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Abstract: In convergent zones, several parts of the geodynamic system (e.g., continental margins,
back-arc regions) can be deformed, uplifted, and eroded through time, each of them potentially
delivering clastic sediments to neighboring basins. Tectonically driven events are mostly recorded in
syntectonic clastic systems accumulated into different kinds of basins: trench, fore-arc, and back-arc
basins in subduction zones and foredeep, thrust-top, and episutural basins in collisional settings.
The most widely used tools for provenance analysis of synorogenic sediments and for unraveling
the tectonic evolution of convergent zones are sandstone petrography and U-Pb dating of detrital
zircon. In this paper, we present a comparison of previously published data discussing how these
techniques are used to constrain provenance reconstructions and contribute to a better understanding
of the tectonic evolution of (i) the Cretaceous transition from extensional to compressional regimes
in the back-arc region of the southern Andean system; and (ii) the involvement of the passive
European continental margin in the Western Alps subduction system during impending Alpine
collision. In both cases, sediments delivered from the down-bending continental block are significantly
involved. Our findings highlight its role as a detrital source, which is generally underestimated or
even ignored in current tectonic models.

Keywords: subduction zones; U-Pb dating; sandstone petrography; provenance; peripheral
bulge; tectonics

1. Introduction

Detrital petrology studies of sedimentary basin fill can yield insights into the tectonics that govern
compressional settings. Convergent zones are characterized by tectonically active regions affected by
exhumation, uplift, and erosion and are surrounded by synorogenic basins accommodating clastic
sediments produced in these zones [1,2]. This leads to complex source-to-sink systems where a
relatively continuous transfer of rock mass tries to keep the system in equilibrium (i.e., growing relief
vs. erosion) [3,4]. Although orogenic prisms are generally thought to be the main (if not the unique)
source for detrital sediments in convergent zones, other parts of geodynamic systems can be involved
when exhumated [5,6]. Such conditions are met in the cases of the foreland sector in the back-arc area
of Andean-type subduction zones or in that of the passive continental margin of a down-bending
continental block arriving near a subduction front during the final steps of oceanic closure. Traditionally,
the tectonic evolution of those source-to-sink systems is studied by the provenance analysis of clastic
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sediments accumulated in synorogenic basins, commonly used to decipher the history of eroded
units from their erosional products. These studies include a variety of tools whose choice depends
on a number of factors like the expected lithology of eroded rocks, the grain size of eroded sediment
(gravel vs. sand vs. mud), and so forth. Among these tools, spanning from pebble clast petrology to
mudstone and isotope geochemistry (i.e., Sm—Nd and Rb-Sr systems, [7]), the geo-thermochronology
of specific types of sand-size clastic heavy minerals has rapidly developed and is now a standardized
procedure (see [8] for an up-to-date review).

Nevertheless, we emphasize the importance of combining U-Pb dating of detrital zircons with
sandstone petrography in order to (i) obtain a more complete picture of the parent rocks exposed in the
source areas, including rock types lacking zircon crystals (e.g., carbonate rocks, basic and ultrabasic
rocks, etc.); (ii) identify possible evidence of clastic grain recycling [9,10], which could potentially
modify the interpretation of geochronological results; and (iii) analyze sediment composition and
maturity, used as a tracer for source region relief and changes in climate of the source terrane (see [11]
for an updated review).

Here, we present the results of two different studies in which U-Pb dating of detrital zircon grains,
combined with other analytical approaches, has been employed to reconstruct the tectonic evolution
of the convergent systems of the Southern Andes and the Western Italian Alps during some key and
transient steps of their tectonic transformation. In particular, we describe the contribution of clastic
zircon U-Pb geochronology for deciphering the signature with syntectonic sediments left by (i) the late
Cretaceous transition from an extensional to a compressional retro-arc foreland basin of the Neuquén
Basin in the Southern Andean region [12-15] and (ii) the Late Cretaceous final stages of subduction
and related oceanic closure preceding the onset of continental collision in the Ligurian sector of the
Western Italian Alps [16-18]. In both cases, results document the importance of the down-bending
plate as a voluminous detrital source. Due to its low relief and the low degree of internal deformation,
the provenance signal of the down-bending plate appears either underrepresented or absent to
undetectable in the detrital record. However, when deduced, it may be linked to a flexural uplift
response driven by the interplay between lithospheric properties of the plate (i.e., elastic thickness) [19]
and the ensuing evolution of the drainage pattern [20].

2. Materials and Methods

In both presented case studies, the approach is based on provenance analyses of sandstone
samples. Among the variety of tools available to address the scientific questions, we preferred to
couple U-Pb radiometric age determination of detrital zircon grains with the standard point-counting
analysis of sandstone framework grains.

