine- to very grading (normal and inverse) in Microcodium, especially in Tunbridge, 1981; Parkash et al., 1983)
coarse-grained, sandstones conglomeratic varieties finer-grained varieties

Sl Moderately to well-sorted, Low-angle cross-bedding (<10°). Burrows, rhizohaloes and irregular  High-velocity flow into low-relief scours or migration
fine- to coarse-grained Laterally and vertically associated with ~drab-haloes of low-relief bedforms (Fielding, 2006)
sandstones Sh facies

Sp Moderately to well-sorted, Planar cross-bedding in medium to Uncommon burrows and irregular ~ Downstream migration of two-dimensional dunes
occasionally conglomeratic,  coarse beds drab-haloes in finer grained under lower flow-regime (Parkash et al., 1983;
fine- to coarse-grained (0.1 m-1m) varieties Abdullatif, 1989)
sandstones

St Moderately to well-sorted, Trough cross-bedding in medium to Rare rhizohaloes and irregular drab Downstream migration of three-dimensional dunes
occasionally conglomeratic,  coarse beds haloes in finer grained varieties under lower flow-regime (McKee et al., 1967;
fine- to coarse-grained (0.1-0.6 m) Williams, 1971; Parkash et al., 1983)
sandstones

Sm Poorly sorted, fine to very Massive beds, with uncommon Common burrows, rhizohaloes and Rapid deposition associated with highly concentrated
coarse-grained, occasionally ~ grading (normal and inverse) in irregular drab-haloes sediment load (Fisher et al., 2008); the massive
conglomeratic, sandstones conglomeratic varieties structure may also be a product of biogenic activity

(Miall, 1996)

Sr Well-sorted, very fine- to Ripple cross-lamination, wavy Uncommon rhizohaloes and Deposition under waning lower flow-regime by

fine-grained sandstones bedding, small-scale cross-bedding irregular drab-haloes migration of current ripples (McKee et al., 1967;
Tunbridge, 1981; Abdullatif, 1989)
Flrand Interbeds of siltstones with Horizontal lamination, ripple bedding, Abundant burrows, rhizohaloes Waning channelized flows and unconfined,
Flg  very fine-grained sandstones synsedimentary deformation and irregular drab haloes and decelerating, shallow flows (Hubert and Hyde, 1982;
(FIr: red-coloured; Flg: structures. Usually massive because of Microcodium accumulations; Wells, 1983; Sadler and Kelly, 1993).
grey-coloured) bio/pedoturbation occasional leaf imprints
Fsmr Mudstones to siltstones Mainly massive beds, only with Mottling, occasional burrows and ~ Suspension settling deposition in relation to
and  (Fsmr: red-coloured; Fsmg:  occasional relicts of horizontal irregular drab haloes and unconfined floods (Parkash et al., 1983; Stear, 1983;
Fsmg grey-coloured) lamination Microcodium accumulations Wells, 1983; Cowan, 1993)

Fmc Grey-coloured mudstones Relicts of lamination defined by coaly ~ Centimetric coaly fragments and Suspension settling deposition related to ponded areas

with coaly fragments streaks streaks with reducing conditions, but high supply of
suspended-sediment load (Takano and Waseda, 2003)
P Pedogenic carbonates Massive or with faint nodular structure Locally associated with Product of carbonate precipitation in floodplains in

rhizoconcretions

relation to negative water balance in soils (Reineck and
Singh, 1980), or in a palustrine setting (Alonso-Zarza
and Wright, 2010)

6.1.1.2. Interpretation. These bodies are interpreted to record the infill of
a channel form associated with the development of bedload sheets or
dunes. Bedding surfaces can be associated with minor changes in flow
conditions. Channel bodies dominated by plane-bedded conglomeratic
and arenaceous lithofacies can result from bedload deposition associ-
ated with shallow and high-energy floods, formed under upper flow-
regime conditions (Williams, 1971; Wells, 1983; Abdullatif, 1989;
Hassan et al., 2009; Reid and Frostick, 2011). Cross-bedded facies can
be associated with flows having a deeper water column and lower
flow-regime conditions (Fielding, 2006). The limited occurrence of
sandstone with ripple lamination in similar ancient deposits has been
associated with rapidly waning flows (Tunbridge, 1984). The single-
storey nature of these channel bodies and the general absence of fine-
grained partings suggest, in most cases, deposition from a single flood
event (Tunbridge, 1981). The occurrence of massive conglomerates as
basal channel-fill deposits can be associated with gravel accumulations
related to gravel bars, as seen in recent ephemeral streams (Hassan,
2005), which are deposited during high flow stages (Hassan et al.,
2009).
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6.1.2. Compound single-storey channelized elements (FC2)

6.1.2.1. Description. Among the coarse-grained bodies described in the
Upper Red Garumnian, these elements are the most abundant with
108 examples recorded; they occur indistinctly in the four intervals de-
fined. Their maximum thickness ranges from 0.8 m to 5.6 m, but most of
the bodies show values between 1.0 m and 2.9 m; their average appar-
ent width is 26.1 m. The apparent width-to-thickness ratio indicates ap-
proximately equal occurrence of broad or narrow ribbon bodies and
narrow sheet-like bodies (Table 2). The basal surfaces of these elements,
corresponding to 5th-order bounding surfaces, can be planar (Fig. 10A),
else concave-upward and very irregular (Fig. 10B and C). Where ob-
served, the margins are incisional and can be very steep (Fig. 10A).
Internally, FC2 elements are single-storey but composed of vertically
stacked strata sets separated by 3rd-order surfaces. These surfaces show
a planar to moderately concave-upward relief. Due to the occurrence of
multiple internal sets, the overall grain-size pattern of these channel
bodies is highly variable; some elements can display a fining-upward
trend (Fig. 10A), whereas others are capped by conglomeratic
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lithofacies (Fig. 10B and D). In most cases, each bedset shows internally
a decrease in grain size, with lower beds of conglomerates and sand-
stones overlain by fine-grained lithofacies (see the different examples
in Fig. 10). As in the previous case, horizontally bedded conglomerates
and sandstones are the most abundant lithofacies, with respective
values of 37.8% and 33.6%; massive conglomerates (Gcm: 7.5%) and
fine-grained heterolithic lithofacies (Fl: 8.7%) are also notable; other
lithofacies, including cross-bedded conglomerates and sandstones,
occur in percentages lower than 3%. Some of the sandstone lithofacies
rarely show intense bioturbation, although this is more common in
the fine-grained lithofacies, which additionally show the development
of mud-cracks.

