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ARTICLE INFO ABSTRACT

Editor: Zhengtang Guo This work aims to present the Les Avellanes diapir as a field analog to inquire how the origin, advance, and
emplacement of an allochthonous salt body in continental settings influence the local sedimentation in terms of
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Pyrenean fold-and-thrust belt (Spain), the Les Avellanes diapir is an outcropping salt structure made of Triassic
evaporites, lutites and carbonates. At the diapir’s western boundary, a structurally controlled sub-basin presents
Fold-and.thrust belt a well-preserved, early Oligocene in age, mixed clastic-evaporitic sedimentary sequence which recorded the
Southern Pyrenees lateral extrusion of the diapir and its emplacement as an allochthonous salt sheet. To define the events and
Les Avellanes diapir processes recorded by the adjacent sedimentary sequences, and to unravel the diapir evolution and the nature of
the diapir contact at the study area, we have combined sedimentary, petrologic, and stratigraphic data. Three
stratigraphic sections have been built, from which 8 lithostratigraphic facies associations have been described,
interpreted, and correlated across the sub-basin. The deformation within the diapir deposit is also described and
interpreted together with the sedimentary rocks. A prograding alluvial to colluvial system is associated with the
piercing of the salt, which was exposed at the surface towards the NE area of the sub-basin. The dissolution of the
salt resulting in the formation of a caprock with stacks of stringers of intrasalt carbonates and dolerites layers.
The ongoing uplifting at the NE caused the incision of the local drainage network, marked as a paleo-relief in the
stratigraphic sequence, filled by syn-kinematic breccias derived by the erosion, transport, and sedimentation of
the caprock. The headward erosion reached the salt underneath the caprock, triggering the lateral extrusion.
Thus, salt flowed southwards, favored by the local topography, overriding the syn-kinematic breccia deposit.
Foliation and other shear-related deformation structures are observed in a megabreccia made of caprock rem-
nants which overlap the sedimentary, syn-kinematic breccias along the base of the salt sheet deposit. These
structures were probably formed during the advance of the salt sheet. The data acquired and interpreted in this
work allows for the conceptualization of the relative lateral movement of a salt sheet front as recorded by
adjacent syn-kinematic sedimentation in continental settings. Salt supply and erosion rates are compared with
topographic slope, sedimentation, and salt dissolution as major controlling parameters of the salt sheet advance.
The resulting combinations are expressed by the progradation, aggradation, and retrogradation in terms of
proximal over distal facies.

1. Introduction dipping salt, laterally emplaced at a stratigraphic level above the
autochthonous source layer” (Hudec and Jackson, 2006). While any
Allochthonous salt is defined as “subhorizontal or moderately subhorizontal salt structure emplaced over younger strata is
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allochthonous by nature, most authors mostly refer to salt sheets or salt
canopies as allochthonous, since they are emplaced by the lateral
advance of a fluid salt (Talbot, 1998; Talbot et al., 1999; Hudec and
Jackson, 2006, 2007; Hearon IV et al., 2015; Zavada et al., 2015;
Jackson and Hudec, 2017a, Rowan, 2017). In these terms, a salt sheet is
an allochthonous mass extruding from a single feeder, while a salt
canopy is the amalgamation of two or more salt sheets extruding from
different feeders and forming an apparently continuous salt body (Peel
et al., 1995).

Despite having been reported in several geological settings, salt
sheets and canopies are commonly founded inside collisional orogens (e.
g., Iran, Zagros fold-and-thrust belt, Sherkati et al., 2006; or South
Australia, Flinders Ranges, Rowan et al., 2019a). This is because the
combination of shortening and syn-orogenic deposition usually results
in the formation of salt structures or the reactivation of pre-orogenic
ones, from which salt may locally extrude (Dooley et al., 2009; Hudec
and Jackson, 2006; Callot et al., 2012; Camara and Flinch, 2017; Rowan,
2017; Duffy et al., 2018; Santolaria et al., 2021; Rowan et al., 2022).

In orogenic provinces, salt tends to be accumulated in the front of salt
detached fold-and-thrust belts. Prominent examples of allochthonous
salt structures within fold-and-thrust belts include the Zagros Salt
Province (Talbot et al., 1999; Sarkarinejad et al., 2018; Zavada et al.,
2021); the Australia Flinders Range (Hearon IV et al., 2015; Rowan
et al., 2019a); the Kuqa belt (China) (Li et al., 2014); the Sivas Basin in
Turkey (Callot et al., 2014; Legeay et al., 2019); the Katangan Copper-
belt in Congo (Jackson et al., 2003); the Alpine Hautte Provence (Gra-
ham et al., 2012), or the Basque-Cantabrian basin (Spain) (Carola et al.,
2015; Roca et al., 2021) between others. In these areas, the distribution
and thickness of salt accumulations strongly affect the structural style
(Hudec and Jackson, 2006, 2007; Duffy et al., 2018) which, in turn,
influence the regional and local sedimentary record (Andrie et al., 2012;
Ribes et al., 2016; Counts et al., 2019). Consequently, the tectono-
sedimentary interactions often become increasingly complex
compared with the already highly heterogenous syn-orogenic sequences
located within the fold-and-thrust belts and at the adjacent foreland
basins (e.g., Garcés et al., 2020; Calvet et al., 2021). In addition,
numerous geological and economic resources are linked to sedimentary
rocks associated with salt structures, such as ore deposits, hydrocarbon
reservoirs, CO, storage, and geothermal reservoirs, among others (e.g.,
Jackson et al., 2003; Galdos et al., 2019), so the correlation between salt
structures and sedimentary processes is an important topic.

The characterization and interpretation of sedimentary sequences
adjacent to salt structures, combined with surface and subsurface data,
constitute a proven approach for reconstructing salt migration and
related deformation along time (Giles and Rowan, 2012; Alsop et al.,
2016; Pichat et al., 2019). In the case of extrusive salt sheets (Hudec and
Jackson, 2006) the relative movement of the structure can be recorded
by the adjacent syn-kinematic sedimentary rocks, so the stratigraphy
together with its geometry, offer valuable data to constrain the origin,
timing, and mechanisms of allochthonous salt emplacement in an area
(McGuinness and Hossack, 1993; Fletcher et al., 1995; Koyi, 1998).

With regard to salt sheet emplacement, there is also a lack of detailed
work published on the related sedimentary successions. In contrast,
works have been focused on numerical (Pichel et al., 2017; Nikolinakou
et al., 2019) and analog (Dooley and Hudec, 2020; Santolaria et al.,
2021) modeling of allochthonous salt structures to acquire constraints to
be mainly applied in interpretations of non-direct, mostly off-shore
collected, geophysical data. Thus, since direct observations are needed
to validate numerical and analog models, a necessity arises to find and
study field analogs, in order to improve the understanding of the
stratigraphic-halokinetic interactions.

In this sense, the salt-detached southern Pyrenean fold-and-thrust
belt presents a unique opportunity for the observation between sedi-
mentation, tectonics, and salt related processes. In the south-central part
of the Pyrenees (Spain), there are several salt structures piercing through
exceptionally well-preserved sedimentary sequences (Vergeés et al.,
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1992; Santolaria et al., 2014; Saura et al., 2016) which record the
behavior of salt, along with the development of the fold-and-thrust belt.
In recent years, several studies have focused on these salt structures,
attempting to explain the role of salt in the Pyrenean orogen formation
and evolution (Santolaria et al., 2016; Saura et al., 2016; Camara and
Flinch, 2017; Carola et al., 2017; Munoz et al., 2018; Burrel and Teixell,
2021). Nevertheless, the scope of these studies covers relatively wide
areas leading to limited data resolution, which in turn, lead to the
simplification of all major outcropping salt structures as vertical diapiric
walls (Os de Balaguer map sheet: Teixell and Barnolas, 1996).

To evaluate the understanding of these salt structures and constrain
the true shape and nature of salt emplacement, this work focuses on the
Les Avellanes diapir, one of the largest within the southern Pyrenees.
Adjacent to the western boundary of the diapir, the Os de Balaguer sub-
basin infill sequence contains early Oligocene, continental sedimentary
rocks apparently overlain by the allochthonous salt, with the mechanism
of emplacement being unclear. Therefore, this work aims to uncover the
history of the Les Avellanes diapir emplacement by studying the stra-
tigraphy of the surrounding sediments, as well as 1) defining the nature
of the diapiric contact in the study area by evaluating the mechanism
responsible of the salt emplacement; 2) deducing and locate the history
of the diapir piercing, extrusion, and advance; and 3) accordingly
reinterpreting the geometry of the western boundary of the Les Avel-
lanes diapir. In addition, the interpretation, distribution, and strati-
graphic architecture of the observed facies are used to propose a
theoretical, qualitative model that depicts how a continental sedimen-
tary sequence adjacent to an extrusive, horizontally advancing salt sheet
changes accordingly to the relative movement of its front, and which
factors influence salt movement (McGuinness and Hossack, 1993; Koyi,
1998; Peel et al., 2020). The results presented in this work may be useful
as a surface analog for constraining the different stages of salt sheet
advance in continental settings, and for other similar basins worldwide.

2. Geological setting

The Pyrenean orogen is an asymmetric, doubly vergent, orogenic
wedge located at the north of the Iberian Peninsula (Fig. 1A) which
resulted from the continental collision and subsequent subduction of the
Iberian Plate under the European Plate from Late Cretaceous to Miocene
times (e.g., Munoz, 1992; Roure and Choukroune, 1998; Teixell, 1998;
Vergés et al., 2002; Beaumont et al., 2000; Munoz et al., 2018; Teixell
et al., 2018).

The orogen was built over the inversion of an Early to Late Creta-
ceous hyperextended margin related to the opening of the North-
Atlantic Ocean (Lagabrielle et al., 2010; Angrand and Mouthereau,
2021), and propagated westwards while developing two opposite-
verging fold-and-thrust belts (Beaumont et al., 2000). Major conver-
gence rates occurred during the middle Eocene and the Oligocene (Grool
et al., 2018; Cruset et al., 2020) decelerating after and lasting in some
places until the Miocene (20 Ma.) (Fitzgerald et al., 1999; Huyghe et al.,
2012). From late Eocene to the Oligocene, the closure of the foreland
Ebro basin, which was previously opened to the North Atlantic Ocean,
led to the development of large alluvial fan systems advancing from the
central parts of the orogen, which buried most of the south Pyrenean
fold-and-thrust belt beneath up to 1.6 km of conglomerate successions
(Fillon et al., 2013, Beamud et al., 2010). The burial of the thrust front
forced the internal deformation and the out-of-sequence reactivation of
the South Pyrenean thrust sheet sequence (Vergés and Munoz, 1990).
During the Miocene, the Ebro basin became opened again towards the
SE, to the Mediterranean (Garcia-Castellanos et al., 2003). This opening
caused the fluvial incision which exposed most of the southern fold-and-
thrust belt pre- and syn-orogenic sequences.

