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El capitol 7 correspon a un article enviat a la revista cientifica Terra Nova.

M. Roigé ha mostrejat tota la seccid i ha realitzat la separacié de minerals pesants durant una estada de de
recerca de tres mesos a la la Universita di Bologna (Italia). També va realitzar tots els analisis d'U-Pb en zircons

detritics al laboratori UTChron de la Univeristy of Texas at Austin. Ha redactat gran part del text i ha realitzat

totes les figures, menys la Figura 4.
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ABSTRACT

In the Jaca Basin, the western portion of the South Pyrenean foreland, massive conglomeratic deposits
characterize the last stage of basin fill. We conducted detrital zircon U-Pb geochronology in a 3000m-thick
Cenozoic section that contains the transition from deltaic to alluvial environments with the aim of
reconstructing provenance changes. The last basin deposits belong to the San Juan de la Pefia alluvial fan,
which has previously been assigned an early Oligocene age. Our results reveal the presence of earliest
Miocene detrital zircons at the base of the fan. Zircon double dating reveals identical U-Pb and (U-Th)/He
ages indicative of a volcanic origin for these zircons. Therefore, we conclude that this fan was deposited
essentially during early Miocene times. The new data establishes a new chronologic framework for
deformation and sedimentation in the South Pyrenean foreland, with strong implications for the dynamics

and paleogeography governing the last episodes of basin fill.
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1. Introduction

Foreland basins record the erosional history of their source areas providing invaluable information about the
chronology of deformation and unroofing of the active orogenic wedges (e.g. Dickinson and Suczek, 1979).
In order to relate source-to-sink processes and to decipher the tectonic, exhumational, and depositional
evolution from the source areas to the sedimentary basin sink, precise timing of the syntectonic foreland

basin deposits is essential (e.g. DeCelles and Giles, 1996).

The Jaca Basin, in the western portion of the South Pyrenean foreland basin (Fig. 1A), provides an excellent
opportunity to investigate the relationship between tectonics and sedimentation in light of a well-established
chronostratigraphic framework, in particular for the Eocene deep-water stage of foredeep development (e.g.

Canudo and Molina, 1988; Labaume et al., 1985; Oms et al., 2003).

However, there are only sparse and contradictory age constraints on the transition to conglomeratic molasse
deposition in the basin (Puigdefabregas, 1975; Hogan and Burbank, 1996; Oliva-Urcia et al., 2015). These
deposits consist of fluvial to alluvial strata that represent the overfilling basin stage and record the late

erosional and exhumational history of the Pyrenees (Puigdefabregas, 1975).

This study presents new detrital zircon (DZ) U-Pb data from a 3000 m-thick succession of these last alluvial
deposits, elucidating their provenance evolution. In addition, selected DZ U-Pb and (U-Th)/He double dating
was performed to provide important new constraints on the chronostratigraphy of these strata. These results
imply a younger age for these molasses deposits and require a revision of both the chronostratigraphic record

as well as the late-stage fill history of the Jaca Basin.

2. Geological setting

The Pyrenees formed during late Cretaceous to early Miocene times as a result of the collision between the
Eurasian and Iberian plates (Roure et al., 1989; Mufioz, 1992; Teixell, 1998; Vergés et al., 2002). The southern
side of the Pyrenean belt consists on a south-vergent, basement-involved thrust stack that in the west-central
Pyrenees is composed by four main thrust sheets. These are from north to south: the Lakora-Eaux-Chaudes,
Gavarnie, Broto and Guarga thrusts (Teixell, 1996; Labaume et al., 2016) (Fig. 1B). These thrust sheets involve
Paleozoic basement and a sedimentary cover consisting of pre-orogenic Mesozoic rocks and Late Cretaceous-

early Miocene foreland basin strata -the so-called Jaca thrust-top Basin.
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Figure 1. (A) Simplified geological map of the Pyrenees (redrawn from Teixell, 1996), showing the location of the study
area (white frame). White line indicates cross-section in Figure 1B. Lk: Lakora thrust; Ga: Gavarnie thrust. (B) Crustal
cross-section of the west-central Pyrenees (simplified from Teixell et al., 2016), showing the Jaca thrust-top Basin of
the Southern Pyrenees.

The Paleozoic basement constitutes the core of the belt -the Axial Zone- and is mainly composed of Variscan
low-grade metamorphic rocks and granitoids, that are unconformably overlain by Permo-Triassic red beds or
directly by Cretaceous limestones. South of the Axial Zone, synorogenic rocks of Santonian to Miocene age
constitute the South Pyrenean foreland basin, including the Jaca, Ainsa, and Tremp-Graus Basins, which

thrust southwards over the Ebro basin.
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The Jaca Basin (Fig. 2) is characterized by deep-water turbidite sedimentation during early-mid Eocene times
(Hecho Group turbidites), that evolved to the coastal and fluvial/alluvial molasses in the upper Eocene-
Oligocene (Campodarbe and Bernués Formations) (Puigdefabregas, 1975). Stratigraphically above the
Eocene-Oligocene Campodarbe Formation, the Bernués Formation consists on massive conglomeratic
deposits, mainly represented by the San Juan de la Pefia and Pefia Oroel alluvial fans (Fig. 2) (Puigdefabregas,
1975). The cessation of sedimentation in the Jaca Basin is usually attributed to activity on the Guarga thrust
(Oligocene-early Miocene), ultimately resulting in the uplift and erosion of the basin as recorded in the

alluvial sedimentation of the Uncastillo Formation, in the Ebro basin (Teixell, 1996; Labaume et al., 2016).

SanJuandela Peﬁ;l

D Uncastillo Fm. - Sabifianigo Sandstone Fm.

- Bernués Fm. - Larrés Marls Fm.

I:l Campodarbe Fm. Hecho Gr.

Belsué-Atares/ Paleocene-Eocene
Yeste-Arrés Fms. carbonates External
- Pamplona Marls Fm. - Mesozoic Sierras

Figure 2. Geological map of the central part of the souhern Jaca Basin and northern margin of the Ebro Basin (modified
from Puigdefabregas, 1975). White-purple line shows the location of the San Juan de la Pefia stratigraphic section
analyzed in this work. Circles and triangle show the position of the analysed samples. Map coordinates for bottom right
are (30T) 721339E/4676503N, and top left are (30T) 666069E/4715901N.
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3. Stratigraphic framework

The Campodarbe Formation reaches a maximum thickness of more than 3000m in the central part of the
Jaca Basin, where two main sediment routing systems merge: an axial east-derived fluvial system and a
transverse north-derived system (Puigdefabregas, 1975; Montes and Colombo, 1996). Above the
Campodarbe Formation, the Bernués Formation conglomerates represent the youngest preserved
sedimentation derived from the persistent erosion of the Pyrenees and the emerging fold-and-thrust belt to

the north of the basin.

The age of Campodarbe Formation was originally proposed to be late Eocene-Oligocene (Soler and
Puigdefabregas, 1970), while the age of the overlying Bernués Formation was suggested to be Chattian at
the base and potentially Aquitanian to the top, by correlation with the Uncastillo Formation (Arenas, 1993)
in the Ebro basin (Fig. 2). In contrast, more recently Hogan and Burbank (1996), Montes (2002) and Oliva-
Urcia et al. (2015) proposed significantly older ages for the top of the Campodarbe Formation and the
Bernués Formation, setting a Priabonian to Rupelian age for them based on magnetostratigraphy and
stratigraphic correlations. According to their data, the Chattian-Burdigalian Uncastillo Formation of the Ebro

Basin could not be contemporaneous with the Bernués Formation of the Jaca Basin.

4. Methodology

The fluvial-alluvial deposits of San Juan de la Pefia section (Fig. 2) were measured and sampled for DZ U-Pb
and (U-Th)/He geo- and thermochronologic analysis. Four medium-grained sandstone samples (2-5 kg) were
collected along the section (Fig. 3). The lowermost sample (SP17) was obtained from the lower Campodarbe
Formation fluvial deposits, while samples SP1, SP3 and SP18 were obtained from the conglomeratic beds of
the San Juan de la Pefia fan (Bernués Formation, according to Puigdefabregas, 1975). Following standard
heavy mineral separation procedures, samples were crushed and sieved to obtain the 63-250um fraction.
Zircon grains were isolated using the Gemini water table separation, Frantz isodynamic magnetic separation,
and heavy liquid separation (sodium metatungstate; p=2.87 g/cm?). Mineral separation was performed in the
heavy mineral laboratory of the University of Bologna according to procedures described by Mange and
Maurer (1992). All DZ U-Pb and (U-Th)/He analyses were conducted at the UTChron geo- and
thermochronology laboratory at the University of Texas at Austin following procedures described in Hart et

al. (2016) for LA-ICP-MS U-Pb dating and Wolfe and Stockli (2010) for ZHe dating.
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5. Results and discusion

All DZ U-Pb zircon results are shown in Figure 3 as pie charts, kernel density estimation plots (Vermeesch,
2012), and histograms (see Supplementary Files S1 and S2 for complete data). For the pie diagrams, DZ U-Pb
ages are binned into groups (Fig. 3) that represent the most important magmatic/tectonic phases of the

Pyrenean evolution, similar to those established in Thomson et al. (2017) for the nearby Ainsa basin.

The basal sample (SP17), which belongs to the fluvial Campodarbe Formation, shows three main age
components at 310-380 Ma, 500-780 Ma and 900-1120 Ma. It lacks any late Variscan signal (280-310 Ma),
but exhibits marked age peaks at 325 Ma and 375 Ma. The overlying San Juan de la Pefia conglomeratic strata
(samples SP1, SP3, SP18) show also minor to absent late Variscan ages, but a significant up-section increase

in Cadomian zircons (520-700 Ma) (Fig. 3).

Compared to the Campodarbe fluvial sandstone, the Bernués alluvial conglomerates either lack or show low
abundances of 360-400 Ma zircons and are characterized by an increased age component at ~700-900 Ma.
These changes are likely attributable to provenance shifts resulting from the replacement of an east-derived
fluvial system (sample SP17) by a north-derived alluvial system (samples SP1, SP3, SP18), as previously
proposed by Puigdefabregas (1975). The presence of early Variscan age components in the east-derived
fluvial system suggests erosion and recycling of Carboniferous strata of the east-central Axial Zone (Roigé et

al., 2017), which have been shown to contain early Variscan DZ ages (Martinez et al., 2015).

In contrast, the conglomeratic beds show a pronounced decrease in the 360-440 Ma zircon signal, that could
be due to a lack of significant contributions from the Paleozoic basement and a dramatic increase of recycling
of the Hecho Group turbidites, forming the tectonically inverting hinterland north of the basin at that time

(Puigdefabregas, 1975).

The DZ spectrum of ~120 zircons for sample SP3 yielded a single zircon with a U-Pb age of 22.1+0.6 Ma,
representing the youngest zircon age found in the South Pyrenean domain and with strong implications for
the chronostratigraphy of the Jaca basin. Consequently, additional U-Pb DZ analyses were performed,

targeting only euhedral grains of variable sizes to verify the presence of young Cenozoic zircons (Fig. 3).
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These additional analyses of sample SP3 (labeled SP3bis) yielded four more young ages (23.8+0.9 Ma;
26.611.1 Ma; 24.9+1.1 Ma and 22.94+0.8 Ma), corroborating the presence of Oligo-Miocene zircons and
improving statistics of the determination of the maximum depositional age for the strata (Fig. 4) (Dickinson
and Gehrels, 2009). Furthermore, in order to resolve a volcanic origin of these Oligo-Miocene grains, (U-

Th)/(He-Pb) double dating was applied.
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Figure 4. Zircon U-Pb ages of the Cenozoic grains. Weighted mean ages are calculated with Isoplot program following
the procedure described in Dickinson and Gehrels (2009). Black boxes are the error bars (2o error). Horizontal grey band
shows the probable age of the zircon population.

All young zircons show identical U-Pb and (U-Th)/He ages corroborating a volcanic origin and lending

additional support for them to constrain the actual (maximum) depositional age (Fig. 5).

As there is no documented felsic Cenozoic volcanism in the Pyrenees that could source these grains, the most
plausible origin for them is Oligo-Miocene calc-alkaline magmatism reported from the Mediterranean basin

(Fig. 6) related to the opening of the Valencia through (Marti et al., 1992; Sabat et al., 1995).

This hypothesis would assume airborne transport of the volcanic zircons and disposition as airfall either
directly to the Jaca Basin or into the hinterland source area. This explanation is also supported by the
presence of an ash layer that has been reported in several localities in the Ebro Basin (Fig. 6), which yielded

a radiometric sanidine *°Ar/**Ar age of 19 Ma (Odin et al., 1997).
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Figure 5. (U-Th)/(He) age versus U-Pb age for double dated Cenozoic grains (red error bars represents 2o error) of
sample SP3 from the basal Bernués Formation.