6.1.2.2. Interpretation. These bodies are interpreted to record a channel-
filling process associated with the vertical stacking of the deposits of
bedload sheets, upper flow regime plane-beds and, subordinately, 2D
and 3D dunes. They record different flow conditions occurring in the
same fluvial channel; the product of individual flows are usually sepa-
rated by mud-drapes, which formed during waning stages; the very
limited degree of scouring indicates that limited erosion took place be-
tween and during different flow events (cf. Picard and High, 1973;
Hampton and Horton, 2007).

6.1.3. Multi-storey and multilateral channelized elements (FC3)

6.1.3.1. Description. Twenty-five examples of the studied channel bodies
correspond to multi-storey and/or multilateral channelized elements
(FC3); these are present in all the four stratigraphic intervals defined
for the Upper Red Garumnian in the studied area. The maximum thick-
ness of these channel bodies is variable and ranges from 2.1 to 9.4 m;
their average apparent width is 246.9 m. Their overall geometry, de-
fined by their apparent width-to-thickness ratio, indicates the predom-
inance of narrow and broad sheet-like bodies over ribbon-shaped
bodies (Table 2). The basal surface of these elements can correspond
to planar 5th-order, or, in some cases (e.g. the Claret Conglomerate),
6th-order surfaces delimiting major and laterally continuous strati-
graphic packages (Fig. 11A). An upward increase in the apparent
width of these elements is observed, specifically in the uppermost part
of the interval 3 (maps of Figs. 3 and 4), and reaching a more significant
expression in the Claret Conglomerate, where bodies attain apparent
widths of more than 700 m.

The internal geometry of these elements indicates the vertical, lat-
eral and downstream superposition (stacking) of macroforms separated
by 4th-order surfaces, which are either erosional (4e, Figs. 11A, B and
C) or accretionary (4a, Fig. 11A and D) in nature; erosional reactivation
surfaces can show prominent (metric) relief, with evident excavation of
the older coarse-grained deposits (Fig. 11B and C); accretionary surfaces
can display moderate relief in oblique to strike views (Fig. 11A), but in
other cases can correspond to the steep lee face of conglomeratic bars
onlapped by channel fill deposits (Fig. 11D). Individual macroforms
are between 1 m and 4 m thick, and comprise mostly coarse-grained as-
sociations of conglomerates and sandstones; rarely finer-grained fills of
mudrocks and fine-grained sandstones are also present (Fig. 11D). As in
the previous examples of channelized elements, horizontally bedded
conglomerates (Gh: 41.5%) and sandstones (Sh: 17.6%) are the domi-
nant lithofacies; in addition, massive conglomerates can be abundant
(Gem: 12.9%) and may occur in association with planar cross-bedded
conglomerates (8.0%); heterolithic siltstones and fine-grained sand-
stones also represent an important component (8.2%); other lithofacies
types are subordinate and occur with percentages of less than 3.0%. Sub-
ordinate finer-grained lithofacies (Fsm and Fmc, less than 1%) exhibit
pedoturbation, in the form of reddish mudstone with calcareous nod-
ules, rhizoliths and mudcracks, or occur as localized lenses of grey
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Table 2

Statistical summary of dimensional data of channelized elements and sediment-gravity-
flow elements. Min. = minimum; Max. = maximum; Std. dev. = standard deviation. N
denotes the number of channelized elements.

N Min. Max. Mean Std. dev.
All sedimentary-body types
Thickness (m) 180 0.5 9.4 23 1.5
Apparent width (m) 180 25 985.7 53.1 131.2
Width-to-thickness ratio 180 1.5 281.5 19.6 315
Simple single-storey channelized element (FC1)
Thickness (m) 39 0.5 1.3 0.8 0.2
Apparent width (m) 39 2.5 49.9 11.8 103
Width-to-thickness ratio 39 42 52.5 149 115
Compound single-storey channelized element (FC2)
Thickness (m) 108 0.8 5.6 2.5 1.2
Apparent width (m) 108 3.7 129.3 26.1 245
Width-to-thickness ratio 108 1.5 753 12.0 11.0
Multi-storey/multilateral channelized elements (FC3)
Thickness (m) 25 2.1 94 4.1 1.7
Apparent width (m) 25 11.9 985.7 246.9 278.0
Width-to-thickness ratio 25 3.6 281.5 61.2 66.1
Debris-flow deposits (DF)
Thickness (m) 8 0.5 13 1.0 03
Apparent width (m) 8 4.8 29.2 123 7.7
Width-to-thickness ratio 8 43 314 14.0 9.8

mudstone with coaly fragments (restricted to interval 4). The occur-
rence of oncoidal coatings around some gravel-sized clasts in conglom-
eratic beds is restricted to some channelized elements of the interval 4,
specifically of the Claret Conglomerate.