The Pyrenees are structurally divided into a central part, called the
Axial Zone, which separates the north and the south fold-and-thrust
belts (Munoz, 1992) (Fig. 1A). The north belt and the Axial Zone are
characterized by thick-skinned deformation involving Paleozoic igneous
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Fig. 1. A: Simplified location maps for the Iberian Peninsula and the Pyrenees, and geological map of the South-Central Pyrenees modified from Munoz et al. (2018).
Red polygons indicate the areas of interest. The name of the three main thrust sheets forming the structural sequence is also located. The numbers refer to salt
structures located within the area: 1) Alos de Balaguer, 2) Les Avellanes diapir, 3) Estopinya, 4) Calasanz, 5) Justeu, 6) La Puebla de Castro, 7) Estada, 8) Naval
diapir, and 9) Clamosa. B: Cross-section of the South-Central Pyrenean wedge. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

and metamorphic rocks imprinted by the Hercynian orogeny, and an
attached Mesozoic to Cenozoic sedimentary cover. In contrast, the south
belt shows a thin-skinned deformation, and a sedimentary cover de-
tached over the Triassic evaporites. The detached cover is emplaced over
the Tertiary sequence of the foreland Ebro Basin with a sole thrust
running at the base of the Triassic evaporites (Fig. 1B) (Munoz, 1992;
Beaumont et al., 2000).

The South-Central Pyrenean fold-and-thrust belt forms an arc shaped
thrust salient flanked by oblique structures. This area is mainly equiv-
alent to the South-Central Pyrenean Unit defined by Séguret (1972). The
thrust salient encompasses three main thrust sheets branching

southwards in a piggy-back sequence. These are, from north to south and
in order of emplacement: the Bdixols-Cotiella thrust sheet (Late Creta-
ceous), the Montsec-Pena Montanesa thrust sheet (Paleocene-early
Eocene), and the Serres Marginals thrust sheet (lower Eocene-
Oligocene) (Fig. 1B). Differential transport displacement along-strike
caused the formation of the orogenic curvature in a progressive pro-
cess controlled by the uneven distribution of the Triassic and Eocene
evaporites along the fold-and-thrust belt (Munoz et al., 2013; Munoz
et al., 2018).

Within the outermost Serres Marginals thrust sheet there are several
outcropping major salt structures mainly made of Triassic evaporites
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linked with orogenic structures, since the Triassic also outcrops in the
hangingwall of the thrusts and at the core of the anticline folds, which
relate to the salt structures (Fig. 1A) (e.g., Canelles anticline, Salvany,
1999). Several studies have highlighted the link between the distribu-
tion of the evaporites with the location, morphology, and development
of contractional structures in the area. (Vergés et al., 1992; Sans, 2003;
Lopez-Mir et al., 2014; Santolaria et al., 2016; Saura et al., 2016; Camara
and Flinch, 2017; Carola et al., 2017; Munoz et al., 2018; Burrel and
Teixell, 2021). Accumulations of Triassic evaporites in the Serres Mar-
ginals have been proposed to form in syn-orogenic times mainly by
shortening and differential loading (Saura et al., 2016). However, some
works have proposed that some salt structures could have started to
evolve in pre-orogenic times (Salvany, 1999; Santolaria et al., 2014;
Burrel and Teixell, 2021).

2.1. Stratigraphy of the Les Avellanes diapir and its surrounding area

The Les Avellanes diapir is a salt structure made of Triassic evapo-
rites, carbonates and lutites, located in the Serres Marginals thrust sheet
(Fig. 1A). The diapir is surrounded by a condensed pre-orogenic and syn-
orogenic sedimentary sequence ranging from the Triassic to the Oligo-
cene (Fig. 2).

The Triassic in the Pyrenees displays three characteristic facies: the
Lower Triassic siliciclastic rocks (Buntsandstein facies), the Middle
Triassic carbonates and evaporites (Muschelkalk facies), and the Upper
Triassic evaporites and lutites (Keuper facies) (Calvet et al., 2004). The
Muschelkalk and the Keuper facies are divided into three intervals each.
On one hand, the lower Muschelkalk (M1) is mainly comprised of
dolostones, the middle Muschelkalk (M2) of evaporites, and the upper
Muschelkalk (M3) of limestones and dolostones (Calvet et al., 1994);
and on the other hand, the lower Keuper (K1) is formed of lutites and
evaporites, the middle Keuper (K2) of mainly evaporites, and the upper
Keuper (K3) of white marls with interlayered dolostones (Calvet et al.,
1994; Calvet, 1996; Arnal et al., 2002; Salvany and Bastida, 2004)
(Fig. 2). Moreover, intruding into the Triassic succession there are
subvolcanic sill-like rocks (dolerites) emplaced during the Upper
Triassic (Azambre et al., 1987; Lago et al., 2000).

The late Triassic (Norian-Rhaetian) is represented by dolostones and
limestones, named the Isdabena formation (Lopez-Gomez et al., 2019;
Arnal et al., 2002). This formation is directly overlaid by the Jurassic
Lias, Dogger, and Malm units, formed of marine evaporites, carbonates,
and marls (Fig. 2).

The Upper Cretaceous is the first syn-orogenic unit in the area. It is
divided between a basal Santonian unit, (named Adraén) formed of
fluvial quartz arenites and conglomerates (Pocovi, 1978), and an upper
Campanian-Maastrichtian unit, (named Calcaria de les Serres) made of
marine limestones and calcareous arenites (Caus and Gomez-Garrido,
2015) (Fig. 2). The Upper Cretaceous unconformably overlies the
Jurassic succession, showing a significant stratigraphic hiatus charac-
teristic of the Serres Marginals sequence. Towards the hinterland, this
unconformity disappears, while the Upper Cretaceous shows a transition
from shallow to deep marine facies, and a more complete succession (up
to 400 m), also overlaying Lower Cretaceous units that are not present in
the external parts of the orogen. These relations have been associated
with the onset of southward migrating depocenters during the gradual
development of the main thrust sequence and the flexure caused by the
tectonic loading. The deformation associated with the orogenic building
mainly reached the external areas of the fold-and-thrust belt in middle
Eocene times, and is thus considered syn-compression (Munoz et al.,
2018) (Fig. 2).

During the transit between the uppermost Cretaceous and the
Paleogene, sedimentation progressively changed from marine to conti-
nental carbonates, intercalated with fluvial siliciclastic deposits known
as Garumnian facies (Cuevas, 1989, Rosell-Llompart, 2001). From the
lower Eocene to the Oligocene, sedimentation is mainly controlled by
tectonic structures (Fig. 2). The lower Eocene (Ypresian) is represented
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Bastida, 2004; Salvany, 2017).

by grainstones and packstones with alveolina and quartz grains, named
Alveolina Limestones facies (Serra-Kiel et al., 1994, 1998; Pujalte et al.,
2009) (Fig. 2).

During the early Oligocene, sedimentation occurred isolated, as
structurally controlled sub-basins developed. Teixell and Munoz (2000)
differentiate between two consecutive Oligocene tectonostratigraphic
units in the study area either locally deformed by/or post-dating the
frontal orogenic thrust units, named unofficially Lower Clastic unit and
Upper Clastic unit, respectively (Fig. 2). The Lower Clastic unit en-
compasses fluvial/alluvial conglomerates mainly formed of Jurassic and
Cretaceous rock fragments derived locally from the Serres Marginals
erosion. Within the diapir vicinity, these conglomerates change abruptly
into mixed clastic-evaporitic successions forming evaporitic packages
laterally and vertically confined by conglomerates. One of these clastic-
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evaporitic successions is the focus of this work (Fig. 2). The progressive
increase of metamorphic and igneous clasts in these conglomerates is
related to the increasing uplift and subsequent erosion of the Axial Zone
during the early to middle Oligocene, and locally marks the transition
into the Upper Clastic unit. The deposition of the Upper Clastic unit
exceeded the confinement of the local sub-basins, extending regionally
as alluvial systems coalesced, a process controlled by the endorheic
character of the Ebro Basin during this time (Beamud et al., 2010).
Although the upper limit of this unit is eroded in the area, thermo-
chronology models based on apatite fission tracks indicate that con-
glomerates reached 700 m of thickness in the Serres Marginals (Fig. 2)
(Fillon et al., 2013).

3. Methodology

This work is based on structural, stratigraphic, and petrographic data
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collected in the field mainly in the Os de Balaguer sub-basin. Bedding,
joints, faults, and cleavages were systematically measured with a
geological compass along a 4-km long, NNW-SSE cross-section, which
covers both the diapir deposit and the Oligocene sedimentary infill in
the sub-basin. A new geological cartography of the area has been made
to reach the desired level of accuracy using the 1:25.000 (Institut Car-
tografic de Catalunya (2010, 2014), and 1:50000 MAGNA series (Os de
Balaguer map sheet: Teixell and Barnolas, 1996) as base maps. Figs. 3
and 4 geological maps were also complemented with a digital elevation
model covering the study area. This model was constructed with the
topographic and elevation dataset provided by the Institut Cartografic i
Geologic de Catalunya (ICGC), HD-DEM, 2 x 2 m (MET-2) v2.0
(2016-2017) (https://icgc.cat), which is based on airborne collected, 2
m x 2 m resolution, filtered LiDAR data. In addition, PNOA-IGN aerial
collected orthoimages available at (https://pnoa.ign.es/), with a
maximum resolution of 25 cm/pixel were also used. Both were used for
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Fig. 4. A: Geological map of the western boundary of the Les Avellanes diapir showing the location of the Os de Balaguer sub-basin. B: Detailed map of the study area
and location of the stratigraphic sections A, B, and C. FA: facies associations. See location in Fig. 3. All coordinates are UTM, Z31N, ETRS 89. Roseplots represent the
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indicate the number of data plotted in each locality.
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mapping improvements such as fine-tuning contacts and supporting
structural information, as well as for georeferencing the stratigraphic
sections.

Stratigraphic data were collected along the studied profile in selected
outcrops with good exposures and vertical and lateral continuity. From
north to south, 3 highly detailed stratigraphic sections were constructed.
Real thicknesses were measured at each stratigraphic section along the
Os de Balaguer profile normal to bed direction with a Jacob’s staff and a
rule to improve precision. Correlations were done projecting the
georeferenced sections into a NNW-SSE, 2D correlation panel (approx-
imately following the strike direction), and is also supported by the
detailed mapping, and a digital terrain model (DTM). This DTM has been
constructed by means of a digital photogrammetry technique extracted
from digital image data collected using an unmanned aerial vehicle (DJI
Air 2 s model) and processed with the Agisoft Metashape (c) software.

Paleoflows were taken from sedimentary structures (flute marks and
clast imbrications) in two different localities and plotted in equal-area
Lower Hemisphere stereographic projection after bedding restoration.
Roseplots were then created, in which each bar represents a variation in
orientation of 10 degrees and the bar length is proportional to the
number of measures in each sector (Fig. 4). Stratigraphic data was
complemented by petrographic observations using 11 polished thin
sections made from representative sampling covering all stratigraphic
units. Rock composition was directly described in the field and com-
plemented using petrographic data. From the stratigraphic, sedimento-
logical, and petrographic analysis, 8 facies associations and a diapir unit
have been described, mapped, and correlated.