U-Pb dating of detrital zircon grains has become a relatively standard approach for provenance
study of clastic systems due to (i) the commonness of zircon crystals in parent rocks, and its resistance
to diagenesis results in the relative abundance of zircon grains in clastic sedimentary rocks [21];
and (ii) its relatively low cost, allowing the collection of a statistically significant number of data
(commonly >100) necessary for its application to clastic systems. In both presented case studies,
U-Pb dating of detrital zircons was performed after the following standard procedure for sample
preparation and heavy mineral separation. Sandstones were first crushed and then sieved between
300 and 63 microns. Zircon separates were prepared using heavy liquids and magnetic separation,
then they were hand-picked under a binocular microscope, mounted into epoxy resin, and polished
down to 0.25 microns to reveal the inner structures of zircon grains. This generalized sequence of steps
is also suitable for apatite fission track analysis [22]. Prior to isotopic characterization, the internal
structure of zircon was investigated under cathodoluminescence and the most suitable areas for the
analysis were selected (see [12] for a detailed description of the morphology of the zircon grains).
Rim and core ages [12,14] were collected to discriminate magmatic and metamorphic source rocks
only during the deposition and evolution of the Neuquén group. For this reason, samples below the
regional unconformity (i.e., Rayoso Formation at the base of the Neuquén Group) were not better
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investigated. U-Pb ratios in samples were determined with laser ablation inductively coupled plasma
mass spectrometry (LA-MC-ICPMS) following the method described in [23,24].

In the Andean case, U-Pb geochronology was performed at Laboratorio de Geocronologia,
Universitade de Brasilia (Brazil), following the method described in Matteini et al. [20] (Table S1),
whereas U-Pb dating on detrital zircon from the Western Alps was performed at the LA-MC-ICPMS
laboratory of the IGG-CNR of Pavia (Italy) following the method described in Tiepolo et al. [24]
(Table S2).

When possible, 100 zircon grains of each sample were dated. As a whole, 325 (out of 512 analyzed)
zircon grains for the Andean case and 356 (out of 432 zircon grain spots analyzed) for the Western Alps
case were used. For the Andean case, only concordant or subconcordant (discordance smaller than +3%)
ages were considered, whereas for the Western Alps case, U-Pb ages with a discordance smaller than
+10% were considered as reliable. 2°°Pb/?3¥U ages were used for grains younger than 1.2 Ga and
206pp207Ph for grains older than 1.2 Ga (see [12,14,17,18] and Tables S1 and S2).

Sandstone petrography was investigated through a standard thin-section point counting routine,
following the Gazzi-Dickinson method [25,26] in order to minimize the possible bias introduced by
different grain sizes of the studied samples [11,27]. According to the method, a double-point counting
was performed on each sample, dealing with all rock constituents (framework grains, matrix, cements,
pores; at least 250 framework grains counted) and fine-grained rock fragments (at least 200 fine-grained
rock fragments counted) as proposed and described in detail by Cibin et al. [28] (Table S3). The goal of
such double-point counting is to get a better picture of the rock types exposed in the source region and
their tectonic meaning in terms of traditional provenance categories [29], including the occurrence of
sedimentary rocks which could potentially deliver second-cycle zircon grains. As a whole, 33 thin
sections were analyzed in the Andean case and 72 in the Western Alps case [14,17,18].

In the Southern Andes case study, thermochronological data from apatite grains were collected
in order to provide a multiproxy dataset. Apatite fission track (AFT) and single-grain double-dating
(AFT and U-Pb geochronology on the same grain) were performed to constrain the T-t path
(temperature—time or cooling history) of rocks, both source and basin filling, with respect to a
temperature range of 60-110 °C, called the Partial Annealing Zone (PAZ) [30,31]. Since fission tracks
anneal primarily as a function of temperature, such that at temperatures higher than 110 + 10 °C
tracks are entirely annealed, temperatures cooler than 60 °C lead to minimal track annealing [32].
AFT analysis was performed on three samples where ~100 grains were analyzed for each detrital
sample. Unfortunately, there were not enough confined lengths present in any given population to
be statistically significant, so length data are not reported. For each sample, fission track grain—age
distributions and populations were determined using both the Binomfit program [33] (which applies
the binomial peak-fitting method [34]) and Density Plotter [35]. Calculated populations are reported by
age and error (20). The apatite system is very sensitive to temperatures within the upper portion of the
crust, less than about 4 km, and ages can either represent cooling events by exhumation of parent rocks
or “geologically instantaneous” cooling following magmatism [36]. For this reason, 23 apatite AFT data
Cretaceous in age (i.e., near syndepositional) were also coupled with apatite U-Pb dating. Apatite has
also been employed in high-temperature thermochronology studies, which demonstrate that the U-Pb
system in apatite has a closure temperature of about 450-550 °C [37,38]. LA-MC-ICPMS U-Pb dating
of apatite is more challenging, as apatite typically contains lower U and Pb concentrations. In contrast
to the well-documented polycyclic behavior of the stable heavy mineral zircon, apatite is unstable
in acidic groundwater and weathering profiles, and it merely shows limited mechanical stability in
sedimentary transport systems. Thus, it more likely represents first-cycle detritus; hence, U-Pb apatite
dating would yield complementary information to U-Pb zircon provenance studies. Fission track
and U-Pb dating are, therefore, two of the most useful and rapid techniques in apatite provenance
studies. They yield complementary information, with the apatite fission track system indicating
low-temperature exhumation ages and the U-Pb system yielding high-temperature cooling ages,
which help constrain the timing of apatite crystallization [39,40]. Apatite U-Pb dating was conducted
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by laser ablation multicollector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) at
the Arizona LaserChron Center, following the methods used for zircon by Gehrels et al. [41,42] and
Gebhrels [43], modified for apatite by Thomson et al. [44].