6.1.3.2. Interpretation. These multi-storey and multilateral channelized
elements are inferred to represent deposition in active fluvial channel
belts (cf. Gibling, 2006). Predominance of plane-bedded conglomerates
over massive conglomerates indicates prevalence of bedload sedimen-
tation by high-energy flows (Hassan, 2005; Hassan et al., 2009). The de-
velopment of these multilateral and multistorey complexes suggests
important channel mobility, possibly associated with repeated avul-
sions, driving the reworking of previous deposits (Hirst, 1991; Cain
and Mountney, 2009). In most of the cases, especially in the lower
part of the Upper Red Garumnian (intervals 1 and 2), these channelized
elements present limited apparent widths, which indicates limited lat-
eral displacement of the formative channel forms; internally, styles of
vertical and, where recognizable, downstream growth are more evi-
dent, suggesting the recurrent occupation of the same channel. In con-
trast, more intensive lateral reworking and the occupation of more
extensive floodplain areas (cf. North and Taylor, 1996) can be inferred
for the upper part of the succession, from interval 3, and particularly
in the Claret Conglomerate (interval 4). In the Claret Conglomerate,
this change in architectural style has been interpreted as the response
of the fluvial system to the PETM (Schmitz and Pujalte, 2007;
Domingo et al., 2009; Colombera et al.,, 2017; Chen et al.,, 2018). None-
theless, the gradual increase in the lateral extent of the FC3 elements ob-
served in the interval 3 could imply a response of the fluvial system to
allogenic factors that operated over a timescale longer than that of the
PETM.

The local occurrence of oncolites in conglomeratic deposits of FC3 el-
ements of the Claret Conglomerate can be associated with quiet-water
conditions somewhere in the broader terrestrial environment, which
allowed the growth of these coated grains in relation to microbial activ-
ity (Cojan, 1993; Arenas-Abad et al., 2010). In a similar way, the local oc-
currence of grey mudrocks with coaly fragments, suggest the
development of ponded areas surrounded by vegetation, where organic

Fig. 8. Schematic 2D sketches, idealized logs, and pie charts of lithofacies proportions of the architectural elements defined in the Upper Red Garumnian, based on outcrop examples from

the Arén and Esplugafreda sectors.



0. Arévalo, L. Colombera, N.P. Mountney et al.

Sedimentary Geology 433 (2022) 106122

Fig. 9. Outcrop examples of simple single-storey channelized elements (FC1). A) Downdip view of a channel body (FC1; Esplugafreda sector - interval 1) encased within massive overbank
deposits (FM); the channel body base corresponds to a slightly irregular concave-up 4th-order surface. B) Down dip view of the margin of a channelized element (FC1; Esplugafreda sector
- interval 3) interposed between massive, highly bioturbated, unconfined heterolithic deposits (FH). C) Downdip view of a channelized element (Esplugafreda sector - interval 2) with a
low-relief basal (4th-order) surface; internally this element comprises cross-bedded sandstones topped by low-angle to horizontally bedded sandstones. D) Detail of the simple single-
storey channelized element shown in A, which comprises a fining-upward set of horizontal bedded conglomerates (Gh lithofacies) and massive to cross-bedded sandstones (Sm and

Sp, respectively); these lithofacies are separated by 2nd-order bounding surfaces.

remains were preserved thanks to locally developed reducing condi-
tions, but where peat accumulations could not form due to the high sup-
ply of terrigenous suspended load (Takano and Waseda, 2003).

6.2. Sediment gravity-flow deposits

These deposits are stratigraphically restricted and are represented
by only one type of architectural element, consisting of mainly non-
channelized coarse-grained bodies composed of disorganized, clast-
supported conglomerates. In terms of lithofacies, these deposits can be
locally similar to those of some channelized deposits, but they are
coarser grained and more poorly sorted than similar massive conglom-
erates of streamflow origin.

6.2.1. Debris-flow deposits

6.2.1.1. Description. Only 8 bodies of this type were identified in the
Upper Red Garumnian in the study area, and these are restricted to
the interval 2, occurring dominantly in its basal part. Usually, these bod-
ies appear at the base of fining-upward successions and are overlain by
metre-thick intervals of unconfined heterolithic elements; locally, they
also occur encased within overbank deposits (see below). The maxi-
mum thickness of these debris-flow deposits ranges from 0.5 m to 1.3
m. These deposits occur as non-channelized bodies, with tabular to len-
ticular shapes, which according to their width-to-thickness ratio mostly
correspond to broad ribbons and narrow sheet-like bodies (Table 2).
The lower boundary of these elements varies from planar (Fig. 12A) to
irregular and erosional surfaces (Fig. 12B); such surfaces usually corre-
spond to 5th-order bounding surfaces, but depending on their position
in the succession, such lower boundaries can be ranked as 6th-order
surfaces, which locally define the base of the interval 2 of the Upper
Red Garumnian (Fig. 12A and C). The top surface is typically flat but
can locally present a convex-upward shape (Fig. 12B).
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Internally these deposits are notably homogeneous (Fig. 12A), but in
some cases they can show a crude stratification by fabric defined by the
alignment of discoidal clasts (Fig. 12B), or by grain size due to the occur-
rence of matrix-supported sectors of limited vertical (<0.3 m) and lat-
eral (<2 m) extent (Fig. 12C). These deposits are mainly composed of
mud-poor, clast-supported, massive conglomerates (Gcm; 77.4%); con-
glomerates with crude horizontal bedding (Gh: 18.3%) are also present;
pebbly sandstones, also with horizontal bedding, occur more rarely (Sh:
4.3%).