4. Results
4.1. The Les Avellanes diapir main characteristics

The Les Avellanes diapir is an irregular salt structure exposed at the
surface as complex arrangement of large, up to kilometer size, truncated
bodies of Muschelkalk limestones and dolostones (M3), Keuper lami-
nated gypsum, and dolerites, which are enveloped by the Keuper facies
(K1 and K2) (Calvet et al., 1994; Salvany and Bastida, 2004) (Fig. 3).
These bodies are stacked, often folded and inverted, resembling a
chaotic arrangement in map view. The diapir overburden sequence en-
compasses from the K3 (Triassic, Norian) to the late Oligocene Upper
Clastic unit (Fig. 3).

The diapir surroundings change in structural style from a northern
area dominated by extensional faults to a southern area where
contractional structures prevail. In the central-western area, there are
several NW-SE asymmetric folds in direct contact with the diapir. This
area is characterized by kilometer-long synclines, filled by sediments of
the syn-tectonic Oligocene Lower Clastic Unit, and separated by narrow
salt-cored anticlines (Fig. 3).

Two syncline-related sub-basins in the diapir vicinity have preserved
comparable Oligocene mixed clastic-evaporitic, syn-orogenic deposits,
the northwest Tartareu sub-basin and the Os de Balaguer sub-basin
which is the focus of this study (Fig. 3). The age of these sub-basins
has not been established by absolute techniques. However, the Tar-
tareu sequence has been dated as early Oligocene through the estab-
lishment of biofacies based on charophyte fossil occurrences within the
carbonate layers between the evaporites (Ullastre and Masriera, 1999).
Furthermore, the same species of charophytes are in the Ebro foreland
basin, within a comparable stratigraphic sequence, asserting here the
same age. Similar early Oligocene sequences are founded south of the
diapir in the Vilanova-Sant Llorenc¢ block (ICGC, 2010) (Fig. 3), which
led to the assumption that the evaporitic deposition along the Les
Avellanes diapir area occurred broadly at the same time. Since the
evaporites are post-dated by the middle-late Oligocene Upper Clastic
unit (Teixell and Munoz, 2000), an early Oligocene age can be assumed
for the clastic-evaporitic materials filling the sub-basins along the diapir
area.
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4.2. The Os de Balaguer sub-basin stratigraphy

The studied early Oligocene sedimentary sequence covers an
approximate area of 6 km? at the hinge of the Os de Balaguer syncline, a
NNW-SSE salt detached fold, plunging eastwards towards the Les
Avellanes diapir (Figs. 3 and 4). This sequence onlaps the folded Ypre-
sian limestones in the north and south limbs. It shows thicker succes-
sions near the syncline fold axis than at the limbs, as they were structural
highs during deposition. These observations suggest that the sedimen-
tation was synchronous with the folding, so the Os de Balaguer sub-basin
is therefore interpreted as a structurally controlled sub-basin formed
during the development of the Os de Balaguer syncline. This sub-basin is
half-elliptical shaped, with an NW-SE major axis of 4 km in length and a
minor axis of 2 km (Fig. 4A).

The sedimentary part of the sequence is composed of 8 Facies As-
sociations (FA-1 to FA-8), which consistently dip towards the NE and lie
unconformably over the Ypresian limestones. In the north, the sequence
postdates the overturned pre-Oligocene units (Fig. 5A) while in the
south, it onlaps the NE dipping Alveolina Limestones. Except for the
boundaries between FA-3 and FA-4, which are sharp and concordant,
facies from FA-1 to FA-7 mainly present gradational boundaries, later-
ally and vertically changing facies (Figs. 4B and 5). FA-1 to FA-4 appear
at the base of sections A and B (Fig. 6) and only outcrop at the SSE part of
the sub-basin (Fig. 5A). FA-5 outcrops at the lower middle part of the
studied profile (Fig. 4B) and represents a transitional unit between FA-4
and FA-6. FA-6 to FA-7 are in section C (Fig. 6) and only outcrop at the
NNE of the sub-basin (Fig. 5A). FA-8 is present in the three sections and
unconformably overlies all the previous facies (FA1 to FA-7) (Figs. 4B, 5,
6).

The diapir contact is represented on the map by a red trace (Fig. 4B).
It displays an irregular geometry along the studied profile, being sub-
horizontal in the northern area, and smoothly dipping towards the NE in
the southern area (Fig. 4B). The diapir contact is concordant with the
bedding of the sedimentary layers below it, and therefore, the diapir
does not intrude vertically, and instead lie on top the sedimentary facies
(Fig. 5).

4.3. Description of the Facies Associations

The 8 Facies Associations (FAs) in the Os de Balaguer sub-basin
(Figs. 4, 5, and 6) are presented below. From bottom to top:

FA-1: Gypsarenites with lithic arenites and microconglomerates
(Fig. 6, sections A, and B, and Table 1). This FA is formed by an alter-
nation of laminated gypsarenites with lithic arenites and micro-
conglomerate layers in a thickening upwards sequence (Fig. 7A, D).
Gypsarenites show a characteristic planar-parallel lamination made of
gypsum-rich layers alternating with silty layers, arranged in deposi-
tional sets. Sets rhythmically vary in thickness from thin (around 1 mm)
to thick (several mm) revealing a fine depositional cyclicity. In these
sets, centimeter tepee-like structures are rather common (Fig. 7A).
Numerous centimeter-sized lenticular gypsum crystals are present and
concentrated in some stratigraphic levels disrupting the lamination
(Fig. 7B).

Lithic arenites and microconglomerates are arranged into slightly
planar-convex, normal graded, centimeter to meter-thick beds. Small
flute marks at the base of these beds (Fig. 7C) indicate the presence of
north to south paleocurrents (Fig. 4B). Grain size rapidly decreases up-
wards from microconglomerates to medium to fine arenites with small-
scale trough cross-bedding, pointing to a rapid deceleration in transport
energy. Microconglomerate composition mainly consists of Muschelkalk
carbonates, dolerites and other carbonate rock fragments from the
overburden units, as well as monocrystalline quartz fragments (Fig. 7D).

FA-2: Lutites with intercalated tabular gypsum beds (Fig. 6, sections
A and B, and Table 1). This association encompasses an alternation
between dark planar parallel laminated lutites with centimeter thick,
tabular, alabastrine gypsum beds. Depositional structures are not
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Fig. 5. Outcrop views of the studied profile (3D stereographic model made through aerial photographic composition). A: NNW area where section C is located. B: SSE
area where sections A and C are located. See Fig. 4B for the exact location of the images.

recognizable in gypsum beds (Fig. 7E). The FA-1 evolves progressively
into FA-2 (Fig. 5B).

FA-3: Calcareous arenites and marls (Fig. 6, section A, and Table 1).
This FA consists of a marly interval with fine calcareous quartz-rich
lithic arenite beds intercalated at its central part. These arenites show
small-scale trough cross-bedding with marls intercalated within foresets,
defining flaser textures that transitionally evolve vertically into more
pure sand intervals towards the top (Fig. 7F). Small-scale trough cross-
bedding is randomly oriented, and it was not possible to determine
the paleoflow direction. FA-3 wedges laterally along-strike (Figs. 4 and
5B).

At microscale, arenites depict an alternation between very clean,
open-porosity laminae, and intervals richer in silty components. The
arenite-rich layers are well-sorted and are mainly composed of
millimeter-sized, subangular quartz grains (Fig. 8A). Muscovite and
biotite grains are also present and appear deformed by mechanical
compaction. Lutites are mainly formed of red-colored clay minerals and
micrite, with scarce quartz grains.

FA-4: Lutites and lithic arenites (Fig. 6, section A, and Table 1). This
association is mainly formed of reddish planar-parallel laminated sandy
lutites (Fig. 7G) intercalated with tabular, centimeter thick, lithic are-
nite beds (Fig. 7H). Some of these beds have a basal lag of pebbles and
slightly erosive bases. Lithic arenites are composed of carbonates
(mainly from the Muschelkalk), dolerites, and quartz grains (Fig. 8B).
Arenite beds present little amounts of matrix and show minor carbonate
cementation, so the interparticle porosity remains largely open and
interconnected. Quartz grains show pressure contacts indicating me-
chanical compaction. At the SE of the Os de Balaguer sub-basin, the FA-4
presents a net base concordant with the FA-3 (Fig. 5B) and changes
laterally northwards into FA-6 (Fig. 4B).

FA-5: Parallel bedded lithic arenites and conglomerates (Fig. 9A, and
Table 1). The FA-5 is represented by reddish conglomerates and arenites

organized in parallel-bedded centimeter thick beds. Conglomerate beds
normally show slightly erosive bases with basal pebble lags, evolving
upwards into medium to coarse arenites. The arenites may present rough
small-scale trough cross-bedding. Clasts are mainly of Muschelkalk
carbonates and dolerites, being also present detrital gypsum clasts,
minor components of Alveolina Limestone fragments, monocrystalline
quartz, and micas (Fig. 9B). The gypsum clasts are well-rounded and
moderately sorted, contrasting with the subangular Muschelkalk car-
bonate and dolerite fragments. FA-5 has not been represented in any
stratigraphic section due to a lack of continuous outcrops. FA-5 evolve
laterally and vertically into FA-6 (Fig. 4B).

The FA-5 to FA-8 sequence displays a pervasive secondary gypsum
cement form of poikilotopic, anhedral in shape, 1-10 mm crystals of
gypsum with some anhydrite inclusions (Fig. 8C and D). Matrix is
formed by fine lutites, and it is relegated to pockets in between gypsum
crystal boundaries and inclusions within the large crystals (Fig. 8C).
Some angular quartz fragments present in these facies also contain
anhydrite inclusions (Fig. 8E). Clasts have small, millimeter to centi-
meter thick fractures filled with a fibrous gypsum cement also associated
with short, millimeter to centimeter thick veins subparallel to bedding
(Fig. 8G).