3. Geological Framework and Results of the Southern Andes and Western Italian Alps
Case Studies

3.1. The Case of the Retro-Arc Basin of Southern Andes between 34° and 40° S Latitude
(Neuquén Basin, Argentina)

3.1.1. Geological Setting and Stratigraphy

The Neuquén Basin is a Mesozoic-Early Cenozoic foreland basin located in a retro-arc position
with respect to the Andean volcanic arc between 34° and 40° S (Figure 1A). Due to its long and fairly
continuous subsidence, the basin contains an almost complete record of Mesozoic Andean tectonics,
erosion, and sedimentation. The geological evolution of the Neuquén Basin was largely controlled by
changes in the tectonic regime along the western margin of South America during the Mesozoic and
Cenozoic eras (see [12,14,15,45-47] for an up-to-date review). In particular, the Jurassic-Cretaceous
evolution has been linked to changes in the subduction slab dip of the oceanic Nazca Plate under the
eastern South American continental margin, and to changes in trench roll-back velocities [46], and is
characterized by (i) a Jurassic-Early Cretaceous back-arc extensional phase linked to a steeply dipping
subduction and (ii) a contractional retro-arc foreland basin phase linked to a temporary shallower
dipping subduction due to a change in the absolute motion of South America. The sedimentary
record preserved in the continental Cretaceous strata of the Neuquén Basin allows investigating the
effects of that transition from an extensional back-arc to a contractional retro-arc foreland setting,
notwithstanding that no significant facies changes occurred as depositional environments remained
continental with fluvial deposits during the entire Cretaceous evolution (see [14] for a detailed
description of depositional facies). In particular, the investigated effects concern (i) switches in source
regions of the clastic detritus; (ii) exhumation patterns of source rocks; and (iii) stratigraphic architecture
of the basin. Most Cretaceous sedimentary evolution is recorded by a thick continental clastic succession
formed by the Bajada del Agrio and the Neuquén Groups, separated by a regional-scale Cenomanian
unconformity (Figure 1B). This continental succession has been intensively studied in order to capture
the tectonic signal linked to the evolution of that portion of the Andean system.
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Figure 1. (A) Geological setting of the Neuquén Basin in the back-arc region of Southern Andes between 40° and 36° S latitude with locations of the sampled
sections (modified after [48]). (B) Stratigraphy of the Cretaceous and lower Cenozoic filling of the Neuquén Basin with stratigraphic positions of the studied samples.
Modified after [14], where also references on geochronological ages for different source terranes are reported.
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3.1.2. The Detrital Record from Detrital Zircon U-Pb Dating, Sandstone Petrography,
and Thermochronological Proxies

Sandstone provenance has been intensively studied in the last 10 years in the Andean retro-arc
basins, frequently using U-Pb dating of zircon grains as the main or unique approach [13-16,47-51];
however, many of these geochronological studies concern the Meso-Cenozoic sedimentary sequences
of the northern and southern sector of Andean mountain building [13,52-56]. Here, we particularly
focus on the data reported in the regional studies by Di Giulio et al. [14,16]. These studies, performed
on the Cretaceous part of the Neuquén Basin, reveal a distinct shift in sandstone provenance related
to a change in source exhumation patterns of parent rocks as well as lag time across the basin-scale
pre-Cenomanian unconformity that divides the Bajada del Agrio and the Neuquén Groups [13,14]
(Figure 1B). Sandstone petrography of the same stratigraphic interval consistently shows a shift from a
mixed to a volcanic arc signature across the Cenomanian unconformity that divides the Rajoso from
the Candeleros Formation, and it shows a progressive return toward a mixed and then to cratonic
signature along the Neuquén Group (Figure 2A). More specifically, sandstone detrital mode changes
mostly reflect the variable abundance of fine-grained volcanic rock fragments in the studied formations,
reaching a maximum in the lower Candeleros Formation and then rapidly decreasing up-section in the
Neuquén Group. Consistently, U-Pb dating of zircon grains from clastic units across the unconformity
in the Rayoso Formation and then along the Neuquén Group distinctly records an abrupt change of
detrital age populations.