6.2.1.2. Interpretation. These deposits, dominated by clast-supported,
disorganized conglomerates, which are coarser grained compared to
massive conglomerates of streamflow origin, represent the deposits of
mass flows comparable in rheology with the non-cohesive sediment
gravity (debris) flows described in numerous alluvial-fan environments
(Blair and McPherson, 1994, 2009; Went, 2005). Although the occur-
rence of sediment gravity flows in fluvial environments is relatively un-
common (Blair and McPherson, 1994), deposits of debris flows
interbedded with fluvial sediments are documented in systems from
arid to semiarid climates (Graham, 1983; Jain et al., 2005; Horiuchi
etal., 2009). Debris flows of this type can be formed by catastrophic dis-
charge over loose colluvium and under arid conditions (Blair and
McPherson, 2009). Available reconstructions locate the potential source
areas for these deposits of the Upper Red Garumnian system at dis-
tances greater than 15 km (Capote et al., 2002; Arostegi et al., 2011).
The availability of loose, coarse-grained material in these source areas,
dominated by limestones and calcareous sandstones, and subject to a
generally dry climate, can be postulated. A modern analogue to an allu-
vial catchment of this type, also dominated by limestones and influ-
enced by a semiarid climate regime, has been described by Baker
(1977). In accordance with their local palaeogeographic context, the
bodies described here could represent the distal parts of extensive
sheets of sediment gravity-flow deposits, reflecting their inherent
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Fig. 10. Outcrop examples of compound single-storey channelized elements (FC2). A) Oblique view of the steep lateral margin and basal subhorizontal 5th-order bounding surface of a
channel body (FC2) encased by massive overbank deposits (FM); the channelized element (Esplugafreda sector - interval 1) shows intense bioturbation and comprises of four different
fining-upward sets (triangles) composed of conglomerates/sandstones and mudrocks. B) Strike view of a channel body (Arén sector - interval 3) with a concave-upward basal (5th-order)
surface and internal low-relief 3rd-order surfaces bounding fining-upward lower couplets (triangles) and a thicker upper conglomeratic bedset (uc). C) Detail of a channelized element
(Esplugafreda sector - interval 3) with a very irregular basal (5th-order) surface overlain by a fining-upward set consisting of cross-bedded conglomerates-sandstones (Gp-Sp lithofacies)
capped by horizontal bedded sandstones and siltstones (Fl lithofacies); the topmost bed comprises sandstones with horizontal lamination (Sh lithofacies) deposited above a 3rd-order
planar bounding surface. D) Oblique view of a channel body (Esplugafreda sector - interval 1) showing a lower fill composed of two fining-upward sets of sandstones and mudrocks (tri-
angles); local convex-upward lenses of sandstone (lower line) and mud protrusion (arrow) reflect synsedimentary deformation; the upper part consists of conglomerates located above a
low-relief 3rd-order bounding surface (upper line).
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Fig. 11. Outcrop examples of multi-storey/multilateral amalgamated complexes (FC3). A) Oblique view of the Claret Conglomerate (CC) in the Arén sector (interval 4); this unit is bounded
at the base by a low-relief 6th-order surface, which separates it from the underlying overbank deposits of the interval 3 (I3/FM). The CC comprises of different storeys separated by 4th-
order accretionary (4a) and erosional (4e) surfaces: thick bedded, laterally amalgamated conglomeratic bodies (I and V), laterally discontinuous interbeds of mudrocks and sandstones
(I1), and thinner-bedded conglomerates and sandstones within bodies with channelized geometry (IIl). B) Oblique view of a channelized element (Arén sector - interval 3) containing
three different storeys; only the uppermost part of storey 1 is shown, and comprises two fining-upward sets of cross-bedded sandstones and mudrocks; storeys 2 and 3 are conglomeratic
and their basal surfaces correspond to 4th-order erosional bounding surfaces with steep to planar relief. C) Downdip view of a channel body (Esplugafreda sector - interval 2) composed of
two different storeys stacked in downstream direction; the surface separating such storeys corresponds to a 4th-order erosional surface (4e) with metric relief; in the lower storey the beds
show horizontal bedding, whilst the upper storey displays downstream-accretion geometries. D) Detail of the contact between two different macroforms in an amalgamated complex
(Esplugafreda sector - interval 1). The basal macroform corresponds to a unit bar deposited above a planar 5th-order surface and is composed of conglomerates with tangential cross-bed-
ding (Gp lithofacies); the moderately steep lee face of this unit bar corresponds to a 4th-order accretionary bounding surface (4a), onlapped by strata of an aggradational channel-fill with
interbeds of mudrocks and horizontally bedded sandstones (Fl and Sh lithofacies respectively); a lower sandstone bed within this channel fill shows a convex-up geometry (dotted line)
and pinches out upslope, probably due to synsedimentary deformation related to deposition over an inclined surface.
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Fig. 12. Outcrop examples of debris-flow elements (DF). A) Oblique view of a debris flow element (DF) composed of disorganized, clast-supported conglomerate, with minor presence of
muddy matrix surrounding fragments; the low-relief basal surface (6th-order) corresponds to the local boundary with the underlying interval 1 overbank deposits (11/FM). B) Strike view
of a debris-flow element (DF) encased within overbank deposits (FM); the DF element is composed of massive, mostly clast-supported conglomerates, locally with tabular fragments ar-
ranged horizontally (arrows); the lower 5th-order bounding surface is not sharp and shows an irregular concave-up geometry. C) Detail of a debris-flow deposit, mostly composed of clast-
supported, massive conglomerates (Gem lithofacies), but with a medial, laterally discontinuous, mud-supported sector associated with incipient horizontal bedding; as in A, the basal
boundary corresponds to a 6th-order surface associated with the contact between intervals 1 and 2. All examples from the Esplugafreda sector (interval 2).

Fig. 13. Outcrop examples of unconfined heterolithic elements. A) Downdip view of an unconfined heterolithic element (FH, Esplugafreda sector - interval 3) located above a compound
single-storey channelized element (FC2), which in turn overlies overbank deposits forming the topmost part of the interval 2 (12/FM); lithological changes within the unconfined
heterolithic element follow subhorizontal surfaces, which are diffuse due to intense biopedoturbation. B) Oblique view of the downslope end of an unconfined heterolithic element
(FH, Esplugafreda sector - interval 3); the basal strata of these unconfined deposits onlap a slightly irregular relief (5th-order bounding surface), excavated into overbank deposits
(FM); such relief may be locally controlled by minor normal faults (dotted sub-vertical lines); the upper contact (4a) instead is gradual with the overlying overbank deposits (FM*).
C) Downdip view of an unconfined heterolithic element (FH, Esplugafreda sector - interval 1); the lowermost sandstone corresponds to the topmost bed of the overlying channelized el-
ement shown in 9D (FC3); the unconfined element is mostly composed of bioturbated very fine-grained sandstones and siltstones; this element is locally cut by a poorly channelized el-
ement (FC1), which becomes thicker laterally (out of view). D) Detailed view of the lowermost part of an unconfined heterolithic element (Arén sector, interval 3); this element is
separated from the underlying overbank mudrocks by a slightly irregular 5th-order bounding surface (5); the basal strata of the unconfined element correspond to sandstones with
high- to low-angle cross-bedding (Sp-Sl lithofacies) passing upward to very fine-grained sandstones to siltstones (Fl lithofacies). Due to their original content of organic remains, these
sandstones show frequent irregular reduction spots (arrows).
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ability to travel great distances over low slopes (Costa, 1984). Despite
the low content of mud, some subaerial sediment gravity flows can
move downslope as lobes (Mulder and Alexander, 2001), and they can
exhibit concentrations of coarse clasts in their marginal parts when
they accumulate as terminal lobes (Costa, 1984); the lenses and blan-
kets of disorganized conglomerates described here might be compara-
ble to such lobes. The limited occurrence of horizontally stratified
conglomerates or sandstones on top of these massive bodies could be
due to streamflow reworking (Nemec and Steel, 1984).