FA-6: Cross-bedded conglomerates, breccias, and lithic arenites
(Fig. 6, section C, and Table 1). These facies are composed of lithic
arenites and conglomerates arranged in meter-scale sets with cross-
bedding. Sets are normally graded with imbricated basal lags made of
subangular blocks and clasts evolving upwards into trough cross-bedded
sandstones and microconglomerates (Fig. 9C). Imbrications were used to
measure paleocurrent sense, obtaining a mean NW to SE direction at the
NNW part of the studied area (Fig. 4B) Grain composition shows pre-
dominantly Muschelkalk carbonates, dolerites, and Alveolina Limestones
fragments as well as other local-derived calcareous rock fragments
(mostly from the Mesozoic) (Fig. 9C). Subrounded alabastrine gypsum
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Table 1
Summary of the Os de Balaguer sub-basin sedimentary facies associations and its associated depositional environments. Abbreviations: f. fine, m. medium, c. coarse.
Facies Facies Lithology Sedimentary structures Geometry Depositional Depositional
Association processes environment
FA-1 Facies Gypsarenites and lithic arenites (m., f.) Plane-parallel lamination, Tabular Evaporitic deep Saline lake
1.1 tepees lacustrine (deep)
deposits
Facies thhlc. arenites (m., c.) and Flute marks Tablflar to Discharge lobules
1.2 microconglomerates lenticular
Facies Black lutites, alabastrine gypsum Plane-parallel Evaporitic margin Saline lake
FA-2 . . Tabular . .
2.1 interlayered lamination deposits (margins)
Facies Calcareous arenites (m.) and marls Small-scale Tabular to Mixed ae(?han- Saline lake
FA-3 3.1 interlayered cross-bedding (ripples) lano-convex lacustrine (shoreline)
: Y g ripp P shoreline
Facies Sandy lutites Plane'- par.allel Tabular Overbank .
FA-4 4.1 lamination Fluvial/
] Facies Arenites (m.) ebble Ia Tabular Amalgamated distal alluvial
4.2 ’ p J sandy channels
Facies Lithic arenites (f., m., c.) and Parallel bedding, Tabular to Non-t(')-shghtly' Alluvial
FA-5 pebble lags, . channelize alluvial . .
5.1 conglomerates . channelized (intermediate)
ripples flow
FAG Facies Conglomerates, cross-bedding, pebble lags, Trough Amalgamated Alluvial
5.2 breccias, and lithic arenites (m., c.) ripples crossbeds channels (proximal)
FA7 Facies Conglomerates massive Very cFude COIIUV}al ) Alluvial .
7.1 layering deposits (proximal) to Colluvial
Facies Breccias cross-bedding, Trough Amalgamated Alluvial
8.1 pebble lags crossbeds channels (proximal)
FA-8 Facies . Parallel lamination, Cross- Colluvial Alluvial
Breccias . bedded to . . .
8.2 accretion planes massive deposits (proximal) to Colluvial

clasts as well as rounded mono- and polycrystalline quartz grains and
quartzite rock fragments are present. FA-6 laterally changes northwards
into the FA-7 facies at the N of the Os de Balaguer sub-basin (Fig. 5A).

FA-7: Massive conglomerates (Fig. 6, section C, and Table 1). This FA
is mainly composed of massive conglomerates and breccias with a very
coarse sand matrix and gravel to boulder size floating clasts. Matrix-rich
intervals alternate with gravel-rich intervals showing crude parallel
bedding with poorly defined boundaries. A very crude thinning-upwards
general trend is observed. Composition is similar to the observed in FA-
6. Vertically and laterally these conglomerates rapidly change to FA-6
and FA-5, which define a wedge-like shape for these deposits (Fig. 6B).

FA-8: Breccias (Fig. 6, sections A, B and C, and Table 1). The FA-8is a
mud-supported, poorly sorted, depositional breccia made of clasts and
blocks of Muschelkalk carbonates, dolerites, and rounded detrital gyp-
sum grains floating in a fine reddish lutite matrix. The presence of high
percentages of detrital gypsum clasts within the sediment stands out.

The breccia changes in facies vertically. At the base, there is an as-
sociation of amalgamated beds with erosive bases and pebble lags
(Fig. 9E), followed by parallel-laminated tabular beds in a thickening
upwards sequence. These beds evolve upwards into roughly bedded or
massive breccias forming the upper part of the unit. In this upper part,
the breccias are arranged in a succession of inversed graded sets, sepa-
rated by accretion planes dipping basinwards (Fig. 9F). Clast size in-
creases upwards in each set from 1 to 5 cm at the bottom to blocks up to
30 cm at the top. The last set displays atop a 30-40 cm thick layer
formed of subangular blocks up to 60 cm in size (Fig. 9G). This upper
layer appears in all the studied sections along the outcrop, and it is
directly overlain by the diapir deposit.

These facies change in thickness from 5 m (Section A) to 40 m
(Section B) (Figs. 5 and 6). These lateral thickness variations are the
result of the filling of a paleo-relief formed before deposition. Hence, the
base of the FA-8 is interpreted as a disconformity. Finally, FA-8 is
overlain by the megabreccia located at the lower interval of the diapir
deposit in all the studied sections (Figs. 4, 5, and 6).

Under the microscope, the parallel laminated intervals present at FA-
8 show a pervasive cement formed by macroscopic poikilotopic gypsum
crystals with anhydrite inclusions similar to FA-5, FA-6 and FA-7 ce-
ments. Minor amounts of reddish clays are founded at the crystal

10

boundaries (Fig. 8F). The alabastrine gypsum clasts are formed by
microcrystalline aggregates of gypsum, surrounded by the poikilotopic
cement (Fig. 8H).

4.4. The diapir deposit at the Os de Balaguer sub-basin

The lower interval of the diapir recorded at the Os the Balaguer sub-
basin is formed of a megabreccia outcropping continuously along the
diapir contact and overlaying the FA-8 breccias (Figs. 4, 5 and 6). This
megabreccia is made of disrupted, meter sized blocks and clasts of sec-
ondary laminated gypsum and carbonates from the Muschelkalk and
Keuper facies, surrounded by a fine matrix, partially cemented with
sulphates. Numerous colored (reddish and black) gypsum nodules, and
fibrous gypsum veins are also present within this unit (Figs. 10A, B, and
Q).

The megabreccia displays a general succession constituted by the
alternance of two characteristic facies, packbreccias and floatbreccias,
both referring to breccias lacking depositional features (Fig. 11).
Floatbreccias are made of matrix-supported floating gypsum blocks,
gypsum nodules, and carbonate fragments (Fig. 10C). Gypsum blocks
are rounded and usually show different levels of internal deformation.
Within floatbreccias, there are also meter-thick intervals defined by
variations of colors and textures, as well as by the number of floating
components (Fig. 10C and E). On the contrary, packbreccias are clast-
supported breccias with minor amounts of matrix (Fig. 10D). Pack-
breccias can be formed of either laminated gypsum blocks or carbonate
blocks, which can be further divided in two types of carbonate pack-
breccias: limestone packbreccias formed of meter-scale, M3 mudstone
blocks in which sedimentary structures are still preserved but the
depositional configuration is not recognizable, and dolomitic breccias
with macroscopic, centimeter-sized, open porosity. Both appear inter-
calated within the gypsum packbreccias.

From bottom to top the succession observed in the megabreccia
includes:

- Along the base of the megabreccia there is a centimeter to meter
thick interval formed of folded and brecciated fibrous gypsum veins
(Figs. 9G, and 11). At microscale, gypsum veins are formed of
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Fig. 7. A: FA-1. Laminated gypsarenites with. Black arrows point to tepee structures. B: FA-1. Laminated gypsarenites with numerous centimeter-thick gypsum
lenticules and crystal aggregates. Note that they are unevenly distributed and accumulate at certain levels. C: FA-1. Base of a meter-thick microconglomerate bed
with alabastrine gypsum aggregates. The base of the bed is planar and displays flute marks. D: FA-1. Small-scaled trough cross-bedded microconglomerate. The photo
corresponds to the infill of the flute mark shown in C. Lithic fragments compositions are indicated (Q: quartz; Gps: gypsum clasts; Vo: subvolcanic rocks (dolerites),
Ms.: M3 Muschelkalk carbonates). E: FA-2. Black lutites intercalated with centimeter-thick gypsum alabastrine beds. F: FA-3. Small-scaled trough cross-bedded
arenites with intercalated marls. G: FA-4. Parallel-laminated red lutites. H: FA-4. Meter-thick tabular bed of lithic arenites. Vertical structures may correspond to
root marks. This bed is intercalated between the red silts shown in G. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

displacive fibrous crystals reflecting an antitaxial growth. Despite - Atop of the succession there are metric to decametric, Muschelkalk
the deformation, the mean orientation of the veins is subparallel to (M3) carbonate, dolerite, and laminated gypsum blocks (K1-K2)
the basal diapir contact. These veins engulf the blocks from the un- (Fig. 10G). Usually, these blocks are brecciated at their base, but
derlying upper part of the FA-8 facies (Fig. 9G). overall, they preserve depositional features such as lamination,
- Floatbreccia intervals are often founded immediately over the basal bedding, or bioturbations. Nevertheless, these blocks register inter-
veins and are predominant and thicker towards the bottom (Fig. 11). nal deformation in the form of fractures and folds, so the strati-
On the contrary, packbreccia intervals are thinner (1-4 m) and graphic polarity cannot be asserted with confidence (Fig. 10H). From
laterally discontinuous at the bottom, getting thicker and more the top of the megabreccia the thickness of these blocks rises up-
predominant towards the top (Fig. 11). wards from a few meters to tens of meters, where they also show

map-scale continuity. Therefore, there is not a clear upper limit for
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Fig. 8. Microphotographs of the main characteristics of FA-1 to Fa-8. A: Polarized light. Arenites in FA-3. Matrix rich intervals alternate with clean open interparticle
porosity intervals (tinted in blue). B: Polarized light. Carbonate rock fragments and quartz grains are the main components in the FA-4 lithic arenites. C: Polarized
light. Poikilotopic gypsum cement formed by large crystals with anhedral boundaries. It is observed in FA-5, FA-6, FA-7 and FA-8. D: Polarized light. Detail of a
dolerite. E: Polarized light. Fragment of a quartz crystal containing anhydrite inclusions in FA-5 arenite. Inclusions suggest a diagenetic growth inside an anhydrite
formation, probably the Keuper facies. F: Polarized light. Large porosity cemented with anhedral gypsum crystals. G: Plane light. Detail of a fibrous gypsum vein
adjacent to a micrite clast (Muschelkalk, M3). The gypsum fibrous crystals also penetrate the fractures within the Muschelkalk clast. Secondary porosity is observed
towards the lower wall of the vein. H: Polarized light. Detail of the structure of a gypsum clast. It is formed of microcrystalline gypsum crystals in the nucleus that,
progressively reduce their size to a cryptocrystalline mass forming the grain boundary. (Q: quartz; Yp: Ypresian clasts; Ms.: M3 Muschelkalk carbonate clasts; Vo:
subvolcanic rocks (dolerites), Anh: anhydrite inclusions). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

the megabreccia and it instead transitionally evolves upwards into a 4.4.1. Structural features of the diapiric megabreccia
stacked arrange of blocks that characterizes the rest of the diapir In floatbreccia facies, foliations and lineations are observed
mass (Figs. 4, 5, and 11). (Figs. 10A and 11). Rough lineations can be defined by preferred ori-

entations in elongated floating components. This is especially noticeable
in ellipsoidal gypsum nodules in which orientation is defined by the
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Fig. 9. A: FA-5. Planar-parallel laminated red arenite beds and conglomerates. Red lutites are intercalated between the arenite beds. B: FA-5. Detail of a basal pebble
lag. Clast composition is also indicated (Gps: gypsum clasts; Vo: volcanic rocks -dolerites-, Ms.: M3 Muschelkalk carbonate fragments; Yp: Ypresian Alveolina
Limestones). C: FA-6. Rough cross-bedded conglomerates with arenites. Clasts and blocks are floating inside a red matrix and sometimes accumulated in channel-
bottom lags. D: FA-7. Rough bedded conglomerates with 20-30-cm size blocks. E: FA-8. Amalgamated channels with cross-cutting surfaces. Channel infills corre-
spond to breccias made of carbonate fragments (Muschelkalk, M3) dolerites, and gypsum fragments. F: FA-8. Sets of inverse graded breccias with floating clast and
blocks in a red matrix. Note that the base of the sets is usually erosive. Clasts size changes upwards from pebble to block up to 15-20 cm. G: FA-8. Diapir contact
(marked in red). Note how the contact trace surrounds the blocks located at the uppermost level of the breccia. Above the contact, there are numerous deformed
fibrous gypsum veins within a fine white matrix. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

alignment of their long axis (Fig. 11).