In the Neuquén Basin, from the Candeleros Formation, zircon grains age populations show a
massive arrival of crystals with cooling ages equal or very close to the depositional age (few tens of
millions to zero years of difference). This contribution is from syndepositional volcanics and/or juvenile
volcanic material completely absent before (Rayoso Formation; Figure 2B,C). In the Rayoso Formation,
the difference in time between its depositional age (Aptian—Albian) and the youngest detrital zircon
population is ca. 100 Ma. Furthermore, the cumulative curve (Figure 2B) of the Rayoso Formation
shows that most of the measured crystallization zircon ages are 250 Ma older than the depositional age
as expected in tectonic settings characterized by erosion of old basement rocks.

Up-section (above Candeleros Formation), the progressive decrease of syndepositional volcanics
and/or juvenile volcanic material is visible, as well as substitution by older zircon grains (Figure 2B,C).
The picture is completed by geo-thermochronological data on apatite grains (U-Pb dating and fission
tracks), that is, the double-dating method (Figure 3). Double-dating of apatite crystals was preliminarily
used to detect possible synsedimentary volcanic contributions because AFT data is useful for unravelling
the exhumation story of parent rocks within the upper few kilometers (i.e., their exhumation above the
AFT annealing temperature). The results (Figure 3B) show that most of the analyzed apatite grains
had a nonvolcanic origin, as their U-Pb and AFT ages were significantly different (delta age spanning
from 150 to more than 300 Ma). Only one exception showed zero delta age between U-Pb and AFT
ages, thus confirming its volcanic origin. For the nonvolcanic apatite grains, two broadly different age
populations can be recognized and interpreted as two different source regions with respect to their
tectonic history and lag time, defined as the difference between the AFT age and the depositional age
of the rock. The sources are: (1) a rapidly exhuming region delivering apatite grains with AFT ages
very close to the depositional age (very short lag time, ca. 10-20 Ma), shown by the single peak in
Candeleros Formation (123.7 + 4.7 Ma) and the youngest peak in Portezuelo and Bajo de la Carpa
Formations (82.4 + 5.5 and 94.7 + 4.7 Ma, respectively), and (2) a sector delivering apatite grains with
AFT ages several tens of Ma (>50 Ma) older than the depositional age of samples. This is inferred by the
presence of a second older population in Portezuelo and Bajo de la Carpa Formations (158.3 + 7.7 and
163 + 9.5 Ma, respectively). Generally, a longer lag time testifies to the erosion of rocks that remained
above the AFT annealing temperature for a considerably long time before arriving at the surface [36];
in addition, the proportion of the second source increases up-section (Figure 3A).
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Figure 2. (A) Sandstone petrography in the Cretaceous Bajada del Agrio and Neuquén Groups
of Neuquén Basin plotted in the QmFLt provenance diagram of Dickinson [29]. (B) Results from

U-Pb dating of detrital zircons. Cumulative proportion curves showing the difference between the

crystallization age for a detrital zircon and the depositional age of the sample in which it occurs. Solid

lines indicate the studied samples; dashed lines bind the fields representing three tectonic settings as
defined in [50]. (C) U-Pb ages (bins 10 Ma) shown from top to bottom according to their stratigraphic
order (Table S1). Blue line is the kernel density estimate (KDE). Red text is the depositional age of the
corresponding formations (see [14] and reference therein for the paleontological and geochronological
data). For the stratigraphic position of studied samples, refer to Figure 1B. Modified from [14].

Stratigraphic positions of samples are reported in Figure 1B.
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Figure 3. (A) Kernel density estimate (KDE, dashed blue line) and histogram distributions
(grey rectangles) from apatite fission track data produced using Density Plotter [35] from Bajo
de la Carpa, Portezuelo, and Candeleros Formations, shown in their stratigraphic order. Calculated
populations are reported by age and error 20. (B) Results of double-dating on detrital apatite grains from
the Neuquén Group; sample stratigraphic positions reported in Figure 1B. Note that no volcanic crystals
(delta age = 0) are recognizable, with only one exception in the Candeleros Formation. Red text is the
age of deposition (see [14] and reference therein for the paleontological and geochronological data).

3.1.3. Discussion on the Drainage Evolution and Related Provenance Changes in the Neuquén Basin

The collected multiproxy dataset allows tracing the tectonic evolution and the related
rearrangement of the drainage pattern within the source-to-sink routing system formed by the
Neuquén retro-arc basin and the Andean cordillera, between 36° and 40° S latitude from Albian to
Santonian time. This evolution can be schematically summarized in the following main steps. During
Albian time, the existence of a divergent drainage pattern in a back-arc basin setting is suggested
by the lack of syndepositional, neovolcanic grains (Aptian—Albian in age) in the Rayoso Formation,
as recorded by coupled zircon U-Pb ages, cumulative curve, and sandstone petrography (Figure 2).