6.3. Fluvial non-channelized deposits

Fluvial non-channelized deposits are the dominant constituent com-
ponent of the Upper Red Garumnian: they form around 85% of the mea-
sured stratigraphic sections. Based on their geometry and constituent
lithofacies, two main architectural-element types have been distin-
guished: (i) unconfined heterolithic elements (FH) and (ii) mud-
prone overbank elements (FM).

6.3.1. Unconfined heterolithic elements (FH)

6.3.1.1. Description. Unconfined heterolithic elements (FH) are a notable
component of the studied Upper Red Garumnian deposits, forming
~24% of the measured sections and being identified in the four defined
stratigraphic intervals. These elements are most commonly located di-
rectly adjacent to or overlying channelized or debris-flow bodies. Lo-
cally, tabular bodies with similar sedimentological features, but
without any observed spatial relationship with coarser-grained de-
posits, are also seen. In downstream (SE to SSW) profiles, these ele-
ments present a tabular (Fig. 13A) to wedge-shaped morphology (Fig.
13B); despite the good continuity of the exposures, sections oriented
parallel to depositional strike are not sufficiently continuous to enable as-
sessment of the lateral extent of these bodies; however, considering the
dimensions of the underlying coarse-grained bodies, the FH elements
can probably attain apparent width values from 5 to 70 m. Their maxi-
mum thickness is from less than 1 m to 13.5 m, but is typically less than
6 m. Where FH elements overlie channelized bodies, their lower bound-
ary can correspond to low-relief, accretionary 4th-order surfaces (Fig.
13A and C); instead, where located above overbank elements, this basal
boundary is usually erosional and sharp, and can be ranked as a 5th-
order surface (Fig. 13B and D). In their downstream terminations, these
elements can pinch out within overbank elements (Fig. 13A).

The FH elements are mostly composed of well stratified (planar-hor-
izontally stratified to ripple laminated) to massive (mainly bioturbated)
interbeds of very fine-grained sandstones and siltstones (lithofacies Fl:
92.7%); thin (less than 0.5 m) interbeds of horizontal-bedded (Sh:
2.8%) and massive sandstones (Sm: 3.4%) are other significant compo-
nents; cross-bedded sandstones were not recorded in the measured
sections, but are observed locally (Fig. 13D). Local load structures are
observed below such coarser-grained interbeds. The effects of bioturba-
tion and pedogenesis are common features of these deposits. The bio-
turbation of beds is variable, ranging in form from discrete burrows to
completely homogenized beds. Biogenic structures comprise mainly
subvertical regular cylindrical burrows, although rare burrows that are
meniscate, else that show midway enlargements, are observed in
places. In highly bioturbated strata, horizontal burrows are also com-
mon. Common pedogenic features of these deposits, although usually
restricted to red-coloured strata, are reduction spots and mottles,
branched rhizohaloes, and leaf imprints (see below for additional de-
tails).

6.3.1.2. Interpretation. Considering their fine-grained size and the con-
spicuous occurrence of planar and ripple-lamination, the FH elements
can be interpreted as the result of unconfined, decelerating, shallow-
water flows in a low-relief and low-gradient alluvial-plain setting
(Hubert and Hyde, 1982; Wells, 1983; Sadler and Kelly, 1993). Such
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overbank flows caused deposition of fine-grained bedload at the transi-
tion between lower and upper flow-regimes, along with suspended
sediments (Hubert and Hyde, 1982; Stear, 1983; Parkash et al., 1983;
Gulliford et al., 2014). In present-day dryland areas, the deposits of
overland flows are associated with relatively high-frequency and low-
magnitude flood events (Vyverberg, 2010). The preserved record of
such overbank flooding events is mainly represented by wide, elongate,
sheet-like bodies commonly referred to as splay deposits (Stear, 1983;
McKie, 2011; Gulliford et al., 2014; Wilson et al., 2014). In modern dry-
land areas, similar unconfined deposits are located at the termini of riv-
ers, where they form so-called terminal splays (Abdullatif, 1989; Fisher
etal.,, 2008; Coronel et al., 2020; Li et al., 2020). The location of these de-
posits above the channelized elements suggest that this type of sedi-
mentation became important once these channels were completely
infilled (Schumm, 1961). In addition, their gradation to channelized de-
posits may indicate that the unconfined lobes were fed upstream by
such channelized systems (McKie and Audretsch, 2005). Pervasive bio-
genic or pedogenic alteration is commonly observed in recent and an-
cient examples of similar deposits, and is associated with the time
between flood events (Fisher et al., 2008; McKie, 2011; Burns et al.,
2017). The observed vertical burrows may correspond to shelter traces,
whereas horizontal burrows are typically associated with feeding pro-
cesses (Hasiotis, 2002). The presence of rhizohaloes, slickensides and
wedge-shaped peds suggests that, despite the dominant well-drained
conditions, fluctuations in soil saturation took place. Where spatial rela-
tionships with presumed genetically related channel deposits cannot be
observed, these deposits might correspond to the most distal parts of el-
ements of this type.