In addition, the orientation of components at micro and macroscopic
scales defines penetrative, relative continuous, and regular spaced
planes interpreted as foliations (Figs. 10A, C and 11). Several foliations
can be distinguished in the floatbreccia, arranged in subparallel, anas-
tomosed, or folded foliations (Fig. 10A, C and F). All these foliations can
coexist together in the same interval or be separated at different in-
tervals. Foliations generally strike NNW-SSE and dip towards the NE
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(Fig. 4). In subparallel foliations, the general trend is subparallel to the
megabreccia base. Anastomosed planes are often formed by two differ-
ently spaced families intersecting each other (Figs. 10F and 11). The
more spaced family can be either sub-parallel to the megabreccia base or
slightly in angle (Fig. 11). For their morphology, anastomosed foliations
are probably S—C type shear-bands.
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Fig. 10. A: Stratigraphic succession showing floatbreccia to packbreccia facies where different types of foliations planes can be observed. B: Isolated metric-thick
laminated gypsum block within yellow lutites. C: Floatbreccia facies with vertical rough foliations concordant with aligned, red-colored gypsum nodules. D:
Packbreccia facies with alabastrine gypsum nodules. Nodules are aligned according to its longest axis denoting preferential directions (lineations) marks in red. E:
Floatbreccia detail. Note the presence of subvertical foliations concordant with the alignment of gypsum nodules. F: Anastomosed arranged in a similar way as S—C
type planes. G: Top of the megabreccia succession showing a metric to decametric laterally continuous stringer of laminated gypsum. Although there is internal
deformation (fractures and folds) in these stringers, they appear to be stacked. No floatbreccia or packbreccia facies are observed above this point in the succession.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Conceptual, not to scale, stratigraphic sequence of the megabreccia
succession as observed along the diapir contact, and on top of the FA-8 breccia,
in the Os de Balaguer sub-basin.

5. Discussion
5.1. Facies interpretations, correlations, and diagenetic constraints

FA-1 is interpreted as the deepest parts of a shallow saline lake with
desiccation events (Table 1). The laminated gypsarenites were probably
formed at the water surface, and then accumulated at the lake bottom as
gypsum cumulates. In tune with this, the cyclical lamination (Fig. 7A
and B) is probably the result of seasonal changes in water conditions
which controlled the precipitation of gypsum, although the intercalated
lutites were transported by aeolian processes. This kind of facies asso-
ciation is commonly related to relatively deep environments in coastal
lakes (Warren, 1982, 2016). However, tepee structures are more typical
of sabkha environments than underwater facies (Basyoni and Aref,
2015), indicating that the saline lake probably experienced events of
complete desiccation. At these moments, the lenticular gypsum crystals
also grew displacively inside the sediments in a phreatic environment
(Aref and Mannaa, 2021). Hence, the lake was likely ephemeral, and it is
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suggested that water completely evaporated during arid/dry periods.

Intercalated microconglomerate and lithic arenite layers (Fig. 7C and
D) represent lobes of sediment discharge towards the saline lake. Both
the upwards thickening trend, as well as the increase of clastic-rich beds,
reflect an increase in the occurrence and energy of these events. The
presence of Muschelkalk rock fragments and dolerites (among other
local carbonate fragments from the overburden sequence) indicates that
the diapir was one of the source areas, which must have been already
subaerially exposed and being eroded.

FA-2 represents the saline lake margins (Table 1). Lutites (Fig. 7E)
are interpreted to be deposited by low energy water flows in mudflat
environments (Warren, 2016). These facies represent a shallower
depositional environment than FA-1.

FA-3 was deposited on the shore of a saline lake (Table 1). Small-
scale trough cross-bedding, the relatively good grain sorting, highly
connected interparticle porosity, and homogeneous quarzitic composi-
tion in arenites along with the absence of fine particles (Fig. 8A) are
indicative of an aeolian origin. The alternation of marls and arenites
(Fig. 7F) is probably the result of lacustrine currents and aeolian
transport acting at different times. The grain composition indicates a
mixed provenance, with external inputs, since metamorphic rock frag-
ments are probably derived from the Axial Zone, and local inputs,
mainly represented by the carbonate fragments, which are derived from
the overburden units and from the diapir deposit (Fig. 8B).

FA-4 reddish laminated lutites and arenites (Fig. 7G) were deposited
in distal alluvial environments (Table 1). Lutites represent overbank
facies at the external parts of the alluvial system, whereas arenite beds
are interpreted as amalgamated sand channels intercalated into the
overbank facies. In alluvial fan systems, these facies associations are
common in distal (and intermediate) parts, where channels change their
position laterally over time (Blair and McPherson, 1994; Yu et al., 2018).
Arenites mainly contain local fragments from the diapir and the over-
burden units, with some metamorphic external components.

FA-5is interpreted as the intermediate parts of an alluvial fan system
(Table 1). Planar-bedded arenites and conglomerates (Fig. 9A) represent
non-channelized flows characteristic of the upper-intermediate parts of
the alluvial system (Blair and McPherson, 1994). Clast composition
mainly indicates a local source, from the overburden and from the
diapir, although diapir-derived fragments are more numerous.
Furthermore, the relatively high amount of gypsum clasts found in these
facies indicates that they were deposited closer to its source area relative
to the previous FAs (Fig. 9B).

FA-6 is interpreted as proximal alluvial fan facies (Table 1). Cross-
bedded arenites and conglomerates have been interpreted as amal-
gamated channel-fill sequences lacking associated overbank facies
(Fig. 9C). These deposits are next to the fan apex, where feeder channels
stack and cut each other due to the limited lateral space (Blair and
McPherson, 1994). Debris flow processes are the most suitable for these
deposits, as they are characteristic of proximal alluvial areas (Sohn et al.,
1999). The most abundant components are diapir-derived rock frag-
ments (gypsum, Muschelkalk carbonates, and dolerites), suggesting the
proximity of the extruding diapir. Alveolina Limestone fragments, as well
as undifferentiated Mesozoic carbonate fragments, are also present
indicating that the overburden units were eroded together with the
diapir rocks.

FA-7 corresponds to colluvial or avalanche deposits, characteristic of
the most proximal areas of an alluvial fan (Yu et al., 2018) (Table 1). The
almost complete lack of depositional structures (Fig. 9D) indicates that
they were formed by gravitational transport as colluvial deposits, or by
highly energetic sheet/blanket flows (Davoudi et al., 2019). Muschel-
kalk carbonates and dolerite clasts represent the predominant fraction in
the sediment composition, and therefore, these facies were settled down
adjacent to the outcropping diapir.

FA-8 is interpreted as proximal alluvial deposits overlaid by colluvial
deposits (Table 1). This breccia probably sedimented within a dense and
energetic sheet/blanket flow capable of transporting relatively large
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clasts, pointing towards the intermediate to upper parts of an alluvial
system (Davoudi et al., 2019). The cross-cutting surfaces with channel
lags (Fig. 9E) are interpreted as rough channelized bodies amalgamated
together. Debris-flow processes are the most suitable for the character-
istics observed in the lower and intermediate intervals within these
facies, since they show very poor sorting, floating clasts, and poorly
developed internal structure (Sohn et al., 1999). In contrast, the inversed
graded interval with large blocks atop is indicative of gravitational rock-
fall processes (Fig. 9F). The dipping of the accretion planes observed
within these gravitational deposits suggest a progradation of the system
from the N-NE towards the S-SW (Fig. 4B). The inverse grading and the
relatively large percentage of gypsum grains strongly suggest short
transportation distances. Grain composition points to the diapir as the
sole source area, since there is a total lack of local, overburden-derived
inputs, and/or external inputs.

The poikilotopic gypsum cement in FA-5 to FA-8 is interpreted as a
secondary gypsum due to the presence of anhydrite inclusions, sutured
contacts, and the pervasive nature of the cement (Fig. 8C, D, E, F, and H).
Antitanxial veins (Fig. 8G) parallel to bedding nucleated in large porous
and grew after or synchronically with the poikilotopic cements. The
large separation between grains within poikilotopic cements (Fig. 8F)
indicates an early displacive gypsum growth before mechanical
compaction. Nevertheless, these large distances between grains,
together with very low matrix contents suggest the existence of detrital
gypsum grains which are now missing. Anhydritization and later
transformation to secondary gypsum may have erased the depositional
fabric, so the pervasive gypsum cement may also have resulted from the
transformation and amalgamation of detrital gypsum grains during
these processes. Both types of cement are indicative of diagenetic, highly
saturated, sulfate-rich fluids.

From the described FAs at the Os de Balaguer sub-basin, the sedi-
mentary infill can be divided into two main depositional stages and a
third stage characterized by salt emplacement: 1) During the first
depositional stage, a saline lake located southwards and connected with
a mainly north-derived alluvial system, is represented by FA-1 to FA-7.
The correlation between these FAs (Fig. 12) suggests an apparent
southwards progradation, also recorded by the upwards transition from
distal to proximal facies, and by the southward migration of the lake
system, which was finally buried by alluvial sediments. According to the
measured paleocurrents (Fig. 4B), progradation direction can be further

Tossal de Guardialta
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constrained as NE-SW in the northern area, and N-S direction in the
southern area. These paleocurrents also suggest that the sub-basin
depocenter was located at the SW, where the saline lake was initially
located. 2) An important erosion with related valley incision marks the
onset of the second depositional stage. The FA-8 breccia fills the paleo-
relief marked by the disconformity at the base of this facies (Fig. 12).
The orientation of the paleo-valleys cannot be fully deciphered from
field observations, but cross-bedding at the base of the FA-8 unit sug-
gests a NE-SW transport direction. The last stage ends with the
emplacement of the diapir deposit (Figs. 4, 5, 6, and 12) over the pre-
vious sedimentary systems.

Thus, considering: 1) the overall progradation from alluvial to
colluvial systems of the FA-8 (increase in transport energy); 2) the ac-
cretion surfaces observed in this facies (denoting a laterally syn-kine-
matic advancing sequence from NE towards SW); 3) the exclusive Les
Avellanes diapir source area of the FA-8 components; and 4) the
emplacement of the diapir deposit overlaying the previous FAs, the
diapir deposit corresponds to a salt sheet which advanced from the NE
towards the SW over the syn-kinematic FA-8 deposit.

5.2. Origin and deformation of the Les Avellanes diapir deposit

The diapir deposit in the Os de Balaguer sub-basin presents different
facies and deformation structures. Most of the diapir deposit is formed of
laterally continuous, decametric to kilometric, stacked blocks made of
Muschelkalk carbonates from the M3 facies, Keuper laminated gypsum
from the K1 and K2 facies, and dolerites, embedded within lutites
(Calvet et al., 1994; Arnal et al.,, 2002; Salvany and Bastida, 2004;
Camara and Flinch, 2017) (Fig. 4).