The occurrence of earliest Miocene volcanic zircons at the base of the alluvial fan and the >400 m-thick
sequence of conglomerate above, strongly suggests an early Miocene age for these deposits. This new
isotopic maximum depositional age constraints validate the early work of Puigdefabregas (1975) and Arenas
(1993) who pointed to the possibility of an Oligo-Miocene age for this fan (Bernués Formation) on the basis
of facies correlation to the Uncastillo Formation in the adjacent Ebro Basin (Fig. 7) (Puigdefabregas, 1975;
Millan-Garrido et al., 1995; Nichols and Hirst, 1998). However subsequent works by Hogan (1993), Montes
(2002) and Oliva-Urcia et al. (2015) suggested a lower Oligocene age for the Bernués Formation (Fig. 7),

implying no temporal correlation between it and the Uncastillo Formation.

These new DZ U-Pb geochronology results clearly reveal a time equivalence of the Bernués and Uncastillo
Formations (Fig. 7). This substantiated correlation entails a new Oligo-Miocene paleogeography
characterized by alluvial sedimentation within the Jaca Basin (Bernués Formation) at the same time that the
southern portions of the basin were uplifted and subjected to erosion and shed into the basin through large

alluvial fans in the Ebro foreland basin (Uncastillo Formation).
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Figure 6. Satellite view of northeastern lberia, showing the location of the study area (Jaca Basin), the reported
outcrops of a Miocene volcanic ash layer in the Ebro Basin (Lanaja, Tardienta and Pefialba) and the position of Oligo-
Miocene volcanic domes in the Mediterranean basin.

Likewise, the new proposed age has also implications on the sedimentation rate calculated for the Jaca basin.
While Costa et al. (2010) proposed an increase of the sediment rates from 25 cm/kyr to 63 cm/kyr (Fig. 8)

during the transition from marine to terrestrial environments in the southern part of the basin, our results

imply a much lower sedimentation rate and closer those defined for the eastern Ebro Basin.

Considering that in the San Juan de la Pefia section, the 2460m of stratigraphic thickness encompasses the
last marine deposits (~36 Ma, Costa et al. 2010) and the layer containing the volcanic grains (~23 Ma), we
can broadly calculate an approximate average sedimentation rate of 16 cm/kyr (Fig. 8). Although this value
is only a rough approximation assuming a continuous sedimentation rate, it would be consistent with the
response of the sedimentary systems to the basin closure, in which a base level rise in a stage of aggradation

and backfilling is expected, as observed in other localities of the Pyrenees (Coney et al., 1996).
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Figure 7. Stratigraphic chart showing the datings and time equivalences between fluvial-alluvial sedimentary formations
of the Jaca and Ebro basins proposed by different authors, and the results obtained by this work. Also shown is the
timing of the thrusts defined for the Jaca Basin (after Labaume et al., 2016).

This change in age of the synorogenic deposits also requires a reconsideration of the chronology of thrust
activity with respect to the basin stratigraphy. The alluvial sedimentation in the Jaca Basin was linked to the
Gavarnie thrust (Teixell, 1998; Roigé et al., 2016; Roigé et al., 2017; Labaume et al., 2016), while the Guarga
thrust was assumed to set up the uplift and the interruption of sedimentation in the Jaca Basin, which then

shifted to the Ebro Basin.

However, the new proposed Miocene age for the San Juan de la Pefa strata implies that the accumulation
of the conglomerates and clastics were linked to activity along the Guarga thrust and that the tectonic uplift
did not impede the sedimentation within the thrust-top basin. The episode of coeval sedimentation in the
Jaca and Ebro Basins can be correlated with the strong period of exhumation in the western Axial Zone during

Miocene times as recorded by thermochronology (Bosch et al., 2016; Labaume et al., 2016).

Although our results are restricted to the northern part of the Jaca Basin, they emphasize the need for better
timing constraints for the syntectonic conglomerates of the southern Pyrenees, which constitute the clues to

decipher the last stages of the Pyrenean belt tectono-sedimentary evolution.
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Figure 8. Sedimentation rates for the Jaca Basin and eastern Ebro Basin modified from Costa et al., (2010). The yellow
dashed line represents the inferred sedimentation trend from the zircon ages presented in this work.

6. Conclusions

New U-Pb detrital zircon results in the Jaca thrust-top basin of the Southern Pyrenees allow to characterize
the provenance changes that occur in the upper fluvial-alluvial deposits of the basin. A sample from the fluvial
sediments of the late Eocene to Oligocene Campodarbe Formation is characterized by the dominance of early
Variscan zircons (325 and 375 Ma) that are consistent with the erosion of the Carboniferous strata of the
Axial Zone or the east-central Pyrenees. However, the overlying alluvial conglomerates of the San Juan de la
Pefia fan show a progressive decrease on the Variscan signals, that could be associated to the replacement
of the eastern Paleozoic source area by a northern source area that produced the recycling of the Eocene

Hecho Group turbidites from a less exhumed hinterland.

DZ U-Pb analysis yielded four Cenozoic aged zircons at the base of the San Juan de la Pefia fan. According to
(U-Th)/(He-Pb) double dating results, these grains have a volcanic origin, likely interpreted as linked with the
distant Oligo-Miocene Mediterranean volcanism. This finding allows to propose a Miocene age for the San
Juan de la Pefia fan, an age much younger than considered before. Therefore, we can infer a new Oligo-
Miocene paleogeography for the South Pyrenean foreland characterized by alluvial sedimentation within the
Jaca Basin, at the same time that it was uplifted and submitted to erosion by the Guarga thrust, being recycled

into the large alluvial fans of the Ebro foreland Basin.
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Supplementary information. Table 1 Reduced detrital zircon U-Pb dataset for all analysis.
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ights into the chronology of the South Pyrenean basin from U-Pb provenance data
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ights into the chronology of the South Pyrenean basin from U-Pb provenance data
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Capitol 7: New insights into the chronology of the South Pyrenean basin from U-Pb provenance data

Supplementary information. Table 2 Reduced detrital zircon double dating (U-Th)/(He-Pb) data for Cenozoic
aged zircons.

Sample |(U-Th)/He Age |2c error |U Th 147Sm  [[U]e Th/U He mass Ft ESR U-Pb Age [U-Pb 20 error
(Ma) (Ma) (ppm) _ |(ppm)  [(ppm) (nmol/g) |(ug) (um) (Ma) (Ma)

25P3-4 21.78259087| 1.742607| 359.3121 314.525| 5.64325| 431.744| 0.875353| 32.33563| 1.22253| 0.634472| 31.0113 23.82 0.92

25P3-12 19.84801483| 1.347841| 342.9796| 229.1911| 2.981853| 395.7543| 0.668235| 25.6454| 0.693653| 0.572188| 25.5628 26.6, 1.1

75P3-68 22.27447701| 2.341958| 736.8495| 830.1655| 3.273286|  927.97| 1.126642| 74.73004| 1.26414| 0.64248| 32.0542 24.9 1.1

25P3-94 23.68561935| 1.89485| 323.5695| 249.381| 1.571383| 380.9848| 0.770719| 29.7909| 0.877436| 0.609504| 28.6073 22.85 0.81

Supplementary information. Table 3 Full detrital zircon U-Pb spectra from 0 Ma to 3500 Ma, displayed as
kernel density estimators (KDE) and histograms (Vermeesch, 2012). Nonadaptive KDE bandwidth of 8 Ma,
histogram bin width of 20 Ma.
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Capitol 7: New insights into the chronology of the South Pyrenean basin from U-Pb provenance data

Supplementary information. Table 4. Geographic position of the analysed samples.

Formation

Sample name

Latitude

Longitude

Fluvial Campodarbe

SP17

0°40'17.3424" W

42°32'5.6148" N

SanJuan de la Pefia | SP1 0°40'45.9012" W [42°31'17.5404" N
SanJuan de la Pefia | SP3 0°41'6.3240" W 42°31'10.6896" N
San Juan de la Pefia | SP18 0°41'15.8424" W [42°30'25.9164" N
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Capitol 8

Interplay of multiple sediment sources in an overfilled foreland
basin: axial versus transverse systems in the southern Jaca basin
(southern Pyrenees)



Capitol 8: Interplay of multiple sediment sources in an overfilled foreland basin

El capitol 8 correspon a un article en preparacio.

M. Roigé ha mostrejat totes les seccions i ha realitzat tots els comptatges tant dels gresos com dels
conglomerats. Ha sintetitzat les dades, les ha projectat en diagrames triangulars i les ha classificat. També ha

redactat tot el text i ha realitzat totes les figures.
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Interplay of multiple sediment sources in an overfilled foreland basin:
axial versus transverse systems in the southern Jaca basin (Southern

Pyrenees)

Roigé, M.Y", et al. in preparation
!Department de Geologia, Universitat Autbnoma de Barcelona, 08193 Bellaterra, Spain
2The University of Texas at Austin, Department of Geological Sciences, Austin, TX 78712, USA

(*) Corresponding author

Keywords: sandstone petrography, provenance, sediment routing systems, Pyrenees

ABSTRACT

In the southern edge of the Jaca basin two main sediment routing systems merge, providing an excellent
example of interaction of different source areas with distinct petrologic signatures, recording different stages
of exhumation of the Pyrenean belt. We apply sandstone petrography in the deltaic to alluvial deposits of
the southern part of the basin, and also in the time equivalent systems of the nearby Ainsa and Ebro basins,

in order to decipher the evolution of source areas from Eocene to Miocene times.

Our sandstone petrography results allow identifying four petrofacies, which evidence the interplay of axially-
fed sediments derived from the eastern sources (central Pyrenees) with transversely-fed sediments from the
north (west-central Pyrenees), highly controlled by the emergence of tectonic structures. The axially-fed
sediments display an important change in the source area that occurred during the Priabonian, and consisted
on the shift from carbonate-rich source with plutonic rocks, by a siliciclastic-rich source area with overburden
metamorphic lithic grains. The axially fed systems dominated the fluvial deposits of the Campodarbe
Formation in the southern edge of the Jaca basin, which were progressively replaced from east to west by
transverse-fed systems sourced from northern source areas. In the late stages of basin infill, the Ebro foreland
basin and the Jaca thrust-sheet-top basin received north-derived detritus from two distinct source areas.
While the Jaca basin continued recording a major recycling of former clastic deposits, the Ebro basin was

characterized by additional contributions from Paleozoic sources from the western Pyrenees.
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1. Introduction

The South Pyrenean foreland basin accumulates hundreds of meters of deltaic to alluvial sediments that were
deposited in thrust-sheet-top basins during middle Eocene to early Miocene times. They record strong stages
of exhumation of the Pyrenean chain that delivered detritus derived from a wide range of lithologies from
diverse source areas. From late Eocene times, the western sector of the South Pyrenean foreland basin was
divided into the Jaca thrust-sheet-top basin to the north and the present-day Ebro Basin to the south due to
the growing of the External Sierras thrust system (Fig. 1) (Puigdefabregas, 1975; Labaume et al., 1985; Pocovi
et al., 1990; Teixell and Garcia-Sansegundo, 1995).

In the Jaca basin these deposits are represented by the Belsué-Atarés (deltaic environments), Campodarbe
and Bernués (fluvial to alluvial environments) Formations. These formations show the interplay between
axial drainage systems fed from eastern sources and transverse drainage systems tapping new uplifted

northern sources.

A)

Bay of Biscay &

1] 100 km
e ——

[:l Tertiary in forelands - Mesozoic — Sene
D Pyrenean Tertiary :I Paleozoic

B) EBRO BASIN IACA BASIN SOUTH PYREMEAN ZONE NORTH PYRENEAN ZONE

Hecho Grou;
oo lurbldntesp g = AQUITAINE BASIN

e

|| u. Oligocene-Miocene molasse || UpperCretaceous | | Upper Triassicin Keuper facies

i A L Creta T | Continental basement + Lower-Middle Triassic
E| U. Eocene-L. Miocene molasse - OWEL SrlaceOMs | {upper crust)

[ Eocene flysch and limestone Jurassic | Lower crust

Figure 1. (A) Simplified geological map of the Pyrenees (redrawn from Teixell, 1996), showing the location of the study
area (white frame). White line indicates cross-section in Figure 1B. Lk: Lakora thrust, Ga: Gavarnie thrust, SPTF: South
Pyrenean Frontal Thrust. (B) Crustal cross-section of the west-central Pyrenees (simplified from Teixell et al., 2016),
showing both the South Pyrenean Zone and the North Pyrenean Zone. NPFT: North-Pyrenean Frontal Thrust; BU: Bedous
Triassic Unit.
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Most of provenance studies have been focused in the northern sector of basin (Fontana et al., 1989; Gupta
and Pickering, 2008; Roigé et al., 2016; Coll et al., 2017), where the fluvial and alluvial sedimentation is mostly
sourced from northern areas, mainly composed by the former turbidite deposits (Puigdefabregas, 1975;
Roigé et al., 2017). Nonetheless, less is known about the petrologic signatures and the evolution of the

different source areas in the southern sector of the basin.