6.3.2. Mud-prone overbank elements (FM)

6.3.2.1. Description. Mud-prone overbank elements (FM) are the most
abundant deposits in the Upper Red Garumnian, constituting ca. 80%
of the entire studied succession; they are ubiquitous in the four defined
stratigraphic intervals. FM elements extend laterally over hundreds of
metres, and in the measured sections can locally attain up to 70 m in
thickness. Where located above FH elements, the lower contact can be
gradational.

The lithofacies of mudstones and siltstones (Fsm) is by far the dom-
inant component of FM elements attaining an abundance of 98.7%;
other components are present with abundances lower than 1% and
comprise thin to medium beds (<0.5 m) of very-fine grained sand-
stones to siltstones (Fl: 0.5%), massive to horizontally bedded sand-
stones (Sm: 0.2% and Sh: 0.1% respectively), and horizontally bedded
conglomerates (Gh: 0.1%); pedogenic calcareous nodules (P lithofacies)
occur locally in a similar low percentage (0.2%). The dominant fine-
grained sediments show different degrees of pedogenic alteration,
which produced palaeosols with a characteristic horizonation due to
different intensities of redoximorphic features (mottling; Fig. 14a and
B). Burrows and drab-haloed root traces are relatively common in
these deposits. Gypsum (Fig. 14C) occurs mainly as irregular aggregates
(<10 cm of major dimension) of anhedral crystals, or less commonly as
laminar aggregates and veinlets that probably originated by
reprecipitation. Although the occurrence of gypsum is usually observed
at different locations and stratigraphic levels, locally, in the western part
of the Esplugafreda section and in the upper part of interval 2, such ac-
cumulations attain a higher concentration (Fig. 4), which can even be
observed in aerial orthophotographs. In the outcrops near Gurp, these
gypsum accumulations are locally very abundant (Fig. 14C). Calcareous
nodules (individually less than 2 cm) are present as accumulations in
distinct horizons. A discrete carbonate layer is observed (Fig. 14D)
that is less than 0.5 m thick; although discontinuous, it appears in seg-
ments with up to 100 m of lateral continuity; this layer is located in
the middle part of interval 2 and is composed of massive to banded
limestones, which locally show a nodular habit and lack macroscopic
evidence of fossil content.
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Fig. 14. Outcrop examples of overbank deposits. A) Oblique view of monotonous overbank deposits (13/FM) constituting the uppermost part of the interval 3 in the Esplugafreda sector; the
irregular contact with an incised valley fill (ivf) in the base of the interval 4 corresponds to a 6th-order bounding surface; the Claret Conglomerate overlies this valley fill. B) Oblique view of
overbank deposits (13/FM) from the uppermost part of the interval 3 in the Arén sector, overlain directly by the Claret Conglomerate (CC); the overbank deposits show a characteristic
palaeosol horizonation; locally an unconfined heterolithic element (FH) is interposed within these overbank deposits; the base of this heterolithic element corresponds to a horizontal
5th-order bounding surface whilst its top is convex and gradational. C) Detail of overbank deposits (Gurp sector) rich in gypsum aggregates; the gypsum has been locally reprecipitated
in planar veins (arrows). D) Detail view of overbank deposits (Esplugafreda sector, interval 2) with tabular palustrine carbonates (P lithofacies); below these carbonates, the overlying

mudrocks (Fsm lithofacies) contain rhizoliths and carbonate nodules.

6.3.2.2. Interpretation. Based on their grain size and overall architecture,
these deposits record suspension settling associated with overbank
floods flowing over distal floodplain areas to develop mudflats
(Parkash et al., 1983; Stear, 1983; Wells, 1983; Cowan, 1993; Coronel
et al., 2020). The episodic, but apparently frequent flooding of such
areas, which covered the major part of this fluvial system, lead to the ac-
cumulation of thick and wide mud-prone successions (Parkash et al.,
1983; Stear, 1983; Ghosh and Sarkar, 2011). Possible periodic flooding
may be responsible for the differential mottling and banded aspects of
these deposits, in relation to seasonal differences in soil saturation
(Kraus, 1992). Palaeosols in the studied sections have been classified
as Vertisols, but Aridisols may also be present (Fjellbirkeland, 1990).
The presence of rhizoliths in these deposits suggests the existence of
some vegetation, a feature common of floodplains in dryland areas
(Scott, 2006; Bridge and Demicco, 2008). Gypsum precipitates in this
succession were previously associated with evaporation cycles and
arid conditions (Fjellbirkeland, 1990); however, a pedogenic origin me-
diated by bacterial activity may be more likely in view of their concen-
tration in root holes and along slickensides fractures. The formation of
Bk horizons enriched in pedogenic carbonate nodules may reflect car-
bonate precipitation in a floodplain setting experiencing a negative
water balance and a gap in sedimentation, whereas the carbonate bed
of interval 2 may represent carbonate precipitation in a palustrine set-
ting subject to negligible input of clastic sediment (cf. Alonso-Zarza
and Wright, 2010; Arostegi et al,, 2011).

7. Discussion

The Upper Red Garumnian succession in the study area comprises
mostly non-channelized fluvial elements resulting from sedimentation
via unconfined mud-laden flows, principally in overbank settings
neighbouring fluvial channels and represented by widespread mudflats.
Based on the proportion of these deposits in the measured vertical
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sections, and the available chronostratigraphic framework, these allu-
vial mudflats were the dominant landscape in the late Paleocene in
the eastern part of the Tremp-Graus basin. The channelized elements
are variably distributed depending on their stratigraphic position:
they tend to be broadly scattered in intervals 1 and 2, formed during a
stage of tectonic quiescence; by contrast, they tend to be dominantly
clustered, in some cases within palaeovalleys, in interval 3 and in the
lowermost part of interval 4, as a result of changes in streambed graded
profile related to reactivated uplift (Fernandez et al., 2012) and eustatic
changes (valley fills of Pujalte et al., 2014; cf. Colombera et al., 2017,
Fig. 4). Following the onset of the PETM, with a temporal lag in the
order of 4000 years (Pujalte et al., 2022) to 10° years (Duller et al.,
2019), the fluvial style in this part of the basin changed drastically: dur-
ing the earliest Eocene, channel belts migrated rapidly across the allu-
vial plain causing the cannibalization of floodplain areas, as well as the
erosional planation of palaeotopographic highs (Colombera et al.,
2017); after the PETM recovery, these alluvial environments reverted
to their mud-prone character, under conditions of increased proximity
to the coast, which heralded the establishment of marine conditions re-
corded by the early Eocene Alveolina Limestone and equivalent facies.