Halite or any other subordinate chlorides (salt), are not found at the
surface within the Triassic in the Serres Marginals area, although their
presence is confirmed in the underground by exploration wells (e.g.
Lanaja, 1987), and by the existence of salt springs within the Les Avel-
lanes diapir. The underground Triassic sequence shows salt-rich in-
tervals, where massive salt alternates with anhydrite, carbonate, and
lutite layers. Salt is mainly in the Muschelkalk facies M2, and in the
Keuper facies K1 and K2, with the carbonates from the M3 interlayered
between them (Camara and Flinch, 2017). Despite mineral trans-
formations (as gypsum to anhydrite, or calcite to dolomite), the Triassic
blocks forming the diapir deposit at the surface are equivalent to the

Os de Balaguer

580 NNW SSE
89.6 B
560 G «Allochthonous caprock»
75.05 Gypsum, carbonate and silts stringers
540
«megabreccia» 84.3
520 e ————
500 :
3 480 =~ ]
£ 476 m
2 460 5
= Lower Ypresian
440 «Alveolina Limestones»
420
400 T T T I T I | s s
200 400 600 800 1000 1200 1400 1600 1800
———— Unconformity Gradual contact =~ === e=- Disconformity
Concordant contact e Isochrones Diapir base contact
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along-strike, cross-section of the Os de Balaguer sub-basin. Real stratigraphic thicknesses are used.



G. Cofrade et al.

intra-salt layers at depth (Arnal et al., 2002; Salvany and Bastida, 2004).
Thus, the underground sequence is complete and closer to the deposi-
tional configuration.

During diapir formation, the Triassic sequence was intensely
deformed as the Muschelkalk and Keuper halite-rich intervals became
mobile. The competent, intra-salt layers (mainly the carbonates from the
M3 facies) experienced deformation leading to their rupture by bou-
dinage, forming pieces called stringers that were carried upwards within
the salt (Rowan et al., 2019b). Since dolerites were intruding in the
evaporite sequence as sills and dikes (Azambre et al., 1987), they are
mechanically equivalent to the sedimentary stringers. When salt arose
next to the surface, the infiltration of meteoric waters caused the
dissolution of the salt and a caprock started to grow over a dissolution
zone atop of the salt structure (Warren, 2006). As salt dissolved, the
stringers accumulated within the caprock (Reuning et al., 2009; Thomas
et al., 2015; Zavada et al., 2021). Thus, the Les Avellanes diapir deposit
is a caprock originating from the dissolution of the salt and the accu-
mulation of insoluble stringers formerly entrained within salt flow
(Fig. 13A).

Caprocks and carapaces (sediment accumulations atop of a moving
salt sheet, typically in marine settings) are brittle crusts enveloping the
mobile salt. In salt sheets and salt glaciers, the caprock is detached, and
glides over the salt (Talbot and Pohjola, 2009). The brittle caprock
transported over a spreading mass of salt deforms and breaks forming
rafts, which drift, and usually accumulate at the front of the salt extru-
sion (Jackson and Hudec, 2017a). Furthermore, the deformation of the
caprock deposit can be modelized to infer the direction of salt flow (e.g.,
Sarkarinejad et al., 2018). The arrangement of stringers within the
caprock often resembles a recumbent fold and thrust system, where
stringers are imbricated pointing towards the direction of advance
(Rowan et al., 2020a). In addition, mylonitic fabrics (foliated gypsum)

(A) NE «—» SW

caprock formation

Diapir salt
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can also be related with salt flow as the caprock registers shear strain
during the movement of the salt (Zavada et al., 2021). In this sense, the
alignment of gypsum components within salt structures has been
attributed to syn-kinematic, solution-precipitation creep processes,
analogous to porphyroblasts in a metamorphic fabric (De Meer et al.,
1997; Zavada et al., 2015). The stacked stringers within the Les Avel-
lanes caprock deposit in the study area, are mainly imbricated, dipping
towards the NE (Fig. 4B), and its arrangement resembles the expected
direction of advance (from NE to SW) in this area. In addition, the
foliation recorded within the basal megabreccia is subparallel to the
arrangement of the stringers, and to the contact between the caprock
deposit and the sedimentary units, also registering the caprock move-
ment atop of a salt. However, tectonic shortening can produce similar
deformation in caprock deposits and overwrite the structures related
with salt flow. Thus, linking the caprock deformation solely to salt flow
is challenging (Zavada et al., 2021). Nevertheless, since deformation is
not present in the sedimentary facies below the megabreccia, the contact
between the caprock megabreccia and the FA-8 (Fig. 9G) cannot be
interpreted as a fault. Instead, the caprock was detached over a layer of
flowing salt and carried on as gliding rafts on top of a salt sheet which
advanced over the sedimentary facies below (Fig. 13B).

With regard to the nature and emplacement of the megabreccia at
the lower part of the caprock, two origins are considered according to
the position of the salt layer, which in turn influences the position of the
deformation associated with the advance of the salt sheet. Considering
that the salt was located directly above of the FA-8 sedimentary facies,
the megabreccia was probably formed as a dissolution breccia
(Fig. 13C). As salt dissolved at the front of the extrusion, the lower part
of the caprock in contact with the salt collapsed, forming the mega-
breccia deposit. The shear deformation is recorded during the mega-
breccia formation, as the remaining salt in the inner part of the extrusion
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Fig. 13. Not-to-scale conceptual model showing the processes controlling the sedimentary evolution and salt sheet emplacement in the Os de Balaguer sub-basin.
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is still advancing and exerting pressure towards the front. This origin is
supported by the upward gradual succession from floatbreccia to
packbreccia facies (Fig. 11), and the presence of a dense belt of antitaxial
gypsum veins along the contact between the FA-8 and the megabreccia
(Fig. 9 G). Gypsum crystals in the veins probably started to grow inside
the porosity created by the dissolution of the salt and the collapse of the
stringers atop of it. The megabreccia can also be a deposit made of
brecciated stringers, overrode by the salt sheet (Fig. 13C). As caprock
rafts reached the frontal areas, they became brecciated forming a deposit
made of blocks that was settled along the front of the salt sheet. Then, as
salt extrusion continued, this deposit was overridden by the salt and
emplaced underneath the salt sheet. Shear deformation within the
megabreccia was caused by the salt advancing on top of it. Then, when
all the salt was dissolved, the rest of the caprock was settled over the
megabreccia. In this case, some intrasalt debris left after salt dissolution
should be recorded atop of the megabreccia, but they are not observed in
the studied profile.

With regard to of salt sheet emplacement there is an ongoing debate
over the nature and location of deformation. On one hand, numerical
modeling has predicted the existence of syn-kinematic deformation in
the rocks beneath a salt sheet, called “shear zones” (e.g., Alsop et al.,
2000; Hudec and Jackson, 2009; Nikolinakou et al., 2019). According to
these models, shear zones are formed by the advance of a salt sheet over
non-consolidated sediments at its front, which tend to form nappe folds
overthrusted by the salt while advancing. High pore pressure within the
frontal sediments facilitates deformation below the salt sheet (Nikoli-
nakou et al., 2019). On the other hand, exploration wells often find, a
highly deformed, and usually brecciated interval, named “rubble zone”
directly under the salt sheet (Saleh et al., 2013). These have been
interpreted as slumped carapaces deposited in front of the salt sheet over
the sea floor, and subsequently overridden by salt advance (Jackson and
Hudec, 2017b). Observations in surface analogs show a different rela-
tion (Hearon IV et al., 2015; Rowan et al., 2019a; Rowan et al., 2020b)
and instead there is usually no clear deformation beneath allochthonous
salt structures. In tune with these hypotheses, in the Os de Balaguer sub-
basin, there is no evidence of syn-kinematic deformation in the sedi-
mentary sequence below the salt sheet deposit. However, as salt is not
recorded, the location of deformation in relation with the salt cannot be
completely asserted. If the megabreccia is considered as a sediment
overrode by the salt sheet and emplaced under the salt, shear defor-
mation caused by the advancing salt on top of it propagated below the
salt sheet. If the megabreccia is considered as a dissolution breccia, the
caprock glided atop of the salt layer and the deformation relative to the
advance of the salt sheet did not propagate below its base.

5.3. Emplacement of the Les Avellanes diapir in the Os de Balaguer sub-
basin

The comprehensive study of the Os de Balaguer sub-basin infill
suggests a sedimentary system controlled by the Pyrenean evolution and
the development of the Les Avellanes diapir.

In this sense, during the first depositional stage, there is a prevalence
of Muschelkalk carbonate and dolerite rock fragments together with
detrital gypsum clasts, being dominant upwards during the second
depositional stage. These clasts indicate a relative uplift of the pre-
Oligocene sequence, its erosion, and the onset of the diapir extrusion.
Combined with the observed sedimentary criteria (paleocurrents, pro-
gradation, and accretion directions, as well as the distribution of the
proximal and distal facies), the diapir extrusion was most probably
located in the north or northeastern part of the studied area (Figs. 13 and
14). The evolution of the diapir can be divided into 3 stages according to
the stratigraphic and petrographic analyses:

Stage 1: As pointed out in the previous section, initially a saline lake
developed near the depocenter of the Os de Balaguer sub-basin, close to
the emerging syncline fold axis (Figs. 13A, 14A.1 and B.1). The sub-
basin was progressively filled and buried by the alluvial deposits
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coming from the northeast, where the area was being uplifted
(Figs. 13A, 14A.2 and B.2). This high area was probably formed by the
development of contractional structures linked with the southwards
displacement of the South-Central Pyrenean thrust sheets during the
early Oligocene in the study area (Grool et al., 2018; Cruset et al., 2020).
The development of salt-cored detached folds weakened the overburden
near the hinge, favoring the piercing, and then the extrusion of the salt
(Fig. 14A.2 and B.2). When salt extruded at the surface, salt dissolution
occurred, first probably by the infiltration of meteoric fluids and then
during sub-aerial exposure, causing the formation of a caprock, where
the rigid and non-soluble stringers accumulated. The erosion, transport,
and sedimentation of the caprock deposit together with the uplifted
overburden are recorded in all the detrital facies, since clasts were
transported southwards by the local alluvial systems and settled in the
adjacent Os de Balaguer sub-basin (Fig. 13A). Due to the probable,
almost restricted nature of the sub-basin, most of the quartz grains are
probably re-sedimented from the erosion of the overburden (from the
Adraén formation, the Calcaria de les Serres formation, and/or the
Alveolina Limestones). Quartz fragments containing anhydrite inclusions
are also probably derived from authigenic quartz crystals which grew
within the Keuper facies in the underground and were inside the
caprock. However, other quartz grains and metamorphic clasts, mostly
present in FA-3 and FA-4 associations, indicate a minor external input to
the sub-basin through the main E-W drainage systems developed during
the early Oligocene (Garcés et al., 2020) (Fig. 14A.1).