In fact, at that time (>100 Ma), a volcanic arc was active and its overall detritus was likely
transported westward, towards the pacific margin, with the only exception of ash layers. A volcanic
detritus transported eastward would have needed to pass over the rift shoulders to finally end up in
the basin; in this case, it would have been recorded by detrital zircon ages coeval with the sediments’
depositional age. By contrast, the back-arc Neuquén Basin was mostly fed by the uplifted rift shoulders,
mainly composed of Paleozoic-Proterozoic basement rocks and their Jurassic-Triassic covers shown by
the highest peak of U-Pb zircon ages in the Rayoso Formation between ca. 200 and 400 Ma and minor
peaks around 500-600 Ma and ca. 1.1 Ga (Figure 2C). At around 100 Ma, the region started to become
affected by contractional deformation, possibly linked to the global-scale plate reorganization produced
by the opening of the Southern Atlantic Ocean [57] (see also [15] for discussion). In the Neuquén
Basin, this tectonic inversion triggered a rapid reorganization of the drainage pattern caused by the
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transition from a back-arc extensional setting to a retro-arc contractional basin. In the stratigraphic
record, this transition is marked by the pre-Cenomanian regional-scale erosional unconformity between
the Bajada del Agrio Group and the Neuquén Group occurring in an otherwise continuously subsiding
basin. This erosion is thought to be the result of a weak but basin-scale uplift, due to large-scale
continental folding (i.e., buckling) during the very beginning of contraction, before the full development
of thrust tectonics and an adjacent foreland basin. After this uplift event, during Cenomanian-Turonian
time (Candeleros, Huincul, and Portezuelo Formations), continental deposition restarted and both
zircon U-Pb ages (highest peak at ca. 95-150 Ma in the Candeleros Formation) and sandstone
petrography (volcanic lithic-rich) consistently recorded an important and abrupt shift, with poorly
dissected syndepositional volcanic arc detritus (Figure 2A) arriving in the Neuquén Basin from the
Cordillera together with a minor but ongoing contribution from Mesozoic (ca. 200 Ma detrital zircon age
peak) and Paleozoic rocks exhumed during the Cretaceous (zircon ages of ca. 300-500 Ma) (Figure 2C).
Paleocurrent data in the Neuquén Group show N-S to E-NE directions moving up-section [14] and
allows confirming this reconstruction.

This evidence is interpreted as recording the beginning of contractional-related exhumation of
the Cordillera, coupled with inversion of the drainage pattern from divergent to convergent and
linked to transition of the Neuquén Basin from a back-arc to a retro-arc foreland basin. After this step,
during the Late Cretaceous evolution, the integration of U-Pb zircon dating, sandstone petrography,
and apatite double-dating results (showing no volcanic apatite grains deposited in the Neuquén group,
except for only one crystal in the lower Candeleros Formation, Figure 3B) suggests a progressive
increase of detrital input from old basement rocks. This included Proterozoic rocks with a multistage
magmatic-metamorphic history (>500 Ma, rim-core ages, Figure 2C) exhumed during the Jurassic,
together with a contribution from rocks that suffered Cretaceous exhumation with removal of the partial
annealing zone during the Cenomanian (i.e., older AFT populations, Figure 3A), followed by increasing
tectonic exhumation up to Santonian time. As proposed by [12] and [14], this multiproxy dataset
indicates that a convergent drainage pattern developed into a contractional foreland setting during
deposition of the Neuquén Group, with detrital material supplied by both the Andean Cordillera to
the west and by the craton to the east, which was uplifted during eastward migration of the flexural
peripheral bulge causing an increasing detrital contribution from the San Rafael continental block
located in the foreland.

3.2. The Case of the Western Ligurian Flysch (NW Italy) during Impending Collision

3.2.1. Geological Setting and Stratigraphy

This case study addresses the detrital provenance of the terrigenous units included in the
Cretaceous—Paleocene Western Ligurian Helminthoid Flysch Complex (WLF), which forms the
uppermost part of the nappe pile of the Ligurian part of the Western Italian Alps, NW Italy
(Figure 4A). The WLF represents the remnant of the accretionary wedge formed by the cover of
the Piedmont-Ligurian ocean and its continental margin, scraped off along the Ligurian Alps transect
of the Alpine subduction system in the framework of an intra-oceanic subduction zone [16,58-60]
(Figure 4B-D). During the Late Eocene—Early Oligocene continental collision, the WLF was thrust over
the European foreland and presently rests on the Mesozoic Dauphinois-Provencal succession to the west
and southwest and on the Brian¢onnais units of the Ligurian Alps to the north [16,59,61-63]. The WFL
comprises four main flysch units (from top to bottom of the complex): the San Remo-Monte Saccarello
Unit, the Moglio—Testico Unit, the Borghetto d’Arroscia Unit, and the Colla Domenica—-Leverone Unit
(Figure 4B,C). The tectonically inverted chronostratigraphic organization of these units, divided by
southward dipping thrusts, with the oldest unit resting on top of the nappe pile, documents the
typical tectonic inversion of accretionary wedges [16,64]. Whilst the three lowermost and younger
units underwent multiphase, ductile-brittle deformation, the oldest and structurally topmost San
Remo—-Monte Saccarello Unit is characterized by a rather simple and less intense structural overprint.
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Figure 4. (A) Tectonic scheme of the Western Alps and location of Western Ligurian Flysch Complex
(WLF); ATF: Alpine Thrust Front; U-E: Ubaye-Embrunais nappe; TH-M: Torino Hills-Monferrato
arc; TPB: Tertiary Piedmont Basin. (B) Structural scheme of the WLE. (C) Stratigraphic framework