In this sector of the basin, axially-fed fluvial systems were accumulated, where fruitful works have been
dedicated to characterize the stratigraphy, sedimentology and deformation of these deposits (Mutti et al.,
1972; Soler-Sampere and Puigdefabregas, 1970; Puigdefabregas, 1975; Lafont, 1994; Millan-Garrido et al.,
1995; Barnolas and Gil-Pena, 2002; Montes, 2002; Pueyo et al., 2002; Castelltort et al., 2003; Castelltort et
al., 2004; Huyghe et al., 2012) together with magnetostratigraphic and paleontological studies (Canudo,
1990; Hogan, 1993; Hogan and Burbank, 1996; Bentham et al., 1992; Costa et al., 2010; Rodriguez-Pinté et
al., 2012; Oliva-Urcia et al., 2015). The proximal time equivalents for these axial drainage systems are located
in the nearby Ainsa basin, and are mainly represented by the fluvial Escanilla Formation which progrades
westwards entering the Jaca basin, being strongly controlled by the growing tectonic structures (Fig. 1)
(Puigdefabregas, 1975; Jolley, 1988; Bentham et al., 1992; Montes, 2002). These sedimentary systems show
an important lateral variability and diachrony along the basins which complicates correlation and provenance

interpretations between them.

In this work, we aim to unravel the compositional nature of these deposits in order to constrain the interplay
between the different active source areas that yielded to a competition of the axially-fed systems against the
transverse-fed systems. In order to achieve this goal here we present a provenance study based on
sedimentary petrography for the transitional to alluvial environments of the southern edge of the Jaca basin.
We also analyse the petrographic composition of the fluvial system from the Escanilla Formation (Ainsa basin)
to test its connectivity with the Campodarbe Formation. Moreover, we incorporate the fluvial to alluvial
deposits located to the south of the External Sierras thrust front, in the Ebro basin, in order to compare it
with the petrologic signatures from the Jaca thrust-sheet-top basin, achieving more insights into the last

stages of the terrestrial sedimentation.

2. Geological setting

The study area is located in the southern part of the South Pyrenean foreland basin, involving the
southwestern corner of the Ainsa basin, the southern part of the Jaca basin, and the northern edge of the

Ebro basin, in the culmination of the External Sierras thrust front (Fig. 1, 2).
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The Pyrenean mountain belt was formed as a doubly-vergent orogenic prism due to the collision between
the European and lberian plates during late Cretaceous-early Miocene times (Roure et al., 1989;
Puigdefabregas et al., 1992; Teixell, 1998; Vergés et al., 2002). The northern side of the belt, known as North
Pyrenean Zone (Fig. 1) is constituted by inverted extensional Mesozoic basins, that are flanked by the
Aquitaine basin to the north (Lagabrielle et al., 2010). The southern side (South Pyrenean Zone) is
characterised by a south-verging basement-involved thrust stack that includes the Axial Zone, the Paleogene
South Pyrenean basin and the South Pyrenean Frontal thrust. In the west-central Pyrenees, four main thrust
sheets compose the South Pyrenean Zone, flanked to the south by the Ebro basin: The Lakora-Eaux-Chaudes,
Gavarnie, Broto and Guarga thrust sheets (Fig. 1B). These thrust sheets involve Paleozoic basement and a
cover assemblage with preorogenic Mesozoic rocks and a foreland basin sequence of late Cretaceous-early
Miocene rocks. The Paleozoic basement constitutes the core of the belt, known as the Axial Zone, and is
mainly constituted by Variscan low-grade metamorphic rocks and granitoids, that are unconformably
overlain by Permo-Triassic red beds, or directly by Cretaceous limestones. The preorogenic Mesozoic
succession is constituted, when complete, by Triassic Keuper facies, which constitute the detachment level
for the synorogenic basins, followed by a thick carbonate and sandstone-shale successions (Jurassic and
Cretaceous). Synorogenic rocks from late Santonian to early Miocene constitute the South Pyrenean foreland
basin, which during Eocene times concentrated the fluvio-deltaic sedimentation in the Ager and Tremp Graus
basins, to the east, that funneled sediments to the west, in the slope and deep-marine Ainsa and Jaca basins
(Nijman and Nio, 1975; Mutti, 1985; Bentham et al., 1992; Caja et al., 2010). The deep-marine sedimentation,
represented by the Hecho Group turbidites (Mutti, 1985), was progressively replaced from east to west by
middle to late Eocene deltaic and alluvial deposits which marked the overfilled foreland basin stage

(Puigdefabregas, 1975; Dreyer et al., 1999).

In the Ainsa basin, the deep-marine sedimentation is replaced by the Sobrarbe delta Formation (Lutetian)
and the fluvial Escanilla Formation (Bartonian-Priabonian) (Mochales et al., 2012), which were fed from the
central Pyrenees, through the Sis and Gurp-Pobla paleovalleys (Bentham et al., 1992; Michael, 2013). These
systems prograde westward into the Jaca basin, entering through its southeastern edge. The Graus
Formation conglomerates (Chattian-Aquitanian) represent the last preserved deposits of the Ainsa basin,

lying unconformably over the Escanilla deposits (Reynolds, 1987).

The time equivalents of all these deposits are found in the Jaca basin, where the Sabifnanigo Sandstone
(Bartonian), Belsué-Atarés (Bartonian-Priabonian), Campodarbe (Bartonian-Oligocene) and the Bernués
(Oligocene-Miocene) Formations represent the transitional and terrestrial environments of the basin. The
transition from marine to terrestrial environments in the basin is diachronic, following the main westward

progradation of the sedimentary systems, which ends with generalised continental sediments marking the
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closure and the initiation of a endorheic basin stage, dated to occur at 36 Ma (Orti et al., 1986; Payros et al.,

1999; Barnolas and Gil-Pena, 2002; Costa et al., 2010).

At the same time that north to south directed folds started to grow, the Belsué-Atarés delta prograded from
east to west with depocenters in synclines producing a strong diachrony clearly observed in the southern
margin of the basin (Fig. 2, 3). In the northwestern Jaca basin, a subordinated system known as Martés
sandstone (Puigdefabregas, 1975) irrupts above marine distal facies. These delta sediments are followed by
coastal and terrestrial deposits of the Campodarbe and Bernués Formations, which constitute the so-called

Campodarbe Group (Mutti et al., 1972).

The Campodarbe Formation is mainly constituted by fluvial to alluvial deposits which display the interference
of two main sediment routings can be identified (Puigdefabregas, 1975): an east-derived axial fluvial system
that enters through the southeastern margin of the basin, and a north-derived transverse alluvial fan system
that characterizes the northern part of the basin, controlled by the activity of the Gavarnie thrust. The
overlying Bernués Formation deposits are mainly represented by alluvial fan deposits sourced from northen
provenance areas, which mark the later stages of the basin infill (Puigdefabregas, 1975). As proposed by
(Puigdefabregas, 1975; Arenas, 1993) and by the results obtained in Roigé et al. (in prep. this thesis), the

Bernués Formation deposition can be attributed to Chattian-Aquitanian.

During Oligocene-Miocene times, the growing of the External Sierras thrust front (Soler-Sampere and
Puigdefabregas, 1970; Labaume et al., 1985; Teixell, 1996; Oliva-Urcia et al., 2015) caused that the
Campodarbe Formation deposits were dissected and separated into the Jaca basin, to the north, and into the
Ebro basin, to the south (Fig. 2, 3). In the Ebro basin, the top of the Campodarbe Formation deposits, has
been dated at 24.5 Ma (Oliva-Urcia et al., 2015). Above, the Uncastillo Formation fluvial/alluvial deposits
(Chattian-Aquitanian) represent north sourced alluvial systems eroding part of the Jaca basin and areas
further to the north (Internal Sierras and Axial Zone) (Puigdefabregas, 1975; Friend et al., 1989; Arenas et al.,
2001). In the study area, the Uncastillo Formation deposits are represented by the Luna alluvial fan. The
Uncastillo and Bernués Formations represent the dominance of alluvial fan systems originated from the

north, related to the activity of the Guarga thrust sheet (Puigdefabregas, 1975).
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3. Samples and methods

Samples from deltaic to fluvial/alluvial environments were collected from the southern part of the Jaca basin,
in the San Felices, Rodellar-Biban, Monrepds, Gallego, Salinas and Martés sections, which include the Belsué-
Atarés, Campodarbe and Bernués Formations (Fig. 2, 3). In addition, two sections in the Ebro basin (Luesia
section, involving the Campodarbe and Uncastillo Formations) and in the Ainsa basin (Ainsa section, involving
the Sobrarbe, Escanilla and Graus Formations) were also sampled in the order to compare the compositional

features between the time equivalents systems from the Jaca basin (Fig. 2).

Ninety-four sandstone and conglomerate samples were collected for a sandstone petrography analysis. The
number and spacing of samples were established according to the representativeness of each analysed
sedimentary system along the stratigraphic logs. Fifty-three samples were chosen for quantification of the
detrital modes through point counting analysis under the polarizing microscope. Thin sections were prepared
and stained using Na-cobaltinitrite (Chayes, 1952) for suitable identification of feldspar, and Alizarine red-S

staining for distinction of carbonate composition, such as dolomite, ankerite and calcite.

Detrital modes were calculated following the Gazzi-Dickinson point counting method (Gazzi, 1966; Dickinson,
1970; Ingersoll et al., 1984; Zuffa, 1985). Three hundred to five hundred points were counted for each thin
section (Dryden, 1931), and classified as framework grains, diagenetic minerals, matrix and porosity. All the
framework grains were labeled according to the main four classes established by Zuffa (1980): non-carbonate
extrabasinal (NCE), non-carbonate intrabasinal (NCl), carbonate extrabasinal (CE), and carbonate intrabasinal
(Cl). Metamorphic rock fragments were classified according to Garzanti and Vezzoli (2003), while
classification of volcanic grains was performed following the criteria of Marsaglia and Ingersoll (1992) and
Critelli and Ingersoll (1995). According to Zuffa (1985), samples were plotted and classified into first to fourth
order ternary diagrams. Petrofacies were represented in ternary diagrams, calculating the mean confidence

regions (90%) with the “CoDaPack” software (Comas-Cufi and Thié-Henestrosa, 2011).
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Figure 3. General stratigraphic cross-section sketch summarizing the relationships of the analyzed formations in the
Jaca and Ebro basins. Stratigraphic ages extracted from (Labaume et al., 1985; Canudo and Molina, 1988; Om:s et al.,
2003; Mochales et al., 2012; Oliva-Urcia et al., 2015). Yellow-purple bars indicate the relative position of the analyzed
sections, and symbols represent the relative position of the analyzed samples (see map on Figure 2 for sample location).

4. Results

Analysed samples are here described and classified in the four classes referred above (NCE, CE, NCl and Cl).
Framework grains are here described in order to establish their most probable provenance. Non-framework
grains are authigenic minerals, related to cementation and replacing processes in most of the cases where

calcite is the main cement typology. All percentages here described are referred over total framework grains.

4.1Grain types

4.1.1 NCE

Quartz is widely represented, with proportions ranging from 7% to 42.8%. It has been distinguished as
monocrystalline, polycrystalline (with 2-3 or >3 subgrains) or contained in a rock fragment. Characteristic
quartz with evaporitic inclusions (anhydrite and halite) occurs in proportions over 1-3%. Feldspar grains (Fig.
4A) appear in proportions up to 10% as orthoclase (<5%), microcline (<2%) and plagioclase (<5%). K-feldspar

occurs non-altered while plagioclase usually shows higher degrees of alteration.
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Lithic grains (Fig. 4B, C) are the most dominant components in many samples, as metamorphic, volcanic, non-
carbonate sedimentary or plutonic rock fragments. Metamorphic rock fragments are highly represented in
most of the samples (up to 48%), and have been classified as: (i) very low to low-grade (metapelites and
phyllites), (ii) medium-grade (mica schists, schists and chloritic schists), and (iii) high-grade (meta-quartzite).
Igneous grains are granitoid rock fragments (<2.5%) and volcanic lithics. Three textures of paleovolcanic
lithics have been identified: (i) lathwork texture made of plagioclase and altered augite crystals, (ii) microlithic

texture made of plagioclase microlites and, in lower proportions, (iii) vitric texture.

Non-carbonate sedimentary rock fragments are sandstone, hybrid sandstone (Fig. 4D), siltstone, hybrid
siltstone and silicified rock fragments. Silicified rock fragments have been also subdivided into radiolarite
rock fragments and silicified limestones. Heavy minerals are mainly zircon, tourmaline, titanite and epidote

(<1%).

. 0.5mm

Figure 4. Optical photomicrographs of distinct extrabasinal grains. (A) Sample of the Belsué-Atarés Formation in the
Rodellar section: feldspar (microcline) grain partially replaced (Fk), limestone rock fragments (Lms) and quartz grains
(Qz) (cross-polarized, XPL); (B) Sample of the Martés sandstone: Radiolarite rock fragment (Ch) and quartz grains (Qz)
(XPL); (C) Sample of the Campodarbe Formation (Gallego section): metamorphic rock fragments (Mrf), limestone rock
fragments (Lms) and quartz grains (Qz) (XPL); (D) Sample from the Campodarbe Formation (San Felices section): Hybrid
sandstone rock fragments (HSnd) and limestone rock fragments (Lms) (XPL).
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4.1.2 NCI

Non-carbonate intrabasinal grains are scarce, appearing always as glauconite or argillaceous rip-up-clasts.