Stage 2: As deformation progressed and salt was raising towards the
surface, the northern area elevation increased, favoring the incision of
the valleys. The headward incision reached the area where the salt
extruded and further excavated the caprock on top of the salt until the
salt below was exposed (Figs. 13B, 14A.3 and B.3). The erosion exerted
by these incisions triggered a lateral salt extrusion, and the paleovalleys
acted as preferred outflowing paths, allowing the salt below the caprock
to advance southwards as an extrusive salt sheet (Fig. 14A.3). The
caprock was then dismembered and transported as rafts above the salt.
The base of the caprock collapsed as salt was being dissolved underneath
during the motion of the salt sheet, also registering shear deformation.
The sediments solely derived from the erosion of the caprock, were then
deposited very close to the salt sheet as alluvial/colluvial deposits (FA-8)
which initially filled the paleovalleys with no record of external inputs
(Figs. 13B, 14A.3 and B.3). The caprock rafts arriving to the front of the
salt sheet could formed a deposit made of disrupted stringers, which
then was also overrode by the salt sheet.

Stage 3: As the salt extruded at a greater rate than the sedimentation
rate of the syn-kinematic sediments (FA-8), the salt sheet overrode these
facies (Figs. 13C, 14A.4 and B.4). The accretion direction of the FA-8
breccias suggests that the advance of the salt sheet was towards the S
or SW, which may also be favored by the regional north to south slope of
the orogenic wedge. Its advance westwards was probably prevented by
the highs formed by the Os de Balaguer syncline limbs (Fig. 14A.3).
Nevertheless, since no similar syn-kinematic rocks are preserved
southwards, the total area covered by the allochthonous salt cannot be
asserted with confidence.

The collected data do not allow us to fully assert whether the salt
extruded through one or multiple feeders in the study area, and to
discriminate between the existence of a salt sheet or a salt canopy.
Different salt sheets amalgamated together are usually recorded by
intense deformation zones and debris in between (Jackson and Hudec,
2017a). In this regard, the megabreccia along the base of the caprock
can also be interpreted as an ablation breccia (Warren, 2006), which was
left by a previous salt extrusion and then overrode by a second extrusion
event. Since the contact between the megabreccia and the rest of the
caprock is gradual, without presenting intense deformation or debris
concentrated on top of the megabreccia, the salt extrusion probably
occurred as a single event.

Considering the Os de Balaguer lateral extrusion as a single event and
that during the early Oligocene the shortening in the external thrust



G. Cofrade et al.

@ Stage 1

(early)
A

Global and Planetary Change 220 (2023) 104020

Allochthon
caprock

Salt
sheet

Alluvial/

§

Disconformity ..
_|FA-7
FA-6
FA-5

Alluvial fan

FA-4

infill sediments

120
100
80
60
401

200
1

Stage 1 (early)
C

T NNW
1

|FA-3
1FA-2
FA-1

Basal
unconformity

Os de Balaguer sub-basin

First depositional stage

Saline lake

Alveolina Limestones
Garumnian facies
Upper Cretaceous

Late Triassic-Jurassic

e

Supra-salt
sequence

Salt

e

B Osde

0 km

Ny

Local source:
Jurassic, Cretaceous, Ypresian

SSE

Salt:
Muschelkalk, dolerites, gypsum

—

Regional source:

Om-%

3
@ 120

Stage 1 (lat:
age (ae)(\

_

| carbonates and methamorphic
components

Gradual contact

Concordant contact

Basal unconformity

Disconformity

Diapir contact

—p—

et

-~

S0 Ak

—_—
JEr——.

Paleovalley

—_
Bedding dip and strike

©

\._._-—-—._._f/.
—

"

Os de Balaguer village

19

(caption on next page)



G. Cofrade et al. Global and Planetary Change 220 (2023) 104020
Fig. 14. Paleogeographic and depositional model of the Os de Balaguer sub-basin in relation to the Les Avellanes diapir. Stages 1, 2, and 3 are derived from
stratigraphic relationships. A: map view of the inferred paleogeography. B: cross-section panels. The legend is arranged summarizing the stratigraphic relations and
main events interpreted in this work. Stage 1, A.1 and B.1. Local (N-S) and external (E-W) derived clastic inputs arrived at a saline lake located at the depocenter of
the sub-basin. Stage 1, A.1 and B.1. Local (N-S) and external (E-W) clasts are transported towards a saline lake located at the depocenter of the sub-basin. Stage 1, A.2
and B.2 the piercing of the salt at the NE of the sub-basin is recorded by a prograding alluvial system which buried the saline lake. Stage 2, A.3 and B.3. The uplift of
the NE area caused the incision of the drainage network in this area. The headward erosion triggered the lateral extrusion of the salt, which flowed downslope
following the pathways formed by the paleovalleys. The erosion of the caprock produced the accumulation of syn-kinematic breccias (FA-8) which then were
overrode by the salt. Stage 3, A.4 and B.4. The salt sheet covered the sedimentary facies deposited in the Os de Balaguer sub-basin. The caprock was transported as
1;afts gliding on top of the salt.

sheets was probably greater (Beaumont et al., 2000; Garcés et al., 2020),
the accumulation and piercing of the salt was controlled by the devel-
opment of contractional structures, although the precise mechanisms
are uncertain. To uncover these processes a more regional study is
necessary, which is beyond the scope of this paper.

account for the topography of the area adjacent to the extruding salt as a
controlling parameter for salt displacement. The aim is to build a logical
framework, employing the stratigraphy of the sedimentary sequence
deposited under or adjacent to the salt sheet, as a proxy to infer the
relative salt movement.

Based on current salt glaciers (Talbot and Aftabi, 2004; Talbot and
Pohjola, 2009), is assumed that an extrusive salt sheet mass behaves as a
viscous fluid (Jackson and Hudec, 2017a). Therefore, in a simplistic
approximation, a salt sheet is an extrusive fluid mass that moves later-
ally over a perfectly flat surface (Fig. 15). To quantify the salt sheet
advance, the distance between the feeder and the salt front is measured
in a 2D cross-section, being the reference point the feeder wall contact.
This distance can change over time since the salt sheet can advance,
which results in an increasing length, or can be eroded, which results in
a decreasing length. Thus, the advance of a salt sheet is ultimately
controlled by the interplay between salt supply and erosion rates. The
salt supply rate describes the amount of salt expelled from the feeder. If
erosion is not considered, an increasing salt supply rate means a pro-
gressive advance of the salt sheet (Fig. 15A). If erosion is then

5.4. Salt sheet advance model

The presented data can also be used to infer a qualitative conceptual
model to assert how the movement of an extrusive salt sheet can be
recorded by the adjacent syn-kinematic stratigraphic architecture in
continental settings. In this sense, salt movement can be modeled from
the interplay between the four final controlling parameters: salt supply
(also controlled by the tectonic shortening and/or extension rate),
sedimentation rate, erosion rate, and salt (chlorides) dissolution. How-
ever, the shape of the salt structure can also be modified by local and
regional deformation. These are not represented here since can vary
significantly from different geological settings and ages (McGuinness
and Hossack, 1993; Koyi, 1998; Peel et al., 2020). In this work, we also

Net advance = salt-supply rate - erosion rate
(sedimentation rates not considered)
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Fig. 15. Representation of a 2-D cross-section (not-to-scale) of an extrusive lateral advancing salt sheet. T1 to T6 represent consecutive time steps. L1 to L6 is the
maximum horizonal length of the salt sheet measured from the feeder point to the salt sheet front at each corresponding time step. If salt supply is greater than the
erosion rate, the salt front will advance laterally (A). If, on the contrary, the erosion is greater than the salt supply rate, the salt front will recede (B), and the length of
the salt sheet will decrease over time. The relationship between the salt supply rate and the erosion rate is named “Net advance”. When during two or more
consecutive time steps the length of the salt sheet increases, the net advance has a positive value, whereas if the length decreases, the net advance is negative. If there
are no significant changes on the length of the salt sheet the net advance is neutral. Syn-kinematic sedimentation has only been drawn as reference without
considering sedimentation rates.
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considered, an apparent retreat of the salt front by the evacuation of to the salt sheet, and/or the intensity of salt dissolution, are parameters
material out of the system is expected (Fig. 15B). that control this system (McGuinness and Hossack, 1993; Peel et al.,
The salt supply rate depends on the intensity of the forces responsible 2020). These parameters are discussed below:

for salt flow (such as sedimentary loading or tectonic forces) (Koyi,
1998; Hudec and Jackson, 2007). The available salt is limited because 5.4.1. Topography

the migration of the salt feeding the lateral extrusion is eventually Salt glaciers flow downslope covering low areas and surrounding
terminated, either by welding, or by the ceasing of the forces which topography highs (Jackson and Hudec, 2017a). Considering a fixed and
originated the extrusion. This process is considered independently of constant salt supply rate, the displacement of the salt is favored if salt
later reactivations, which can again initiate the salt sheet motion. Even if advances downhill, thus registering a positive net advance (Fig. 16A.1),
the system is mainly governed by sedimentary loading, the salt extrusion and hindered uphill, thus registering even a negative or neutral net
is terminated once the source layer is depleted or the channel welded advance (Fig. 16A.2).

(Hudec and Jackson, 2006, 2007) so, considering a lateral salt extrusion,
the salt supply rate follows a decreasing trend over time (Fig. 15). The 5.4.2. Syn-kinematic sedimentation adjacent to the salt sheet

erosion rate is mostly controlled by external factors such as the overall Sediments deposited adjacent to a salt sheet can be derived from both
geological setting, the local topography, and the climate (mainly in the diapir itself, its overburden and/or external sources. The accumu-
onshore settings) but also by local factors such as the available salt at the lation of these sediments is only possible when there is enough accom-
surface. In this sense, when the diapir is mainly controlled by vertical modation space available during salt sheet movement. Locally, the
movements, the area covered by the salt is minimal (Alsop et al., 2016). erosion of the salt deposit is the main process controlling the amount of
When, the extrusion progresses, the available amount of salt to be sediment available, and can cause both, the retreat of the salt sheet front,
eroded increases progressively because the total area has also increased. and the rise of the local sedimentation rate. Thus, the relationship be-
While the external factors controlling the erosion can be constant, the tween the sedimentation rate and the salt supply rate conditions the salt
spreading of salt over time leads to the rising of the erosion rate locally. sheet shape (McGuinness and Hossack, 1993). If the sedimentation rate
Thus, as the salt supply decreases, the erosion rate increases, so the salt is low and the salt supply rate is high, the salt sheet climbs through the
advance slows down over time, then stagnates, and finally recedes stratigraphic sequence as the subsalt strata pinch out towards the basal
(Fig. 15). salt-sediment contact (Fig. 16B.1). If the sedimentation rate is close to

The apparent displacement of the salt sheet can be referred as the the net salt supply rate or higher, the advance can be inhibited, and the
“net advance” considering the amount of advancing salt, minus the salt-sediment contact is vertical or the strata onlaps the salt roof

amount of eroded material (Fig. 15). Without considering other pa- (Fig. 16B.2) (Jackson and Hudec, 2017a).
rameters (such as external factors like climate imprint), the net advance

is initially positive as the salt supply rate surpasses the erosion rate, and 5.4.3. Salt dissolution and caprock thickening
then tends to be negative when the erosion rate is greater than the salt The uneven distribution of the caprock along a salt sheet produces a
supply rate. Nevertheless, the topography (simplified as the slope on remarkable difference in rheology, brittle in the upper and external parts
which the salt sheet is advancing), the amount of sedimentation adjacent where the caprock is thicker, and ductile in the lower and inner parts,
Topography Syn-kinematic sedimentation Salt (halite) dissolution
€® Downslope movement G® Low sedimentation rate @ Low salt dissolution
*Feeder point S .
Halite dissolution
+ + Caprock crust VS
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A Net advance A A
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™ > L1 Positive ™ >L1 Positive ~ T1 > L1 Positive
€M Uphill movement @B High sedimentation rate @D High salt dissolution
T1 T3 T2 "9 > Halite dissolution
|
ATO A A
i L3
T3 » |3 T3p»L3; | T3 > Negative
T2 » 2 T2 ‘LZE T2 > |2 Neutral
™ > L1 Positive T —L1 Negative ™ > L1 Positive