C. Domenica
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of the WLF units and stratigraphic position of studied samples. (D) Paleogeographic reconstruction
proposed for the Late Cretaceous setting of the Piedmont-Ligurian subduction zone along the Ligurian
Alps transect, redrawn after [48]; BR-GSB: Brian¢onnais—-Gran San Bernard domain; DM-GP-MR:
Dora Maira—Gran Paradiso-Monte Rosa blocks; SL: Sesia—Lanzo zone; PPL: Paleo-Periadriatic Line;
ELB: External Ligurian Basin; AL: Austro-Alpine continental sliver.

Two of the units of the WFL feature poorly dated upper Cretaceous, thick, sandstone-rich
turbidite units [16] (Figure 4B): (i) The Borghetto d”Arroscia Unit contains quartz-rich turbidite fan
deposits of the Monte Bignone Formation (sometimes called M. Bignone Quartzites in the regional
literature) [65] interbedded with conglomeratic levels primarily comprising carbonate clasts [66],
and divided by one of these conglomerate units into a lower and an upper quartzite member.
(ii) The San Remo-Monte Saccarello Unit contains quartz-rich sandy turbidites in the uppermost part
of the lowermost stratigraphic unit (San Bartolomeo Formation) that is stratigraphically overlain by a
thick sand-rich turbidite fan unit, the Bordighera Sandstone [67]. The other WFL units are composed
of shaly formations at the base (sometimes called basal complexes in the regional literature: Colla
Domenica Shale, Ranzo Shale, Moglio Shale, lowermost part of the S. Bartolomeo Formation) and
thick and monotonous calcareous-marly flysch successions (Leverone Formation, Ubaga Limestone,
Testico Formation, San Remo Flysch) of the wide family of the Alpine Helminthoid Flysches.

3.2.2. The Detrital Record from Sandstone Petrography and U-Pb Dating of Detrital Zircon Grains

Provenance analyses of sandy siliciclastic turbiditic successions of both the San Remo-Monte
Saccarello Unit and the Borghetto d“Arroscia Unit were performed by means of integrating U-Pb detrital
zircon chronology and sandstone petrography (Tables S2 and S4). For petrographic investigations,
a total of 40 samples were acquired from the terrigenous units of the San Remo-Monte Saccarello
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Unit. Thirty sandstone samples were selected from two stratigraphic intervals of the Monte Bignone
Formation in the Borghetto d”Arroscia unit: 27 samples from the Lower Quartzite member and 3 samples
from the Upper Quartzites member. For detailed stratigraphic positions of samples processed for
petrographic studies, the reader is referred to [14,15]. Samples for detrital zircon geochronology were
collected from the same stratigraphic intervals (Figure 4C).

Based on sandstone modal analyses, the fine-grained turbidite sandstones of the San Bartolomeo
Formation at the base of the San Remo Unit classify as quartz-rich sandstones (modal averages
of QtgoFy9Ly; Figure 5A). This relatively high compositional maturity [66] is accompanied by the
well-sorted nature of the sandstone framework grains. Moderate to high roundness indicates high
textural maturity. By contrast, the overlying coarse-grained Bordighera Sandstone turbidites represent
typical arkoses, with roughly equal shares in quartz and feldspars (average modal composition:
QtyoFysl3), and typified by a poor sorting and angular to subangular framework grains. The high
quartz proportions that typify the San Bartolomeo Formation samples suggest intense weathering of
less stable feldspar grains during prolonged exposure on continental land masses and/or extended
sedimentary recycling along lower-gradient areas [68]. In combination with the high textural maturity,
according to traditional provenance categories [69], these observations indicate a stable craton to
transitional continental provenance terrane. Further, this may include extensive shelfal areas where
detrital material may have been subjected to additional textural maturation. Conversely, the abundance
of unstable feldspar grains rules out such a provenance scenario for the younger coarse-grained
Bordighera Sandstone [69]. Together with the markedly reduced textural composition, a first-cycle
origin dominantly derived from an uplifting granitic basement block, with very minor contributions
of low-grade metamorphic rocks and sedimentary rocks, may be inferred. Within both units,
the dominance of monocrystalline over polycrystalline quartz is interpreted to indicate contributions
of basement rocks [70,71].