4.1.3 CE

Carbonate extrabasinal grains occur showing a wide variety of textures, and can reach proportions up to 65%.
Distinction has been made into (i) bioclastic and sparitic limestones, (ii) dolostones, and (iii) dolomitic and
dolomitized limestones. Most common components contained in these rock fragments are bioclasts as

foraminifera (nummulitids, discocyclinids, miliolids, aveolinids), red algae or bivalves.

Dolostone fragments (<7%) have been recognized as dolomicrite, polycrystalline sparitic fragments and

single-grain dolomite.

4.1.4 CI

Carbonate intrabasinal grains are sporadic (<4%), and appear as micritic intraclasts and caliche concretions,

or as bioclasts (red algae, bivalves and benthic foraminifera).

4.2Modal sandstone composition

Sandstone detrital modes of the analysed systems have been plotted using ternary diagrams, in order to
classify and illustrate compositional trends and potential shifts in the source areas. A first-order
compositional classification (Fig. 5A) has been applied according to Zuffa (1980), which represents the
relative content on “Non-carbonate extrabasinal” (NCE), “Carbonate extrabasinal” (CE) and “Carbonate
intrabasinal” (Cl) components, and distinguishes between lithic arenites, calclithites and hybrid arenites. The
Quartz-Feldspar-Lithics (Q-F-L) diagram is used as second-order classification ternary diagram (Figs. 5B)
(according to Dickinson et al., 1983), while Lithic metamorphic-Lithic volcanic-Lithic sedimentary (Lm-Lv-Ls)

is used as third-order ternary diagram (Fig. 5C).

All the analysed samples belonging to transitional environments (i.e. Belsué-Atarés Fm.) from the Jaca basin
can be classified as lithic arenites, while deltaic samples from the Sobrarbe Formation in the Ainsa basin are
calclithites (Fig. 5A). Regarding to the fluvial deposits of the Campodarbe Formation, only samples from the
northeastern part of the basin (San Felices section) are calclithites pointing out the high content on limestone

fragments. From east to west an increasing trend on the proportion of NCE grains occur, yielding to a sample
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population corresponding to lithic arenites (Fig. 5A). Alluvial to fluvial samples from the overlying Uncastillo,

Bernués and Graus Formations can also be classified as lithic arenites (Fig. 5A).
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Figure 5. Top: Geological map from Figure 2, with symbols of the sample groups, in order to facilitate the interpretation
of the ternary diagram located below (see Figure 2 for full geological map). Bottom: Compositional plots for all the
analysed samples. Diagrams are arranged from left to right according their sedimentary environment (from deltaic to
alluvial). (A) First order compositional plots (Zuffa, 1980) where NCE, Non-Carbonate Extrabasinal grains; CE, Carbonate
Extrabasinal; and Cl, Carbonate Intrabasinal; (B) Second order QFL compositional plots (Dickinson et al., 1983) where Q,
Quartz; F, Feldspar; and L, Lithic fragments, and (C) Third order compositional plots where Lm, Lithic metamorphic
grains; Lv, Lithic volcanic grains; and Ls, Lithic sedimentary grains.
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The Q-F-L diagrams allow to distinguish a generalized increasing trend of lithic grains from the deltaic
formations to the alluvial deposits (Fig. 5B). Deltaic deposits from Rodellar-Biban section show a similar
content on quartz and feldspar to those from the fluvial Escanilla Formation (Fig. 5B). The highest proportion
of lithic fragments are contained in the last alluvial deposits from the Bernués and Graus Formations. In the
Campodarbe Formation, sedimentary lithic grains dominate the northeastern part of the basin (San Felices

section) while to the west the metamorphic ones increase (i.e. Luesia and Gallego sections) (Fig. 5C).

4.2.1 Petrofacies

A fourth-order ternary diagram is here presented in order to discriminate among the the petrofacies
described in Roigé et al. (2017) for the northern Jaca basin, which compares hybrid sandstone fragments
(Hybrid Snd), feldspar and lithic fragments, excluding hybrid sandstone fragments (F+L) and CE (Fig. 6). These

petrofacies reflect the basin evolution and depict the interplay of different source areas.

4.2.2 Carbonate extrabasinal enriched petrofacies

Carbonate grains are the most dominant rock fragment (Fig. 7A, 8A) in this petrofacies (>45%). Mudstone
and wackestone rock fragments widely occur among the carbonatic grains, while grainstone, packstone and
dolostone rock fragments are also widespread. This petrofacies shows significant content on microcline,

orthoclase, plagioclase and plutonic rock fragments, and lacks hybrid sandstone fragments.

This petrofacies occurs in the oldest analysed sedimentary systems, which are the Sobrarbe and Escanilla
Formations in the Ainsa basin, and the Belsué-Atarés Formation and the basal Campodarbe Formation in the

Jaca basin (Fig. 6).

In the Sobrarbe Formation (samples SM1 and SM3 in Figure 2) this petrofacies show the highest content of
carbonate grains, displaying a wide range of mudstone, packstone and grainstone rock fragments, with
subordinate granite, schists and feldspar grains. The overlying Escanilla Formation (samples MO1 and OL1)

displays the same compositional features, although a slight increase of lithic fragments is observed (Fig. 6).

In the Jaca basin, this petrofacies are representative of the Belsué-Atarés deposits from San Felices, Rodellar-
Biban and Monrepds sections, which display a very close composition to that observed in the Escanilla
Formation in the Ainsa basin. In the Rodellar-Biban section this petrofacies (samples ROD1 and ROD3) display

remarkable proportion of feldspar grains (up to 18% among framework grains).
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Figure 6. Top: Geological map from Figure 2, with symbols of the sample groups, in order to facilitate the interpretation
of the ternary diagram located below. Bottom: Compositional plot where Hybrid Snd, Hybrid Sandstone fragments; FL,
Feldspar and Lithic grains excluding hybrid sandstone fragments; and CE, Carbonate Extrabasinal grains. Compositional
plot discriminates the four main groups of petrofacies described for all the analysed samples, while the small ternary
diagram on the right side shows the mean confidence regions (90%) for each petrofacies. Yellow-coloured fields
correspond to “Hybrid clast-dominated” petrofacies, green-coloured fields to “Carbonate extrabasinal enriched”
petrofacies, blue-coloured fields to “Mixed lithic and carbonatic” petrofacies and pink coloured fields to “Siliciclastic
dominant” petrofacies.
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4.2.3 Siliciclastic dominant petrofacies

In this petrofacies siliciclastic components are the most dominant grain type (Fig. 7B, 8B, 8C), always with
less than 30% of carbonatic grains and less than 5% of hybrid sandstone rock fragments. Shales, schists and
guartzites are always present in this petrofacies, together with significant amounts of quartz grains, as well
as radiolarite rock fragments and quartz-rich sandstone rock fragments. Other subordinate

sandstone/siltstone rock fragments that usually appear are those with mica and opaques.

In the Ainsa basin, siliciclastic dominant petrofacies are represented in the Graus Formation conglomerates
(sample GRAD1), where metamorphic rock fragments like metasiltstones, slate and phyllite lithic fragments,

together with epidote grains are overwhelming (Fig. 6).

Similar components of this petrofacies are observed in the Campodarbe and Bernués Formations of the Jaca
basin. In the Rodellar-Biban and San Felices sections only few samples show siliciclastic dominant petrofacies
while to the west they represented most of the Campodarbe Formation deposits Monrepds, Gallego, Martés,
Salinas and Luesia sections (Fig. 6). In the Bernués Formation, only one sample from the Monrepds section

shows this kind of petrofacies (sample BEMO18).

4.2.4 Hybrid clast-dominated petrofacies

The main feature of this petrofacies (Fig. 7C, 8D) is the high content of hybrid sandstone/siltstone rock
fragments (>10%). Hybrid rock fragments are considered to be those that contain both extrabasinal and
intrabasinal carbonate components, in similar proportions. Hybrid sandstone rock fragments are usually
accompanied by limestone rock fragments, which are commonly the second most important component in
this petrofacies. This petrofacies is also characterized by a low content of siliciclastic components

(metamorphic and siliciclastic sandstone rock fragments).

Hybrid clast dominated petrofacies are representative of the entire Campodarbe Formation deposits in the
San Felices section, while to the south-west of the basin they only occur in the upper parts of these
formations (Rodellar-Biban, Monrepds, Géllego and Luesia). The overlying Bernués Formation deposits

maintain these compositional features and are therefore included in this petrofacies (Fig. 6).
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Figure 7. Optical photomicrographs of the described petrofacies: (A) General view of “Carbonate extrabasinal enriched”
petrofacies, with abundant micritic and bioclastic limestone (Lms) fragments and quartz (Qz), K-feldpar (FdK), plutonic
rock fragments (Prf) and dolomite grains (Dol) (XPL). Sample ROD1, Belsué-Atarés Formation; (B) “Siliciclastic dominant”
petrofacies characterized by the highest contents of quartz (Q), metamorphic rock fragments (Mrf) and limestone grains
(Lms) and by the absence of hybrid sandstone rock fragments (XPL). Sample GAL4, Campodarbe Formation; (C) General
view of “Hybrid clast-dominated” petrofacies showing the large amount of hybrid sandstone rock fragments (HSnd),
and limestone rock fragments (Lms) (PPL); and (D) Appearance of “Mixed lithic and carbonatic” petrofacies, showing
the coexistence of hybrid sandstone rock fragments (HSnd) with abundant carbonatic (Lms) and siliciclastic grains
radiolarite (Ch), quartz (Qz) and metamorphic grains (Mrf) (XPL).

4.2.5 Mixed lithic and carbonatic petrofacies

The “Mixed lithic and carbonatic” petrofacies is characterised by 15-40% carbonate grains (Fig. 7D, 8E, EG),
hybrid sandstone rock fragments (up to 30 %) and higher proportions of lithic grains (25-35%, excluding
hybrid sandstone fragments). Non-carbonatic grains are mainly represented by quartz, K-feldspar, radiolarite

rock fragments, siliciclastic sandstones and volcanic lithic grains.

This petrofacies is recorded in a limited number of samples (Fig. 6), and shows two different sub-groups that
can be identified in function of the lithic fragments type. In the Campodarbe Formation it appears in the

Monrepds and Gallego sections (samples BEMO14, GAL7 and GALS8), and shows some proportions of hybrid
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sandstone fragments and metamorphic lithic grains. In contrast, in the transitional Martés deposits (sample
MAR1) and in the alluvial Uncastillo Formation (samples LUE2, LUE3 and LUES) it appears lithic grains are

dominated by abundant siliciclastic sandstones and radiolarite rock fragments.

Figure 8. Images of the appearance of each of the described petrofacies in the conglomerate-sized deposits. (A)
“Carbonate extrabasinal enriched” petrofacies: dominant proportion of the grey limestone clasts with few granitic white
clasts. Image from the Escanilla Formationin the Ainsa section; (B) “Siliciclastic dominant” petrofacies: clasts from
dolerites (green clasts at the center), granites (white clasts), radiolarite chert (dark clasts) and from permo-triassic
sandstones (red clasts). Image from the Campodarbe Formation in the San Felices section; (C) “Siliciclastic dominant”
petrofacies: quartz white clasts and Buntsandstein red clasts (Triassic) surrounded by other siliciclastic components
(schists, radiolarite, sandstone clasts). Image from the Campodarbe Formation in the Biban section; (D) “Hybrid clast-
dominated” petrofacies: dominance of hybrid sedimentary clasts (i.e., all the brownish clasts) with few grey carbonatic
clasts. Image from the Campodarbe Formation in the Gallego section; (E) “Mixed lithic and carbonatic” petrofacies: Grey
limestone and hybrid sedimentary clasts clast (northern sources) and a Triassic red pebble, evidencing the mixing with
axially-fed components. Image from the Campodarbe Formation in the San Felices section; and (F) “Mixed lithic and
carbonatic” petrofacies: brownish sandstone clasts together with volcanic, radiolarite, granitic and limestone with black
bedded chert clasts derived from the western Pyrenees. Image from the Uncastillo Formation in the Luesia section.
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5. Provenance implications and evolution of the source areas

5.1 Petrofacies provenance

Sandstone detrital modes indicate multiple source areas, evidencing the interplay between systems of
diverse provenance from Eocene to Miocene times. The four identified petrofacies allow for a better
discrimination of these source areas and their evolution through time, which are here discussed in order to

constrain the provenance of the analysed deposits.