Fig. 16. Ideal conceptual model (not-to-scale) of the expected behavior of an extrusive lateral advancing salt sheet in terms of (A) the topography of the adjacent
area, (B) the sedimentation rate of the syn-kinematic sequence accumulated adjacent to the salt sheet front, and (C) the amount of salt loss through dissolution and
subsequent caprock growth. A.1 the salt sheet is moving downslope, so the net advance is positive. A.2 the salt sheet is moving uphill so the net advance evolves from
positive to negative. B.1 In the case of a low sedimentation rate the net advance remains positive. B.2 in the case of a high sedimentation rate, the advance is hindered
and the strata onlap and overlay the salt roof. C.1 If salt dissolution maintains a low rate over time, the subsequent caprock growth is low, so the salt sheet maintains
its advance. C.2 If salt dissolution is high, the caprock grows at a higher rate, so the lateral movement of the salt sheet decreases or stops.
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where salt is protected. The rupture of the caprock during salt sheet
movement (Rowan et al., 2020a) repetitively exposes the salt enhancing
its dissolution in an overall, continuous process. Therefore, the caprock
is expected to extend and thicken until there is no significant salt content
within the salt sheet. Hence, if the dissolution of the salt is enough or
complete, the movement can be obstructed or prevented.

In actual salt glaciers, the alteration of the deposit by salt dissolution
is well observed along radial or linear core-to-front cross-sections
(Talbot, 1998; Zavada et al., 2021). At the feeder area where salt arises
to the surface, the amount of salt within the deposit is significantly
greater than in the frontal parts. The progressive reduction in salt out-
wards is interpreted as the ongoing alteration of the salt sheet mass
while advancing, and thus, at the frontal parts the salt is almost
nonexistent (Warren, 2006). Most of the studied salt glaciers show a belt
of folds and thrusts within the caprock at their advancing front, which
can be mechanically explained as produced by local shortening as the
pressure exerted by the extruding salt propagate towards the front
(Zavada et al., 2021).

The grade of alteration of the salt sheet in continental settings may
also depends on climate conditions (Warren, 2006). In arid conditions,
weathering is low, so the salt sheet movement is higher (Fig. 16C.1).
Contrarily, in wet climates, the relative high weathering enhances salt
dissolution so the caprock can form very early, even hindering the salt
movement from the beginning (Fig. 16C.2). Nevertheless, even in the
desert of Iran, the salt glaciers are altered (Zavada et al., 2021). Through
enough time, a caprock is formed preferably at the front of the salt sheet,
hindering its advance.

5.4.4. Relation between salt sheet movement and sedimentation

As the net advance of the salt sheet is recorded by the syn-kinematic
sequence deposited in the salt sheet front, the apparent displacement of
the salt sheet can be deciphered from the study of the syn-kinematic
stratigraphic sequence in terms of progradation, aggradation, or retro-
gradation. In this sense, if the net advance is positive, the salt front
moves forward and the stratigraphic sequence registers the progradation
of the proximal facies over the distal facies, and the salt finally overrides
the sedimentary units in front of it (Fig. 17A). In this case, the base of the
salt sheet dips towards the feeder. If the net advance is neutral, the salt
sheet front remains approximately at the same position, so the strati-
graphic sequence registers aggradation and the salt sheet contact is
subvertical in cross-section (Fig. 17A). On the contrary, if the net
advance is negative, the adjacent strata onlaps the salt surface and the
stratigraphic sequence registers retrogradation (Fig. 17A). In this case,
the top of the salt sheet contact dips basinwards.

Variations of this stratigraphic sequence are caused by the described
parameters that can obstruct salt flow. In Fig. 17(B.1 to B.8) 8 different
possibilities combining these parameters are represented.

There are two end-members regarding the net advance: 1) When salt
is moving downhill, the sedimentation rate is low and the dissolution of
salt is minimal, it is expected that the stratigraphic sequence only reg-
isters progradation and the salt sheet covers large areas in a short time
period (Fig. 17B.1); and, 2); on the other hand, when it moves is uphill,
the sedimentation rate is high, and salt dissolution is intense, salt
extrusion may not take place and the facies will rapidly aggrade and
then retrograde burying the salt sheet (Fig. 17B.8). Intermediate situa-
tions can be obtained when the three parameters act combined,
enhancing and preventing the salt sheet advance, a fact that will be
reflected in the syn-kinematic sequence as progradation, aggradation or
retrogradation architectures (Fig. 17B.2 to B.7). The prevalence of these
stages can change depending on the specific conditions under which the
salt movement takes place. If the net advance is positive during a long
period, the area covered by the allochthonous salt can be relatively
important and the advance can be quick. If the neutral or negative stages
predominate, the salt sheet movement is slow, and the area covered is
smaller.

Combining the mentioned parameters and the geometry of the Os de
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Balaguer salt sheet (Figs. 13 and 14) is possible to approximate the area
and the relative timing of the extrusion to present this salt sheet as a
case-of-study.

The Os de Balaguer salt sheet advanced downhill favored by the
topographic slope that is inferred by the direction of the paleovalleys
and the deposition of the alluvial system. The salt sheet was emplaced
over the syn-kinematic breccias FA-8, pointing that the sedimentation
rate was lower than the salt supply/erosion rates. The salt sheet deposit
is characterized by an extensive caprock carried atop the salt, and its
formation during the lateral extrusion may have prevented its further
advance. The stratigraphic architecture displays a progradation of the
proximal facies over the distal ones and the geometry of the diapir de-
posit is irregular, although the salt sheet climbed over the sedimentary
facies below.

In conclusion, there are two possibilities for the Os de Balaguer sub-
basin deposit: (Fig. 17, B.1 and B.2). Thus, the projected area covered by
the allochthonous salt was probably extensive in relation with the
piercing area, and the emplacement of the salt sheet was quick, during a
single event.

6. Conclusions

The stratigraphic record in the Os de Balaguer sub-basin is controlled
by the evolution of the Les Avellanes diapir. Thus, the complete sedi-
mentary sequence is directly related to the erosion of the Les Avellanes
diapir during ongoing orogenic deformation, from its initial piercing and
surface extrusion to its lateral emplacement as an allochthonous salt
sheet.

The Os de Balaguer sub-basin sedimentary infill has been divided
into 8 different facies associations arranged in two depositional stages
separated by a disconformity. The first depositional stage (FA-1 to FA-7)
includes two connected depositional systems: 1) a saline lake recorded
by a succession of fine laminated gypsarenites, lutites, and gypsum beds
with arenites on top, interlayered with local-derived, coarse arenites and
microconglomerates; and 2) a complete alluvial succession from distal to
proximal facies transporting mainly diapir-derived fragments, including
detrital gypsum clasts. The second depositional stage is deposited over
an important erosion and valley incision over the sedimentary succes-
sion. This paleo-relief is filled by syn-kinematic, alluvial-to-colluvial
breccias (FA-8), resulting from the erosion of an extruding allochtho-
nous salt sheet. These breccias were sedimented at the front of the
advancing salt sheet and then were overrode. The salt sheet finally
overlayed all the previous deposits and covered the sub-basin.

The facies, stratigraphic architecture, paleocurrents and sediment
composition are used to decipher a north-eastern uplifted area with
Triassic evaporites cropping out. Salt dissolution occurred at the surface
where a caprock, characterized by the accumulation of stringers carried
upward within the salt, started to form. The uplift and the NE-SW pro-
gradation of the sedimentary system is linked in the study area with the
Pyrenean compression during Oligocene times. The progressive uplift of
the northern area favored the progressive valley incision northwards by
headward erosion that finally reached the extruding salt. This process
opened preferred outflowing paths for the salt, and triggered a gravity
driven lateral salt extrusion, which moved southwards favored by the
topographic slope. The salt advanced as an extrusive salt sheet carrying
rafts of caprock gliding on top and was emplaced over the sedimentary
rocks. The megabreccia present along the salt sheet base, above the FA-8
facies, recorded shear deformation linked with the advancing salt sheet.
This megabreccia can either be a dissolution breccia, formed by disso-
lution of salt below the detached caprock during the extrusion, or a
deposit formed by the accumulation of intensely deformed caprock rafts
at the front of the salt sheet, subsequently overrode by the salt.

Taking into account the evidence presented regarding the advance
and emplacement of a salt sheet at the Les Avellanes diapir area, we can
also conclude that: 1) the map trace of the outcropping diapir deposit,
previously defined as a diapir contact, cannot be entirely related to a
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Fig. 17. Theoretical 2D diagrams (not-to-scale) of stratigraphic architecture and salt sheet emplacement versus topography, sedimentation rate and salt dissolution
A: Idealization of the sequence of emplacement of a salt sheet in a core-to-front cross-section where each colored line represents a different moment in time (T1 to
T10). The net advance is measured by the length of the salt sheet for each time. The emplacement of the salt sheet is related to the stratigraphic sequence, which in
turn, is related to the net advance. Note that it is assumed a decreasing salt supply rate and an increasing erosion rate (other parameters are not considered). B.1 to
B.8: Models produced by the combination of the three control parameters. For each combination, the reduction of the salt supply rate and increase of the erosion rate
is also expected, as these combinations are modifications of the ideal emplacement sequence previously represented. Next to each diagram, the expected stratigraphy

architecture is indicated.
<
<

vertical wall, as it was previously hypothesized; 2) the extension of the
Les Avellanes diapir is partly (or totally) related to a salt sheet deposit
which extruded from a feeder area located northwest of the studied area;
and 3) the diapir contact in the Os de Balaguer sequence, cannot be
interpreted as a thrust, but as the base of an advancing salt sheet which
was emplaced over the previous sedimentary sequence.

Finally, 8 conceptual models based on facies and stratigraphic ar-
chitecture were built in order to evaluate the role of topography, sedi-
mentation rate and salt dissolution on regard of the lateral advance of a
salt sheet in continental settings. The proposed ideal succession shows a
facies architecture characterized by an initial progradation, aggrada-
tion, and a final retrogradation. This sequence directly results from the
advance, stagnation, and then retreat of the salt sheet front, assuming an
increasing local erosion rate and a decreasing salt supply rate (Fig. 17A).
The interplay of the controlling factors can favor or obstruct the salt
advance (Fig. 17B), modifying the initial ideal sequence. Understanding
the syn-kinematic sequence and the overall geometry of the salt contact,
the controlling parameters can be narrowed down, and in consequence
approximate the relative size and timing of the allochthonous salt
emplacement.
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