Sandstones within the Borghetto d’Arroscia Unit exhibit variable degrees of sorting. Framework
grains are typically subangular to rounded. The detritus generally contains high proportions of quartz,
very low to low proportions of feldspar, and variable shares of rock fragments (mean Qtg3F5L1,). Within
this overall picture, the key observation is that modal percentages show significant variations, evolving
from quartzose sandstones towards lithic and then to a lithic, subarkosic composition up-section
(Figure 5A). The Lower Quartzite member sands feature high quartz proportions (average 86%),
whereas quartz shares significantly decrease up-section towards the Upper Quartzite member (average
63%). On the contrary, feldspars account for relatively constant, low portions throughout the Lower
Quartzite member (average 4%) but become more abundant in the Upper Quartzite unit (average 14%).
A similar pattern can be observed in the shares of lithic fragments, which show an overall up-section
increase (from 10% to 22% on average). In summary, a somewhat gradual change from quartz arenites
to lithic arenites is recorded in the Lower Quartzite unit, delineated by an increase in the number of
sedimentary and volcanic lithic fragments. By contrast, the Upper Quartzite member exhibits a further
shift towards lithic subarkosic composition coupled with an increase in plutonic and metamorphic
rock fragments. The high degree of compositional maturity characterizing the quartz-rich arenites
of the Lower Quartzites in the Borghetto Unit implies intense sedimentary recycling [69], suggestive
of temporary sediment storage along the source-to-sink pathway, similar to the interpretation of the
provenance scenario obtained for the San Bartolomeo Formation in the San Remo-M. Saccarello unit.
The compositional maturity could, hence, be explained by prolonged reworking in shallow marine
environments along a passive margin shelf. The up-section increase of sedimentary lithic fragments in
the M. Bignone Lower Quartzite member suggests progressive tectonic uplift and local denudation of
a provenance terrane that, to a great extent, comprised a well-developed sedimentary cover sequence.
Conversely, the increased feldspar and plutonic fragment portions in the M. Bignone Upper Quartzite
member would indicate a further shift towards an increasing basement source [69].
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Figure 5. (A) Results from sandstone detrital framework analysis of the siliciclastic members of the
WLF units plotted in the QmFLt provenance discrimination diagram of Dickinson [26] (Table S4).
(B) Compilation of cumulative detrital zircon U-Pb age distributions of the investigated siliciclastic
units of the WLE. (Table S2). (C) Probability density plots of the siliciclastic successions of the WLF
covering the time range from 200 to 800 Ma; bins 10 Ma and discordance +10%. Note that in this case,
the depositional age (Late Cretaceous) is out of the plot area, as no zircon grains with a similar age
occurred in studied samples.

The observed stratigraphic trends in sandstone modal composition in both the San Remo
and Borghetto Units raise the question of whether they reflect changes in sediment provenance
area (i.e., a provenance shift) or imply a change in tectonic regime affecting the same source area.
U-Pb dating of detrital zircon grains was performed to solve this basic provenance question and further
constrain source area reconstructions. A total of 356 zircon grains from six samples coming from the
San Bartolomeo Formation (two samples), Bordighera Sandstone (three samples), and Mt. Bignone
Formation (one sample) yielded concordant ages. Comparisons of the investigated detrital zircon
signatures revealed marked similarities (Figure 5B,C; standard statistical evaluations of similarity
between samples’ detrital age distributions via KS-tests and MDS diagrams are provided in [17,18]).
All detrital zircon age spectra were characterized by their primary Carboniferous age contributions
around ca. 300-360 Ma. Significant populations of Ordovician ages around 450 Ma and 480 Ma were
also common in all samples. Additional similarities were expressed in the shared broad age population
ranging from ca. 535 to 660 Ma. Noteworthy, minor Upper Pennsylvanian-Guadalupian age peaks
between ca. 270 Ma and 305 Ma were exclusive to samples of the San Bartolomeo Formation.
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3.2.3. Discussion on the Erosion of the Passive Continental Margin during Oceanic Closure

The multiproxy sediment provenance study of the sandy units of the Western Ligurian Flysch
Complex provides a better understanding of the precollisional evolution of the Piedmont-Ligurian
ocean, and it specifically allows deciphering the role of the opposing continental margins as potential
detrital sources during the final stages of oceanic closure. To this end, the distinction between the
detritus delivered by the Adriatic margin (placed on the overriding plate) and that derived from the
European passive margin (placed on the down-bending plate) is required.