As shown in Figure 9, the Belsué-Atarés Formation represents the first deltaic deposits represented in the
southern border of the Jaca basin (Rodellar-Biban section). “Carbonatic extrabasinal enriched” petrofacies
are distinctive of this formation. Their compositional features, characterized by the dominance of carbonate
grains with subordinate plutonic rock fragments, together with paleocurrent and facies architecture (Soler-
Sampere and Puigdefabregas, 1970; Puigdefabregas, 1975) support a provenance from the east, located in
the central Pyrenees. This source area would have been constituted by the Paleozoic basement of the Axial
Zone, which provided significant amounts of plutonic components, together with the Mesozoic and
Paleocene formations, which delivered a wide range of carbonate grains. The similarity with the composition
of these deposits with the fluvial Escanilla Formation (Figs. 6, 7), allow to define this formation as the proximal
time equivalents for the Belsué-Atarés deposits in this part of the basin, which is agreement with the results

obtained in Roigé et al. (2017) by the same formations in the northern part of the Jaca basin.

The fluvial deposits of the Campodarbe Formation display three of the four petrofacies described, evidencing
the interplay and evolution of different source areas. The lowermost part of this formation is only recorded
in the eastern part of the basin (Rodellar section), as to west it passes to the Belsué-Atarés Formation and to
the Arguis marls (Fig. 9) and as expected, all of them display the same “Carbonatic extrabasinal enriched”
petrofacies as its marine time equivalents (Fig. 9). This petrofacies is progressively replaced upsection by
“Siliciclastic dominant” petrofacies, which becomes the most represented petrofacies in the southern border
of the Jaca basin. Paleocurrent directions and facies architecture continue indicating an eastern provenance
for the Campodarbe Formation, but a change on the petrofacies thypology evidences a shift in the source
rocks. This switch consists on the increase of metamorphic rock fragments, which evidences the persisting
input from the Paleozoic basement, but highlights a major change in the nature of the source lithologies of
the Axial Zone. This change has been identified also in the upper part of the Escanilla Formation, in the Ainsa
basin (Michael, 2013). This shift could be linked to a reorganization of the drainage area in the Axial Zone
caused by uplift or thrust emplacement in the source area. The dominance of these metamorphic lithologies

in the source area is also recorded in the Graus Formation conglomerates (Fig. 6) evidencing the continuous
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contribution of this source rocks through time. Therefore, the Rodellar-Biban and Monrepds sections record
the evolution of the eastern sources, which in the Axial Zone evolved from a plutonic dominated towards a

metamorphic dominated source area (Fig. 9).
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Figure 9. Top: General stratigraphic cross-section sketch with symbols representing the relative position of the analyzed
samples presented in Figure 3, used here to understand the petrofacies scheme below. Bottom: Coloured stratigraphic
cross-section sketch in order to illustrate the distribution of the petrofacies laterally and through time. Yellow-colour
correspond to “Hybrid clast-dominated” petrofacies, green-colour to “Carbonate extrabasinal enriched” petrofacies,
blue-colour to “Mixed lithic and carbonatic” petrofacies and pink colour to “Siliciclastic dominant” petrofacies. Coloured
arrows are used to facilitate reading of the provenance information. Dashed lines represent the boundaries between
petrofacies
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Nonetheless, these two petrofacies associated with the eastern provenance of this axial-fed system are
replaced upsection by the irruption of “Hybrid clast-dominated” petrofacies which evidences the entering of
north-sourced systems in the Jaca basin (transverse-fed system). To the western part of the basin, the
replacement of this petrofacies by the “Hybrid clast-dominated” petrofacies occurs in younger parts of the
Campodarbe Formation, or even between this formation and the Bernués Formation, evidencing the
competition of these sources in different positions of the basin (Fig. 9). In contrast, in the San Felices section
(northeastern part of the basin) this north-derived petrofacies rules almost all the section, with punctual

irruptions of “Siliciclastic dominant” petrofacies (Fig. 9).

“Mixed lithic and carbonatic” petrofacies with metamorphic components recorded in the Campodarbe
Formation, would be the result of interference between “Siliciclastic dominant” petrofacies and “Hybrid clast

dominated” petrofacies evidencing the interference between the axial-fed system with the transverse one

(Fig. 9).

Much more to the west, in the Luesia section, the Campodarbe Formation does not show significant
variations with its equivalents located in the easternmost part of Jaca basin. In contrast, the alluvial deposits
of the Luna fan (Uncastillo Formation, in the Ebro basin) do not display the “Hybrid clast-dominated”
petrofacies that occurs in its time equivalent Bernués Formation, which characterizes the north-derived
alluvial sedimentation. Instead the Luna conglomerates show “Mixed lithic and carbonatic” petrofacies (Fig.
9). Although some components are common, the relatively high content of siliciclastic sandstone, radiolarite

and volcanic rock fragments allow to infer a distinctive source area for the conglomerates of the Luna fan.

Moreover, the abundant siliciclastic content of the Luna fan cannot be derived from the Axial Zone located
to the north of the Jaca basin, where the catchment drainage areas of the San Juan de |la Pefia and Pefia Oroel
were located (Roigé et al. 2017). In this sense, we propose that the source area of the Luna fan were located
in the western Pyrenees, near the Cinco Villas massif (Fig. 1), in order to provide this distinctive petrologic
signature. The work by Hirst and Nichols (1986) already pointed to this western source, according to the
heavy mineral assemblages recorded in this fan. This is consistent with the thermochronologic results from
the Axial Zone of the western Pyrenees, which show older exhumation ages than the Axial Zone of the west-

central Pyrenees (Vacherat et al., 2016; Bosch et al., 2016; Hart et al., 2017).

The “mixed and lithic” petrofacies recorded in the Martés sandstone, in the nortwestern part of the Jaca
basin, imply a challenging interpretation. The siliciclastic content of these deposits is very close to the
composition described in the Luna alluvial fan, that could indicate the same source area for both, located to

the northwest, in the western Pyrenees. This interpretation would discard an eastern source area from the
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central Pyrenees, as assumed before, according to the low content on metamorphic rock fragments.
Nonetheless, this interpretation is not in accordance with north-west paleocurrent directions described for
the Martés deposits (Puigdefabregas, 1975), which imply a south-west directed paleoflow, probably derived
from eastern source areas according to late Eocene basin paleogeography. As none of the samples described
in the southern sector of the basin show the compositional features described in the Martés deposits, the
most plausible explanation would be that reworking and consequent destruction of labile components such
as metamorphic fragments, could cause the compositional differences between the Martés sandstones and

the Campodarbe Formation most probable time and proximal equivalents.

5.2 General considerations

During Lutetian to Bartonian times, deltaic sedimentation in the southern Jaca basin was mainly derived from
eastern source areas. This eastern provenance area was placed in the central Pyrenees, where the Mesozoic
and Paleocene deposits and the Paleozoic basement composed the source area. The Paleozoic source rocks
contributed by delivering plutonic components for the first stage of deltaic sedimentation (Bartonian),
evolving to a much more dominant metamorphic source that persisted from Priabonian times until at least

Oligo-Miocene times, as demonstrated by the compositional features of the Graus Formation.

Northern sources, mainly composed by the Hecho Group turbidites, were uplifted by the activity of the
Gavarnie thrust. Transverse north-derived alluvial systems progressively replaced the axial-fed fluvial
systems, from east to west, and from north to south. Therefore, the onset of transverse alluvial
sedimentation in the northern margin competed against the axial fluvial systems, producing a westward and

southward displacement of the axial fluvial network.

The later stages of the Jaca basin were controlled by the activity of the Guarga thrust that produced the uplift
of the basin avoiding that the axial fluvial network could enter the basin. Therefore, only north-derived

sediments filled the basin during Chattian-Aquitanian times (Bernués Formation).

Since the emersion of the External Sierras, the last fluvial deposits of the Campodarbe Formation (Oligocene)
in the Ebro basin started to record the erosion of this new emerged domain. The overlying Luesia fan
(Uncastillo Formation) represented the onset of the north-derived systems in this sector of the Ebro basin,
concomitantly with the persistent sedimentation of the Bernués Formation in the Jaca basin. Therefore, the
Chattian to Aquitanian period was mainly represented by two main north-derived systems with two
distinctive source areas. For the Bernués Formation, the source area was situated immediately to the north

of the Jaca basin, composed by the Hecho Group turbidites and the North Pyrenean Zone (Roigé et al., 2017).
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In contrast, the source area for the Uncastillo Formation was situated in the western Pyrenees, composed by
the Paleozoic basement massifs and the previous foreland deposits (Hecho Group and Campodarbe

Formations)

6. Conclusions

New sandstone petrography results allow to constraint the interplay of diverse sediment routing systems in
the transitional to terrestrial environments of the Jaca thrust-sheet-top basin, and also from the Ebro basin
during Lutetian to Miocene times. Additional analysis of the equivalent sedimentary systems in the Ainsa
basin (Sobrarbe, Escanilla and Graus Formations) allow to obtain a better characterization of the evolution

of eastern source areas.

Petrologic signatures allow to define four main petrofacies for the Belsué-Atarés, Campodarbe, Bernués and
Uncastillo Formations, which are: “Carbonatic extrabasinal enriched”, “Siliciclastic dominant”, “Hybrid clast-

dominated” and “Mixed lithic and carbonatic” petrofacies.

“Carbonatic extrabasinal enriched” petrofacies are distinctive from the Belsué-Atarés deltaic deposits. By
contrast, the overlying Campodarbe Formation deposits show “Siliciclastic dominant”, “Hybrid clast-
dominated” and “Mixed lithic and carbonatic” petrofacies, evidencing the interplay of source areas. The time
equivalents Bernués and Uncastillo Formation show “Hybrid clast-dominated” and “Mixed lithic and

carbonatic” petrofacies, respectively.

According to each recorded petrofacies we can infer that the deltaic sedimentation in the southern Jaca basin
(Bartonian-Priabonian) was mainly derived from eastern source areas, located in the central Pyrenees, in
which the Paleozoic basement contributed by delivering dominant plutonic components. A change in this
source area during Priabonian times yielded to the evolution of a Paleozoic source area richer in metamorphic
rocks that persisted until at least Oligo-Miocene times. Transverse north-derived systems progressively
replaced the axial-fed systems, from east to west. The onset of alluvial sedimentation in the northern margin
competed against the fluvial systems, producing a westward displacement of the axial fluvial network. During
Chattian to Aquitanian times two main north-derived systems coexisted in the Jaca and Ebro basins. The
Bernués Formation was derived from source areas located to the north of the Jaca basin, composed by the
Hecho Group turbidites and the deposits of the North Pyrenean Zone. In contrast, the Uncastillo Formation
was sourced from the western Pyrenees, composed by the Paleozoic basement massifs and the previous

foreland deposits (Hecho Group and Campodarbe Formations).
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Supplementary information. Table 1 Sandstone compositional data (point counting analyses).
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Discussio integrada: Evolucio composicional i paleogeografica
dels sistemes sedimentaris de la conca de Jaca






Capitol 9. Discussid integrada: Evolucié composicional i paleogeografica

En els anteriors capitols s’han exposat els resultats referents a I'analisi de procedéncia dels sistemes
sedimentaris de la conca de Jaca, els qual han estat presentats en ordre d’acord a la seva edat (del Lutecia a
I’Aquitania), i la seva posicié en la conca (de nord a sud). En aquest capitol es procedeix a discutir aquestes

dades per tal d’integrar-les en referencia als objectius plantejats en el capitol 2.

La varietat de signatures composicionals distinctives observades evidencia la continua evolucié de les arees
font, fortament controlades per la tectonica, que es transmeten a la conca mitjancant multiples punts
d’aport. La interaccié entre les diverses arees font complica la definicié de la procedéncia dels sistemes
sedimentaris. Per tal de facilitar la comprensié de I’evolucié de la conca, la definicié d’'unes petrofacies (Fig.
9.1) basades en l'estudi composicional detallat dels sistemes permet distingir i obtenir una imatge

simplificada de I'’evolucid de cada area font en el temps i en I’espai en la conca de Jaca (Fig. 9.2).

Tal i com s’ha exposat en els capitols 6 i 8, les petrofacies definides en aquesta tesi es basen en els continguts
relatius dels components més significatius, com sén els fragments de gresos hibrids, els grans feldspatics i
litics (excloent els fragments de gresos hibrids), i els fragments de calcaries (Fig. 9.1). Les quatre petrofacies
que se’n deriven sdn: (a) petrofacies dominada per fragments de gresos hibrids, (b) petrofacies enriquida en
fragments carbonatics, (c) petrofacies dominada per components siliciclastics, i (d) petrofacies mixta en

fragments de roca carbonatics i litics.