The documented changes in the stratigraphic architecture of the
Upper Red Garumnian reflect the variable role of allogenic drivers, spe-
cifically tectonics and climate, which resulted from global scale pro-
cesses (PETM) to more basin-wide controls (multistage uplift of the
Pyrenees). Meanwhile, at a smaller scale, sedimentological observations
from channelized elements reveal the influence of discharge variability
as a control on facies architectures.

In most channelized elements, there is evidence of deposition by
streams with significant water-discharge variability; locally, evidence
of physical and biogenic processes of sediment alteration (burrowing,
desiccation and root growth; Fig. 15) indicate ephemeral or intermittent
discharge. The predominance of high-stage and upper-flow regime
bedforms, mostly horizontally bedded sandstones and conglomerates,
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Fig. 15. In-channel sedimentary features diagnostic of streamflow interruption in deposits of fluvial channels subject to high variability in discharge. Most of these features are associated
with horizontally laminated sandstones. A) Meniscate vertical burrow. B) Branched horizontal burrows. C-D) Horizontal rhizohaloes. E-F) Casts of desiccation cracks, located at the base of

sandstone bodies, and above thin interbeds of muddy lithofacies.

reflects the prevalence of shallow rapid flows. The intermittent nature
of water discharge is additionally testified by the limited reworking of
rapidly aggraded channel deposits. Certain diagnostic characteristics of
rivers with highly variable discharge, such as partially buried stumps
and trees (Fielding et al., 2018), are lacking; nonetheless, possible evi-
dence of sparse vegetation colonizing the channel beds during low
flow stages or droughts may be recorded by the preservation of exten-
sive networks of sub-horizontal rhizohaloes (Fig. 15C and D).

The simple single-storey elements (FC1), which are frequently dom-
inated by a single lithofacies and tend to lack reactivation surfaces or
mud drapes, are interpreted as the product of channel inception and
infill by a single flood. Elements of this type are thought to represent
the infill of fluvial channels located in overbank-dominated alluvial-
plain areas, either as isolated channels incising overbank deposits
(EM), or as flow conduits that developed in the late stages of accumula-
tion of genetically related unconfined heterolithic elements (FH). For
compound single-storey elements (FC2), a detailed characterization of
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their internal architecture is hampered by the fact that most exposures
have limited three-dimensional control; most outcropping sections are
oriented approximately perpendicular to the average palaeoflow direc-
tion. Nonetheless, a record of multiple flood events affecting the same
channel forms is identified in the vertical stacking of m-scale deposits
of individual floods, dominated by sandy to gravelly bedforms and
sand sheets deposited during high flow stages and overlain by cm- to
dm-scale drapes of fine-grained sandstones and siltstones deposited
by suspension settling during waning stages. Bioturbation affects the
fining-upward and sandstone packages of these elements, which is es-
pecially significant in view of their inherently high water-holding ca-
pacity. Multi-storey and multilateral elements (FC3) represent the
deposits of channel belts with a more complex morphodynamic evolu-
tion, encompassing the dissection and reworking of previous coarse-
grained deposits and occasional channel widening; these FC3 elements
tend to form the basal portion of major fining-upward successions. The
channel belts that formed these bodies comprised of bedforms and
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elements of different types and scales, such as unit bars, gravelly and
sandy bedforms, plane beds, as well as channel fills; individual storeys
can be separated by scour surfaces with metric relief. Macroform-
accretion geometries are particularly evident in FC2 and FC3 elements
from the lower part of interval 4, including and up to the Claret Con-
glomerate, in conjunction with a larger fraction of facies relating to
mesoform-scale bedforms. This architectural change may indicate a
transition to more perennial conditions (Colombera et al., 2017; cf.
Plink-Bjorklund, 2015; Fielding et al., 2018). A substantial change in
the type of lithofacies forming the Claret Conglomerate, relative to the
underlying deposits of interval 4, is not seen. Yet, the Claret Conglomer-
ate, which is a particular type of FC3 element, marks a sudden increase
in the apparent width of the channelized elements (cf. Dreyer, 1993;
Schmitz and Pujalte, 2007; Colombera et al., 2017). The local occurrence
of fine-grained elements of limited lateral extension suggests that the
change in architecture (size and stacking pattern of channel bodies)
may reflect increased channel mobility and avulsion frequency.

A limited proportion of the Upper Red Garumnian in the study area
is made of deposits of sediment gravity-flows, represented by clast-
supported disorganized bodies, which are mostly stratigraphically lim-
ited to the basal part of the stratigraphic interval 2. The interfingering
of debris-flow deposits with fine-grained fluvial deposits has been lo-
cally reported in the Munster Basin of southern Ireland (Graham,
1983), which has been referred to as an example of an alluvial basin
where debris-flow processes coexisted with braided-river deposition
(Stanistreet and McCarthy, 1993). Additionally, the significant occur-
rence of conglomeratic deposits in relatively distal parts of this alluvial
system can be related to an intrinsic factor of this sedimentary basin,
namely the dominance of carbonates in the source area
(Fjellbirkeland, 1990). Similar conditions are seen in modern alluvial
systems developed under arid and semiarid climatic conditions in cen-
tral Texas, where streams associated with limestone terrains are associ-
ated with coarse gravel and boulders that are mobilized during major
floods (Baker, 1977).