En la conca de Jaca, de la sedimentacié turbiditica del Grup Hecho a la sedimentacio al-luvial posterior es pot
observar una clara diversificacié de les signatures petrologiques (Fig. 9.1A, B). Aixi, la sedimentacid del Grup
Hecho durant els sistemes turbiditics de Banastdn s’inicia amb un clar predomini de la petrofacies enriquida
en fragments de roca carbonatics que evoluciona a un increment en components litics per als sistemes
turbiditics de Jaca (Fig. 9.1C). Els ultims diposits turbiditics, corresponents al canal del Rapitdn, registren un
primer augment de fragments de gresos (Fig. 9.1C), evidenciant un primer gran canvi composicional en la
conca relacionat amb I'aixecament tectonic de noves arees font al nord. Es a partir d’aquest moment en que
en la evolucié a la sedimentacié deltaica suprajacent, hi juguen diverses petrofacies indicatives de multiples

procedencies (Fig. 9.1C).
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Figura 9.1. En la part superior, es mostra un mapa simplificat de la zona d’estudi amb la situacié orientativa de les
mostres analitzades en les diferents seccions estratigrafiques que es representen en els diagrames ternari
composicionals. La simbologia de les turbidites i els ambients deltaics ha canviat respecte a la presentada en el capitol
4 (veure Annex 3 per situacié de les mostres). A) Diagrama ternari representant les quatre petrofacies definides en la
tesi que s’extreuen de la representacid de totes les mostres analitzades, on H.Snd, fragments de gresos hibrids, F+L,
feldspats i litics excloent els gresos hibrids, i CE, carbonatics extraconcals. B) Diagrama ternari anterior en escala de
grisos per a visualitzar la diferenciacio de les arees font d’ambients turbiditics a ambients al-luvials. C) Diagrames ternaris

de petrofacies per a les diferents formacions estudiades.
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Tal i com es pot observar en el mapa de la Figura 9.2, durant la sedimentacié deltaica (Formacié Gres de
Sabifidnigo i Belsué-Atarés) la petrofacies enriquida en fragments carbonatics es concentra a la part sud de
la conca. Al mateix temps, al nord de la conca, aquesta petrofacies només queda representada a la part est
(zona proxima a I'anticlinal de Boltaia), i és substituida progressivament per la petrofacies dominada per
fragments de gresos hibrids, produint-se en determinats sectors una clara interferéncia entre ambdues

petrofacies.

Durant la sedimentaciod continental posterior (Formacié Campodarbe), és quan els sistemes mostren la major
diversitat de petrofacies (Fig. 9.1C), la qual es manifesta amb |’aparicié d’una nova petrofacies de procedéencia
est, dominada per components siliciclastics, la qual és sistematicament reemplacada d’est a oest i de nord a
sud per la petrofacies dominada per fragments de gresos hibrids, seguint la direccié de progradacié dels
sistemes en la conca (Fig. 9.2). Finalment, els diposits conglomeratics al-luvials de la conca de Jaca registren
generalment la petrofacies dominada per fragments de gresos hibrids, mentre que simultaniament, a la
conca de I'Ebre mostren petrofacies dominades per siliciclastics en la Formacié Graus (sector est), i
petrofacies mixtes en litics i carbonatics en el ventall al-luvial de Luna, de la Formacié Uncastillo (sector oest

de la zona d’estudi).

La identificacio d’aquestes diferents petrofacies permet definir la composicio de les arees font, i els canvis
gue succeeixen en elles durant el temps. No obstant, és important tenir en consideracié que les petrofacies
s’estableixen d’acord a les variacions de proporcié en certs components, o grup de components, i que, encara
qgue un grup de mostres siguin classificades en una mateixa petrofacies, aixo no és indicatiu d’'una mateixa
procedencia. Aquest efecte és produeix pel fet que en els diagramens ternaris només es representen tres
components. Aixi, es pot donar el cas en que mostres que cauen projectades dins de I'area d’una mateixa
petrofacies poden tenir diferents procedéncies com a consequéncia del seu contingut en els components
gue no han estat considerats en el diagrama. A més, tal i com es mostra en les projeccions de la Figura 9.1,
els canvis entre petrofacies sovint sén graduals, amb mostres que es troben just al limit entre arees de
petrofacies, evidenciant I'evolucié composicional entre elles. Per aquests motius, a continuacio es discuteix
la procedéncia de cada petrofacies per tal de contribuir en el coneixement de I’evolucié paleogeografica dels

sistemes des del Bartonia fins al Mioce inferior (Fig. 9.3, 9.4).
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Tal i com s’ha descrit en els capitols anteriors, el pas de la sedimentacié turbiditica del Grup Hecho a la
sedimentacié al-luvial posterior comporta un canvi en l'organitzacié de les xarxes de drenatge
(Puigdefabregas, 1975; Jolley, 1988; Montes, 2002), el qual basicament consisteix en el reemplagament de
sistemes de drenatge axial procedents d’arees font situades a I’est, per sistemes de drenatge transvers, que
deriven de noves arees font que s’estan originant al nord de la conca com a conseqiiencia de la tectonica

d’encavalcaments.

Aixi, la sedimentacié del Grup Hecho en general s’associa amb un sistema de drenatge axial, procedent
d’arees font situades a I'est i localitzades en els Pirineus centrals. Els sistemes turbiditics de Banaston s’inicien
amb un clar predomini de la petrofacies dominada per fragments carbonatics, evolucionant
composicionalment cap a un increment en components litics a I'inici dels sistemes turbiditics de Jaca. Tant
per les turbidites de Banastdon com per les de Jaca, s’observen tendéncies composicionals de base a sostre
del sistema, tant en la fraccié gres, analitzada al microscopi petrografic, com en les distribucions de les edats
d’U-Pb en zircons detritics. Tal i com s’apunta en el capitol 4, aquests canvis son interpretats com a resultat
de la ciclicitat tectonoestratigrafica, ja que es donen unes tendéncies semblants de base a sostre de cada
Unitat Tectono-Sedimentaria (UTS-4, Banastén, i UTS-5, Jaca, de Remacha i Fernandez, 2003), similar a les
observades per Fontana et al. (1989) i Caja et al. (2010) ens els sistemes turbiditics equivalents en la conca
d’Ainsa. En quan a la correlacio dels sistemes turbiditics entre la conca de Jaca i la d’Ainsa, actualment
limitades per I'anticlinal de Boltafia, diverses discrepancies s’han fet paleses en diferents treballs a I'hora
d’establir les equivalencies entre aquests (Oms et al., 2003; Remacha i Fernandez, 2003; Gupta i Pickering,
2008). D’acord amb les dades obtingudes en aquesta tesi, i la seva comparacié amb els treballs de Caja et al.
(2010), per a I'analisis petrografic, i Thomson et al. (2017), per a I’analisi geocronologic en la conca d’Ainsa,
aqui es proposen els sistemes turbiditics superiors de Morillo i Guaso com a possibles equivalents proximals
dels sistemes de Banastdn a la conca de Jaca, i el sistema deltaic de Sobrarbe com a equivalent proximal de

la part baixa dels sistemes turbiditics de Jaca.

Els ultims dip0sits turbiditics, corresponents al canal del Rapitan (part alta dels sistemes turbiditics de Jaca),
registren un primer augment de gresos hibrids, que juntament amb un canvi composicional general, sén
interpretats com els primers indicis de creacié d’una area font situada al nord provocada per I'activitat de
I’encavalcament de Lakora/Eaux-Chaudes, fet molt rellevant ja que marca l'inici del drenatge transversal a la
conca de Jaca durant el Bartonia (Fig. 9.3A). Aquest sistema representa el primer sistema turbiditic sense
connexié amb la conca d’Ainsa, evidenciant la creacié de noves arees font, que podien actuar al seu temps
com a marge nord de la conca turbiditica, el qual avui en dia es troba totalment erosionat (Mutti et al., 1972;
Remacha et al., 2005). Les distribucions d’U-Pb en zircons detritics evidencien també aquest canvi de

procedencia, en que les distibucions dominades per signatures Varisques que es donen en el Grup Hecho
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(Whitchurch et al., 2011; Thomson et al., 2017) sén substituides per un increment en les senyals Cadomianes
i de >700 Ma. Per tant, els sistemes turbiditics de Jaca son els primers diposits que registren la interaccio
entre el sistema de drenatge axial, alimentat desde la conca d’Ainsa, i el nou sistema de drenatge transversal

de procedéncia nord que s’esta instaurant a la conca de Jaca.

Després de la sedimentacié dels sistemes turbiditics de Jaca, la conca es veu sotmessa a una someritzacio
generalitzada que provoca que els ambients de sedimentacié turbiditica siguin substituits progressivament
per ambients deltaics. Amb el final de la sedimentacié turbiditica de drenatge transversal al marge nord de
la conca, la sedimentacié de drenatge axial, procedent de la conca d’Ainsa, representada per ambients
deltaics, s’instala definitivament en el marge sudest (Fig. 9.3A). De forma sincronica un seguit d’estructures
de vergencia nordoest-sudest comencen a créixer en aquesta part de la conca (Fig. 9.3A), condicionant de

forma clara les direccions de dispersié del sediment (Puigdefabregas, 1975; Dreyer et al., 1999).

La coexistencia de sediments procedents d’arees font situades al nord, amb sediments derivats d’arees font
de I'est, no només es manté sind ques’accentuant al llarg de tota la sedimentacié deltaica en la conca.Les
signatures d’ambdues procedéncies reflecteixen una evolucié de les arees font ben diferenciada. Mentre
I'area font de l'est, situada al Pirineu central, subministra litologies resultants de I'exhumacio i incisio
continuada de materials Mesozoics i Paleozoics, I'area font del nord esta dominada pels diposits turbiditics
eocens, marcant els estadis inicials d’inversié del marge nord de la conca i de creacié d’aquesta nova area

font per I'activitat de I’encavalcament de Lakora-Eaux Chaudes.

Més endavant, durant els ultims estadis de sedimentacié deltaica (Formacio Belsué-Atarés) aquesta diferent
evolucid de les arees font queda remarcada per un increment considerable del contingut de fragments de
gresos hibrids, sobretot pels sistemes situats al marge nord de la conca, mentre aquells situats a I’est i al sud,
continuen enregistran I'erosié d’arees dominades per roques sedimentaries carbonatiques (Fig. 9.3B). Tal i
com s’ha descrit en els capitols anteriors (capitols 5 i 8), I’activitat sintectonica d’estructures emergents en
la conca (p. ex. anticlinals d’Atarés o Basa) controla en bona mesura la distribucié de les petrofacies durant

el Bartonia i Priabonia.
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Figura 9.3. A) Mapa paleogeografic de la conca de Jaca durant el transit Lutecia-Bartonia. Les fletxes i cercles denoten
la tipologia de petrofacies (color d’acord amb els descrits al mapa de la Figura 2). Els components representats
corresponen a: H. Snd, fragments de gresos hibrids, VRF, fragments volcanics, CE, fragments carbonatics, PRF,
fragments plutonics, F, feldspats. B) Mapa paleogeografic de la conca de Jaca durant el Priabonia. Els components
representats corresponen a: H. Snd, fragments de gresos hibrids, PRF, fragments plutonics, F, feldspats, i CE, fragments
carbonatics. Els mapes han estat reconstruits a partir de Puigdefabregas (1975); Bentham et al. (1992); Hogan (1993);
Montes (2002); Caja et al. (2010); Huyghe et al. (2012).

Els sistemes fluvials i al-luvials de la Formaciéo Campodarbe enregistren una diversificacié clara en quan a les
signatures petrologiques.Els sistemes situats al marge nord de la conca sén alimentats per una area font
persistent al nord, la qual evoluciona cap a un increment en el reciclatge dels diposits turbiditics previs per
|"activitat tectonica de I'encavalcament de Gavarnie, tal i com es descriu en els capitols 4 i 5. Pel contrari, en
el marge sud de la conca, els sediments fluvials corresponents al sistema de drenatge axial derivat dels
Pirineus centrals no enregistren aquest reciclatge dels gresos turbiditics i la petrofacies carbonatica tipica és
reemplagada per un increment generalitzat en el contingut de fragments litics, sobretot de naturalesa
metamorfica. Aquesta evolucié en la preponderancia d’una area font Paleozoica dominada per roques

plutoniques cap a un area font dominada per roques metamorfiques, té lloc essencialment en el moment
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d’instauracié de la sedimentacid continental generalitzada en la conca (Fig. 9.4A). Aquest canvi també és
enregistrat a la part superior de la Formacié Escanilla a la conca d’Ainsa, tal com descriu Michael (2013), i
assenyala com a possible causant d’aquest canvi I’expansié de les arees de drenatge cap al nord de la Zona
Axial, incorporant aixi el massisos metamorfics Nordpirinencs. Al tractar-se d’'una tendéncia evolutiva que es
produeix en la mateixa area font, pot considerar-se com un bon marcador de correlacid entre la conca d’Ainsa

i de Jaca.

Fruit de I'activitat tectonica emergent al nord de la conca, els sistemes de drenatge transversal s’acaben
imposant, i evolucionen, sobretot de nord a sud, guanyant espai en la conca d’acord amb el sentit
d’avancament de les estructures, provocant el desplagcament del sistema de drenatge axial cap a posicions
més occidentals (Fig. 9.4A). Tal i com es mostra en el capitol 5, I'area font per aquests sistemes procedents
del nord esta constituida majoritariament pels materials de la conca turbiditica precedent, i en les seves
capcaleres pels materials de la Zona Nordpirinenca, la qual havia de constituir un veritable relleu que va ser
erosionat durant la sedimentacid eocena-oligocena. L'erosié dels materials de la Zona Nordpirinencaila seva
incorporacié en els ventalls al-luvials de la conca de Jaca (zona Sudpirinenca) implica que la divisoria d’aigles
estava situada molt més al nord durant I’'Eocé-Mioce que la seva posicid actual. Aquest fet evidencia una

clara migracié de la divisoria de nord a sud de I'orogen, almenys en el sector oest-central dels Pirineus.

Cal resaltar que els sistemes situats al nordest de la conca, com és el cas del ventall al-luvial de Cancias (Fig.
9.4A), experimenten una evolucid diferenciada, que consiteix en un increment de components carbonatics
(fragments de calcaries i dolomies) en els nivells conglomeratics superiors (Fig. 9.4A). Aquesta tendeéncia
composicional s’interpreta com el resultat de I'erosié del relleu que esta creant l'activitat de les lamines
encavalcants situades al nord d’Ainsa, que incorporen part de la cobertora Paleocena i Mesozoica (p.ex.
I’encavalcament de Pefia Montaiiesa o Cotiella). Les estructures tectoniques emergents segueixen
condicionan la distribucié dels sistemes en la conca, i la sedimentacié es produeix preferenment en en els
sinclinals, fet que facilita la confluencia entre els sistemes transversals i axials, donant lloc a signatures

petrologiques mixtes (Fig. 9.4A).

Durant els ultims estadis de rebliment (Fig. 9.4B), els sistemes al-luvials de la conca de Jaca reflecteixen una
Unica area font (veure capitol 5), la situada a la nord, subministrant predominantment fragments de gresos
procedents de I'antiga conca turbiditica, amb contribucions menors de materials Mesozoics i Paleozoics. En
aquest Ultim estadi, el sistema de drenatge axial queda totalment desplacgat, i ja no és capag d’entrar a la

conca de Jaca, degut a I'aixecament que aquesta experimenta com a resultat de I’activitat de I’encavalcament

de Guarga (Camara i Klimowitz, 1985; Teixell i Garcia-Sansegundo, 1995; Millan et al., 2006; Mufioz et al.,

2013). Aquests ultims sistemes de drenatge transversal provoquen I'acumulacié de diposits conglomeratics,
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preferenment en el sinclinals actius, la sedimentacié dels quals hauria perdurat almenys fins a l'inici del
Mioce, d’acord amb els resultats geocronologics presentats en el capitol 7. En aquest ultim estadi, el
creixement del relleu de les Serres Exteriors exerceix de barrera fisica entre la conca de Jaca, que es comporta
com a piggy-back, i la conca de I'Ebre, la qual esdevé la conca foreland principal .Aixi doncs, la sedimentacid
activa passa a produir-se a la conca de I'Ebre, on els grans sistemes al-luvials de procedéncia pirinenca
(ventalls de Luna i Huesca) es desenvolupen, simultaneament amb petits ventalls al-luvials de procedéncia
més local, que contenen només litologies de les Serres Exteriors (Fig. 9.4B) (Friend et al., 1989; Hirst i Nichols,

1986; Nichols i Hirst, 1998; Arenas et al., 2001).
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Figura 9.4. A) Mapa paleogeografic de la conca de Jaca i de I'Ebre durant el Rupelia. Les fletxes i cercles denoten la
tipologia de petrofacies (color d’acord amb els descrits al mapa de la Figura 2). Els components representats
corresponen a: H. Snd, fragments de gresos hibrids, MRF, fragments metamorfics, i CE, fragments carbonatics B) Mapa
paleogeografic de la conca de Jaca i de I'Ebre durant el Chattia-Aquitania. Els components representats corresponen a:
H. Snd, fragments de gresos hibrids, MRF, fragments de metamorfics, SRF, fragments de litics sedimentaris, i CE,
fragments carbonatics. Els mapes han estat reconstruits a partir de Hirst i Nichols (1986) Puigdefabregas (1975); Friend
et al. (1986); Arenas (1993); Nichols i Hirst (1998); Jones (2004).
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En aquest estadi es déna una situacid caracteristica, que consisteix en que la conca de Jaca esta sent
parcialment erosionada pels grans ventalls de Huesca i Luna, al mateix temps que encara es produeix
acumulacié de sediment en el marge nord de la conca, essencialment en el ventall de San Juan de la Pefia
(Fig. 9.4B). Per tant, durant el Chattia i Aquitania tres arees font diferenciades i situades al nord
subministrarien sediments tant la conca de Jaca com el marge nord de la conca de I'Ebre, donant lloc a la

sedimentacio d’est a oest, de:

(a) El sistema que conforma el ventall de Huesca (Hirst i Nichols, 1986; Friend et al., 1989; Jones et al.,
2001; Arenas et al., 2001; Yuste et al., 2004). Aquest sistema s’hauria alimentat a través de les
paleovalls del Sis i Gurp, amb materials de naturalesa Paleozoica dominanment, amb abundants
contribucions dels materials de cobertora Mesozoica de les unitats envalcants de la Unitat Central
Sud-Pirinenca (Séguret, 1972) i del reciclatge dels material dipositats en la conca de Jaca al ser incidits

per la xarxa de drenatge i/o deformats per les estructures de les Serres Exteriors.

(b) El ventall de San Juan de la Pefia, el qual evidencia que les arees font situades al nord de la zona
segueixent estant constituides majoritariament per la conca turbiditica anterior, sense clares
evidéncies d’exhumacié de materials més antics (p. ex. basament Paleozoic) de la Zona Axial

d’aquesta part dels Pirineu.

(c) I finalment a I'oest, el ventall al-luvial de Luna (Formacié Uncastillo) mostra una composicid
diferenciada del de San Juan de la Pefia. Encara que ambdds ventalls comparteixen components, com

ara els fragments de gresos eocens reciclats, el ventall de Luna mostra una diversitat molt major de

components derivats d’arees font Paleozoiques i Mesozoiques. Per tant, I'area font Paleozoica i
Mesoica per al ventall de Luna no podia estar situada al nord de Jaca, ja que aquesta encara es
trobava recoberta pels materials eocens, tal i com demostren les litologies presents en el ventall de
San Juan de la Pefia. En aquesta tesi es proposa la zona oest dels Pirineus (massisos Vascos) com a la
principal area font per al sistema de Luna, que d’igual manera seguia rebent també les litologies dels

sediments sintectonics Pirinencs, com testimonia la composicié mixta que presenta.

A escala de conca Sudpirinenca, les diferents reorganitzacions en les xarxes de drenatge i el creixement
topografic de I'orogen, controlades essencialment per la tectonica, es donen de forma diacronica com a
resultat de la progradacio de la deformacio de I'orogen i el seu caracter asimétric. En les conques situades al
Pirineu central, com les de Tremp-Graus i Ainsa, es defineix una clara reorganitzacid, que es produeix de
forma progressiva des de finals del Cretaci fins a I'Eocé mitja.Els sistemes de drenatge axial, procedents dels

Pirineus Orientals i del Massis de I'Ebre, sdn reemplacats per sistemes de drenatge transversal derivats de la
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creacié de noves arees font localitzades en els Pirineus centrals (Fontana et al., 1989; Caja et al., 2010;
Whitchurch et al., 2011; Filleaudeau et al., 2012; Thomson et al., 2017),essent aquests ultims els que
alimentarien els sistemes de drenatge axial a la conca de Jaca. Aixi mateix, aquests sistemes posteriorment
també serien reemplacats pels sistemes de drenatge transversal procedents del nord de la conca de Jaca,

producte de la important reorganitzacio de les arees font.

Com la deformacié de I'orogen pirinenc progressa d’est a oest, i de nord a sud, el canvis paleogeografics en
les diferents conques també progressaran d’est a oest i de nord a sud. D’aquesta manera la sedimentacié per
sistemes de drenatge axial en les conques sera substituida d’est a oest i de nord a sud per sistemes transverals

a l'orogen.

A banda de la clara diacronia en aquests majors canvis paleogeografics que succeixen en conques adjacents,
és evident que les arees font sofreixen evolucions molt diferents. Aixi doncs, mentre la instauracié del
drenatge transversal en la conca d’Ainsa produeix I’exhumacio de roques del basament Paleozoic, en la conca
de Jaca els sistemes transversals es nodreixen essencialment dels diposits sinorogénics precedents. Aquestes
caracteristiques es veuen igualment reflectides en les distribucions de les edats d’U-Pb en zircons detritics,
tant emprades recentment en els Pirineus, en que en major part de la conca Sudpirinenca s’ha definit el pas
de direccions de transport de sediment axials a transverses en base a la substitucié de senyals Cadomianes
per senyals Varisques. Aquest patro és totalment oposat a I'observat en la conca de Jaca (capitol 6), en que
els sistemes transversos substitueixen les senyals Varisques dominants per la reinsercid de senyals
Cadomianes, evidenciant aixi la resposta diferencial al creixement diacronic topografic en un orogen, d’est a
oest, en que les arees font sén afectades per diferents patrons d’exhumacio tenint una clara influencia en les
signatures petrologiques dels sistemes sedimentaris que se’n deriven. Aixi mentre el Pirineu central
experimenta una historia d’exhumacié més prolongada, on s’erosionen des de materials Eocens fins a
Paleozoics, el Pirineu oest-central sofreix una evolucié totalment diferent i individualitzada, on els sediments

sintectonics inhibeixen I'erosié dels nivells més profunds de la Zona Axial.

Amb tot, en aquesta tesi es fa palesa la necessitat d’integrar diferents tecniques d’analisi de la procedéncia,
per tal de desxifrar senyals ambiglies, que dificulten la caracteritzacid de I'’evolucio de les arees font, sobretot
en contextos on no existeixen arees font suficientment diferenciades. En la conca Sudpirinenca, les litologies
susceptibles de formar part de I'area font sdén molt similars en tot el domini Pirinenc. Ara bé, 'exhumacié
diferencial d’aquestes litologies proporciona signatures composicionals prou distintives com per obtenir
dades crucials per a contribuir a resoldre la historia tectono-estratigrafica d’una conca d’avantpais, com la

de Jaca.

191






Capitol 10

Conclusions






Conclusions

A multidisciplinary approach integrating sandstone petrography, clast point counting, detrital zircon U-Pb
geochronology, and geological field observations has allowed to constraint the compositional features and

the source area evolution for the middle Eocene to early Miocene sedimentary systems of the Jaca basin.

Four petrofacies have been identified from a detailed petrographic analysis, which are: (a) “Hybrid clast-
dominated, (b) “Carbonatic extrabasinal enriched”, (c) “Siliciclastic dominant”,” and (d) “Mixed lithic and

carbonatic” petrofacies.

Integration of all the data contained in this thesis has permitted to produce a cartography displaying the
petrofacies distribution along the basin, which contribute to reconstruct the paleogeographic evolution,

summarized as follows:

e During Lutetian times, turbidite sedimentation (Hecho Group) was fed axially, derived from eastern
source areas. The Banastén turbidites are dominated by carbonatic components, while the
lowermost part of the Jaca turbidites show an increase of lithic components (i.e. plutonic rock
fragments). Source areas delivered carbonatic grains sourced from the South Central Pyrenean Zona,
and lithic grains from the Paleozoic basement of the Axial Zone. Detrital zircon U-Pb geochronology
in these deposits show a dominant Variscan age distribution, indicative of supply from late Variscan

granitoids from the central Pyrenees.

e The last turbiditic deposits (Bartonian), known as the Rapitan channel, record a compositional shift
marked by the increase of sandstone and hybrid sandstone rock fragments, accompanied by an
increase of Cadomian age signal in detrital zircon distributions. This main change is here interpreted
as the first emersion of northern source areas caused by the activity of the Lakora/Eaux-Chaudes

thrust, evidencing the initial stage of transverse drained drainage systems.

e Sandstone petrography and detrital zircon U-Pb geochronology for the Hecho Group turbidites show
compositional trends from base to top of each Tectono-Stratigraphic Units (TSU). These trends are
here interpreted as high-frequency tectono-stratigraphy cyclicity, which consist on the increase of

the intrabasinal components and the decrease of the Variscan signals, from base to top of each TSU.
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The replacement of the turbiditic sedimentation by transitional environments took place during
Bartonian times. At that time, axially drained deltaic systems derived from eastern sources coexisted
with transverse drained deltaic systems sourced from northern sources. The eastern source delivered
detritus derived from the exhumation of Mesozoic and Paleozoic materials to the Belsué-Atarés
Formation delta located at the southern margin of the basin. In contrast, newly created northern

sources fed the Sabifnanigo Sandstone delta.

Growing of structures during deltaic sedimentation in the northern and Southern margin of the basin
controlled sediment dispersal and caused a strong diachrony. During Priabonian times, these delta
systems are fed by the Santa Orosia fan delta (transverse drained) to the north. In the southern
margin, deltaic systems were fed by prograding fluvial environments from the Campodarbe
Formation (axially drained). Syndepositional structures as the Yebra de Basa or Atarés anticlines

controlled the interplay between these sedimentary systems.