The overbank deposits, which constitute the 85% of the succession in
the study area, were formed by overbank flows during major seasonal
floods or by low-energy but high-frequency mud-laden flows. Uncon-
fined flows are dominated by very fine-grained sandstone and coarse-
grained siltstone deposits, which usually show evidence of pedogenesis,
including the common occurrence of burrows and rhizoliths. These
characteristics might be related to transient water saturation of the
soil, and to the development of riparian ecosystems. In overbank de-
posits, the pedogenesis is more strongly controlled by cycles of drying
and wetting, and includes the development of mottled patterns and
the precipitation of calcareous nodules and gypsum aggregates. Analysis
of palaeosol characteristics indicates the predominance of a dry climate,
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important seasonal variations in moisture, as well as a progressive in-
crease in precipitation through the time of interval 3. The red-
coloured nature of the overbank deposits of intervals 1 to 3 suggests
prevailing well-drained conditions during the deposition of most of
the Upper Red Garumnian. Nonetheless, in the lower part of interval
4, (members 1 to 2 of the Claret Formation of Baceta et al., 2011), the oc-
currence of grey-coloured fine-grained deposits with coaly fragments
testifies to the existence of waterlogged areas that enabled organic mat-
ter preservation in relation to reducing conditions. In addition, the con-
glomeratic deposits forming the amalgamated complexes of the Claret
Conglomerate of Baceta et al. (2011) contain oncolites (Fig. 16), which
may be associated with shallow ponded areas neighbouring or within
the channel belts that produced the coarse-grained bodies. These fea-
tures indicate that the lower interval 4 recorded a change to poorly
drained conditions, which could also be responsible for the apparently
higher degree of cementation observed in the conglomeratic deposits
of this interval, due to a shallower phreatic zone. A water-table rise
would have occurred as part of a long-term trend of palaeohydrological
change that predated the onset of the PETM, and which is expressed in
interval 3 in palaeosol characteristics that indicate a seasonal increase in
precipitation. Overall, this may reflect some progressive intensification
of the hydrologic cycle in the study area during the late Paleocene
warming trend (cf. Bice and Marotzke, 2002; Kender et al., 2012).

To summarize our sedimentological characterization of the succes-
sion, a sedimentological model is proposed for the Upper Red
Garumnian (Fig. 17) that depicts schematically the distribution of the
architectural elements across the four described intervals. Compound
single-storey (FC2) and amalgamated complexes (FC3) are associated
with wide areas of unconfined heterolithic deposits. Debris-flow ele-
ments (DF) are only found in the interval 2, and specifically at its
base. Palaeosol horizons with calcareous nodules are common in
mud-prone overbank deposits, particularly those of the interval 2.
The base of the interval 3 is marked by local amalgamated complexes,
but in overlying strata the channelized bodies tend to be clustered
(Figs. 3, 4), suggesting the influence of topographic (e.g., valley confine-
ment) or autogenic (e.g., presence of avulsion nodes) controls on their
distribution (cf. Hajek et al., 2010). The Claret Conglomerate records
channel-belt amalgamation by lateral migration of individual channels.
Poorly drained conditions are locally interpreted for the Claret Con-
glomerate and the underlying lower interval 4 deposits in the
Esplugafreda area, where ponded areas within channel belts and
water-logged zones in overbank areas existed.

In summary, variations in water discharge are recognized to have oc-
curred over a range of timescales (from that of flood events to that of the
late Paleocene warming trend): these left distinctive sedimentary re-
cords at corresponding spatial scales (from that of the lithofacies to

Fig. 16. Oncolites from the Claret Conglomerate related to the development of ponded areas within channel belts. A) Oncolites formed around individual nuclei of gravel-sized fragments.
B) Besides of being formed around individual gravel-size clasts (g), oncolites are also formed around lumps of sand (s) or sandy gravel (sg).
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Fig. 17. Schematic sedimentological model for the Upper Red Garumnian in the Arén and Esplugafreda sector. To enable depiction of representative features of all stratigraphic intervals,
the thickness of the intervals (I1 to 14) is not to scale; the top of the block is representative of the lower to mid part of interval 4. The parent block represents the distribution of architectural
elements through the stratigraphy, whereas the smaller inset blocks display the distribution of lithofacies within architectural elements. Deposits belonging to elements of a different type
are greyed-out in the detailed inset blocks. O: Ponded areas within channel belts of the lower interval 4 (Claret Conglomerate) where oncolites were formed; C: Water-logged areas in
overbank area where accumulation of grey mudrocks with coaly fragments took place.

that of the entire Upper Red Garumnian), which indicate that climate A detailed analysis of the stratigraphic architecture and facies orga-
was a prime control on the flow characteristics, depositional processes, nization of these deposits has revealed how water-discharge variations
channel morphodynamics, palaeosol development and topographic at different temporal scales acted as a fundamental control on the char-
evolution of the studied alluvial system. To elucidate the significance acteristics and evolution of this alluvial system. Facies arrangements

and magnitude of the inferred environmental change, however, it is rec- and evidence of streambed drying are documented: these record the ef-
ommended that quantitative palaeohydraulic and palaeohydrological fects of highly variable discharge in ephemeral or intermittent channels,
reconstructions (cf. Paredes et al., 2018; Long, 2021; Barefoot et al., over timescales ranging from that of flood events to that of channel-
2022), ideally supported by geochemical analyses (cf. Sheldon et al., form lifespans. Variations in facies assemblages, stratigraphic architec-
2002), are undertaken. ture and palaeosol characteristics through the stratigraphy testify to
longer-term variations in channel morphodynamics, discharge regime,

8. Conclusions floodplain processes and pedogenesis; since these may reflect major hy-
drological changes in the late Paleocene and earliest Eocene, the find-

Based on the analysis of its architecture and lithofacies characteris- ings of this work help improve our understanding of environmental

tics, the late Paleocene to earliest Eocene fluvial succession exposed in change leading to, and including, the PETM.

the Arén-Esplugafreda sector — the Upper Red Garumnian- is shown
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