Generalised terrestrial environments in the basin record the interruption of the marine connection
with the Atlantic ocean, dated to occur at 36 Ma. At that time, alluvial fan systems situated at the
northern part of the basin were fed from a protracted northern source, which caused an increase of
the recycling of the former turbiditic basin due to the activity of the Gavarnie thrust. These transverse
drained systems were fed from a source area composed by the Hecho Group turbidites, and by
material of the North Pyrenean Zone that cropped out in the headwaters. Erosion of North Pyrenean
materials imply a water divide position located further north than its present day location, which lets
to conclude that during Cenozoic times a migration from north to south of the water divide took

place at least for in west-central Pyrenees.

Detrital zircon U-Pb analysis in the north derived aluvial fans reveal a clear dominance of Cadomian
and >700 Ma age populations. This contrasts with the expected age distribution, which was assumed
to be dominated by Variscan age components due to the deep recycling of the Hecho Group
turbidites. This effect demonstrates that propagation of provenance signatures involved in recycling
processes can be complicated to constraint. Several factors such as source lithology, zircon fertility
and intrinsic textural properties of source rocks can exhert a strong control on the compositional

features of the resulting clastic deposits.
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e During the endorheic basin stage, axially fed fluvial system from the Campodarbe Formation are
affected by a change on the eastern source area. This shift consists on the introduction of large
amounts of metamorphic rock fragments, while the plutonic ones decrease. This compositional
change can also be identified in the fluvial Escanilla Formation, in the Ainsa basin. As this
compositional evolution is interpreted to occur in the source area (central Pyrenees), it can be

considered a good correlation stratigraphic marker.

e During Oligocene times, transverse drained systems prevail due to the increase on the tectonic
activity in the northern hinterland. Therefore, axially drained systems are displaced from north to
south, and from east to west, following the main progradation direction trend. This effect is
interpreted as the consequence diachronous orogenesis of the Pyrenees, wich evolved from east to
west, and from north so south, yielding to a strong diacrhony of the main paleogeographic changes

taking place in the different subbasins of the South Pyrenean foreland basin.

e In addittion, during the Eocene and Oligocene, adjacent basins were sourced from source terrains
with a clearly differientated evolution. Thus, transverse fed drained systems in the Ainsa basin were
chiefly sourced from the Paleozoic basement while transverse fed systems from the Jaca basin rwere

fed from the former synorogenic deposits.

e Miocene volcanic zircons in the San Juan de la Pefia fan (Bernués Formation) dated through U-Pb and
(U-Th)/He techniques allow to propose a Miocene age for this fan, discarding a lower Oligocene age
as proporsed before. Thus, sedimentation of these alluvial deposits can be linked to the activity of

the Guarga thrust.

e In this last stage of the Jaca basin evolution (Oligocene and Miocene), both the Jaca and the Ainsa
basin are being eroded by th Luna and Huesca fans, located in the Ebro foreland basin. This erosive
stage occurs concomitantly with the last stages of sedimentation in the Jaca basin. The Luna alluvial
fan (Uncastillo Formation) is also sourced from Paleozoic and Mesozoic material of the western

Pyrenees.

The methodology applied in the present thesis highlights the need for a Integration of different provenance
techniques in order to resolve ambiguous provenance signals which hinder the characterization of the
sediment routing evolution, chiefly in active tectonic settings, where diverse source areas can occur. In
addition, compositional and petrofacies changes described here can be enhanced when coupled with a

sequence stratigraphic framework, allowing to generate a model potentially applied to other case studies.
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La integracid de diverses tecniques de procedéncia, com sén I'analisi petrografic, els comptatges de clasts en
conglomerats, I’estudi geocronologic d’U-Pb en zircons detritics, juntament amb les observacions propies del
treball de camp han permés definir les caracteristiques composicionals i I'evolucid en les arees font dels

sistemes sedimentaris de la conca de Jaca des de I'Eocé mig fins al Mioce inferior.

A partir de I'estudi modal dels gresos s’han pogut identificar quatre petrofacies: (a) petrofacies dominada
per fragments de gresos hibrids, (b) petrofacies enriquida en fragments carbonatics, (c) petrofacies dominada

per components siliciclastics, i (d) petrofacies mixta en fragments de roca carbonatics i litics.

A partir de la definicié d’aquestes petrofacies i de la integracié de les tecniques d’analisi de procedéencia
emprades en aquesta tesi, s’ha elaborat una cartografia de distribucid de petrofacies que ha permes establir
més facilment les principals caracteristiques de I'evolucié paleogeografica de la conca, les quals es

resumeixen a continuacio:

e Durant el Lutecia mig, la sedimentacio turbiditica (Grup Hecho) era alimentada per un sistema de
drenatge axial, procedent d’arees font situades a I'est de la conca. Els sistemes turbiditics de
Banaston mostren un clar predomini dels components carbonatics, mentre que la part basal dels
sistemes turbiditics de Jaca mostren un increment en components litics, sobretot de naturalesa
plutonica. Les arees font subministraven dominantment components carbonatics, derivats
majoritariament de la Zona Sudpirinenca central, i també materials del basament paleozoic de la
Zona Axial. L’analisi geocronologic U-Pb en zircons detritics mostra una distribucié d’edats dominada
per signatures varisques, que és indicativa de I'erosié dels granits tardihercinians en el Pirineu

central.

e Alinici del Bartonia, els ultims diposits turbiditics, corresponents al canal del Rapitan, registren un
canvi composicional significatiu respecte als sistemes anteriors, destacant I'augment de fragments
de gresos i de gresos hibrids, juntament amb un augment de les senyals cadomianes en els zircons
detritics en detriment de les senyals varisques. Aquest important canvi s’interpreta com els primers
indicis de creacid, d’'una nova area font situada al nord, que comenca a emergir per I'activitat de
I’encavalcament de Lakora/Eaux-Chaudes, marcant l'inici del desenvolupament dels sistemes de

drenatge transversal a la conca de Jaca.
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Tant per les turbidites de Banaston com per les del sistema de Jaca, s’observen tendencies
composicionals de base a sostre de cada Unitat Tectono-Sedimentaria (UTS), tant en la fraccié gres
analitzada amb el microscopi petrografic, com en les distribucions de les edats d’U-Pb en zircons
detritics. Aquests canvis son interpretats com a resultat de la ciclicitat tectonoestratigrafica, en que
de base a sostre de cada unitat augmenten els components carbonatics d’origen intraconcal, i

disminueix la senyal varisca en les poblacions de zircons detritics.

El final de la sedimentacié turbiditica ve acompanyat per un estadi de someritzacio en la conca que
s’inicia durant el Bartonia, amb el que s’instal-la definitivament la sedimentacié deltaica. La
coexistencia de sediments procedents d’arees font situades al nord, amb sediments derivats d’arees
font de I'est, s"amplia en general a tota la conca. L’area font de I'est, alimenta els sistemes deltaics
del marge sud de la conca (Formacié Belsué-Atarés), subministrant-los litologies resultants de
I’exhumacid i incisié continuada dels materials Mesozoics i Paleozoics. Per contra, |'area font del
nord, alimenta essencialment el sistema deltaic de la Formacié Gres de Sabifidnigo i li aporta
majoritariament gresos turbiditics, marcant els estadis inicials d’inversié del marge nord de la conca

i de creacid d’aquesta nova area font.

Durant la sedimentacid deltaica, el creixement d’estructures tant al marge nord com al marge sud de
la conca controla la dispersio dels sistemes, provoca la seva forta diacronia . En el Priabonia, aquests
sistemes deltaics sén alimentats en el marge nord pel fan delta de Santa Orosia (sistema de drenatge
transversal) i al sud pels diposits fluvial de la Formacié Campodarbe (sistema de drenatge axial).
Durant aquests estadis les estructures sintectoniques, com l'anticlinal del Basa o el d’Atarés,

controlen la interaccio entre els dos sistemes de drenatge.

Durant la continentalitzacié de la conca, la qual veu definitivament interrompuda la seva connexid
marina amb I'ocea Atlantic als 36 Ma, els sistemes situats al marge nord de la conca sén alimentats
per una area font persistent al nord, la qual evoluciona cap a un increment en el reciclatge dels
diposits turbiditics previs per I'activitat tectonica de I'encavalcament de Gavarnie. Durant tota la
sedimentacio al-luvial, els sistemes de drenatge amb procedéncia nord travessaven una area font
gue estava constituida majoritariament pels materials de la conca turbiditica precedent, perd que en
les seves capcaleres afloraven els materials de la Zona Nordpirinenca. L'erosié dels materials de la
Zona Nordpirinenca implica que la divisoria d’aiglies estava situada molt més al nord que la seva
posicié actual, evidenciant aixi una clara migracié de la divisoria de nord a sud, almenys en el sector

oest-central dels Pirineus.
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L'analisi d’U-Pb en zircons detritics en el ventalls al-luvials de procedéncia nord revela una clara
dominancia de les signatures cadomianes i >700 Ma, i no dominada per signatures varisques, com
seria d’esperar degut al preponderant reciclatge de les turbidites del Grup Hecho. Aquesta situacid
evidencia la complexitat en la propagacié de signatures en processos de reciclatge, els quals no tan
sols poden estar afectats pel tipus de litologia o per la feritilitat de les roques de I'area font, sind que

també per les seves propietats texturals intrinsiques.

En aquest mateix estadi de tancament endorreic de la conca, la sedimentacié fluvial de la Formacid
Campodarbe, la qual es localitza sobretot al marge sud de la conca, també es veu afectada per un
canvi en la naturalesa de les arees font situades a I'est. Aquest canvi consisteix en un augment
considerable dels fragments de roca metamorfics en detriment dels framents plutonics i carbonatics.
Aquest canvi també és enregistrat a la part superior de la Formacioé Escanilla a la conca d’Ainsa. Al
tractar-se d’'una tendéncia evolutiva que es produeix en una mateixa area font que és comuna per
ambdues formacions, pot considerar-se com un bon marcador de correlacié entre les conques

d’Ainsa i de Jaca.

Fruit de I'activitat tectonica emergent al nord de la conca, durant I’Oligoce els sistemes de drenatge
transversal s’acaben imposant als de drenatge axial i evolucionen, sobretot de nord a sud, ampliant
la seva area deposicional en la conca d’acord amb el sentit d’avangament de les estructures i
provocant el desplacament del sistema de drenatge axial cap a posicions més occidentals. Aquest fet
és consequéncia de la diacronia de la deformacié de I'orogen pirinenc, la qual progressa d’est a oest,
i de nord a sud, provocant que els canvis paleogeografics en les diferents conques progressin d’est a

oest i de nord a sud.

Durant I'Eoce-Oligocé, a banda de la clara diacronia en aquests canvis paleogeografics majors que
succeixen en conques adjacents, és evident que les arees font sofreixen evolucions molt diferents.
Aixi doncs, la instauracié del drenatge transversal en la conca d’Ainsa produeix I'exhumacio
generalitzada de les roques del basament Paleozoic, en canvi en la conca de Jaca, els sistemes

transversals es nodreixen essencialment dels diposits sinorogenics precedents.

La preséncia de zircons miocens al ventall al-luvial de San Juan de la Pefia (Formacid Bernués) datats
mitjancant U-Pb, i associats a un episodi volcanic llunya, tal i com revela I'analisi d’(U-Th)/He, permet
establir una edat miocena per aquests diposits, descartant aixi la seva atribucié a I'Oligoce inferior,
com s’havia assumit fins ara per la majoria dels autors. Conseqiientment, la sedimentacié d’aquest

ventall al-luvial s’ha de relacionar amb I’activitat tectonica causada per I’encavalcament del Guarga.
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e En aquest ultim estadi (Oligoce-Mioce), part de les conques de Jaca i Ainsa estan sent erosionades
pels ventalls de Luna i Huesca que es dipositen a la recent constituida conca de I'Ebre. Aquesta erosid
es produeix coetaniament amb els ultims estadis de sedimentacié en la conca de Jaca. En particular,
el ventall al-luvial de Luna (Formacio Uncastillo) a banda d’erosionar part dels diposits sintectonics
de la conca de Jaca, també es nodria d’arees font paleozoiques i mesozoiques, situades a la zona oest

dels Pirineus (massisos Vascos).

Finalment, s’ha de ressaltar que amb la consecucid d’aquesta tesi s’ha fet palesa la necessitat d’integrar
diferents tecniques d’analisi de la procedencia, per tal de desxifrar senyals ambigles, que dificulten la
caracteritzacio de l'evolucié de les arees font, sobretot en contextos on no existeixen arees font
suficientment diferenciades. A més es desprén la necessitat d’integrar aquests canvis composicionals i/o de
petrofacies amb un marc d’estratigrafia seqiiencial, que permeti obtenir un model conceptual aplicable a

altres casos d’estudi i a diferents escales de resolucio.
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