The main populations of Carbonifeous detrital zircon U-Pb ages correspond to magmatic and
metamorphic events that, in the Alpine region, occurred in the framework of the older Variscan
orogeny [72]. The second most abundant age group that covers the time span between ca. 535 Ma and
660 Ma corresponds to geodynamic events associated with metamorphic and magmatic rocks that
occurred in the course of the Cadomian orogeny [73]. Detrital ages between ca. 270 Ma and 305 Ma can
be linked to post-Variscan magmatism associated with gravitational collapse of the thickened Variscan
crust. With regard to the opposing continental margins that bounded the Piedmont Ligurian Ocean
(i.e., the subducting paleo-Europe plate and the overriding Adriatic plate), pronounced late Variscan
age distributions (270-330 Ma) provide fundamental insights into the provenance terrane, since granite
emplacement primarily occurred along the paleo-European plate during that time span [72,74-76];
this conclusion is also supported by Multidimensional Scaling Analysis [18]. In fact, only older Variscan
ages were found in Austroalpine and Carpathian basement units [77] (i.e., Adriatic plate).

These late Variscan age populations (Figure 5C) shared in all investigated clastic formations
a similar provenance for all investigated WLF units. These results coupled with the detailed
sedimentological description [17,18,63,67] of the clastic sequence allow inferring the principal sediment
supply into the subduction zone staged from the Paleo-European continental margin (placed on the
subducted plate), during its arrival close to the subduction zone facing the impending continental
collision. Therefore, geochronological data provided by U-Pb detrital zircon ages helped to testify
that (i) despite the observed compositional changes in sandstone modal composition, the terrigenous
material was delivered by the same source terrane, and (ii) in the context of the Alpine subduction and
age constraints on crustal growth stages recorded in the pre-Alpine basements [72,78], that terrane
was likely placed on the passive continental margin of the subducting European plate. Nevertheless,
in both investigated units, a substantial shift in tectonic stability of the source terrane was recorded
first by the onset of coarse-clastic sedimentation, and then by its compositional evolution.

The development of a flexural bulge in response to the tectonic loading of the advancing Alpine
accretionary wedge provides a feasible explanation for this reactivation and tectonic inversion of the
lower plate margin. This would explain both the observed up-section trend in composition and the
evolution of textural sediment maturity, which are interpreted to mirror the imminent arrival of the
flexural bulge in the distal parts of the continental margin, triggering the reworking of quartz-rich
shelf sands into the deep basin. More specifically, the up-section trend towards less mature, arkosic
sands is thought to reflect the subsequent craton-ward migration (hinterland) of the flexural bulge,
causing rapid unroofing of crystalline rocks and enhanced erosion rates. Increased sediment yield and
sediment caliber might indicate the development of areas of high relief and/or reactivation of ancient
fault scarps. The main implication from these observations is that the observed mineralogic up-section
trend of decreasing sediment maturity of sediments delivered from the same source terrane can serve
as a detrital tool for the inversion of the passive margin during its arrival near the subduction zone,
and the forthcoming geodynamic transition from a subduction to a collisional scenario.

4. Overall Conclusions

Provenance of clastic sediments accommodated in syntectonic basins is commonly used as a tracer
for reconstructing the evolution of convergent geodynamic settings. In these settings, the orogenic
prism is commonly considered as the prevailing source for detrital material. By contrast, the examples
from the Andean region and Western Ligurian Alps show the following:
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e In the back-arc Andean region, a transition from an extensional to a contractional setting is
recorded during late Albian—early Cenomanian time (Figure 6A) by detrital provenance, possibly
linked to an overall plate reorganization that caused the decrease of subduction dip. The resulting
flexure of the down-bending continental block in the back-arc Andean region triggered the erosion
of the South American foreland craton, providing most of the detrital material to the majority of
Upper Cretaceous continental successions accommodated in the back-arc Neuquén Basin during
its contractional evolution.

e In such a back-arc contractional setting, the scarceness of syndepositional volcanic zircon
crystals, combined with the contrasting exhumation rate of the source rocks revealed by double
apatite dating, provide clues for discriminating sediments coming from the Cordillera volcanic
arc/orogenic belt from sediments staged from the continental foreland.

e Inthe Ligurian transect of the Western Alps (Figure 6B), an intra-oceanic subduction was supposed
due to the overall lack of terrigenous material arriving in the basin during most of the Cretaceous.
In such a context, the Late Cretaceous arrival of voluminous sand-size terrigenous detritus
remains enigmatic.

e  Coupled U-Pb dating of clastic zircon grains and sandstone petrography support the European
continental margin placed on the subducting plate as the source of that material, and its arrival
close to the subduction zone is thought to announce the impending collision. Within this
transient phase, decreasing sandstone maturity through time is thought to record the arrival
of the flexural bulge on the passive continental margin, starting from a shelf region and then
moving toward the hinterland. This passage first triggered the reworking of mature quartz-rich
shelf sands, and afterwards it caused basement erosion and deposition in the subduction zone of
basement-sourced arkoses.
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Figure 6. Tectonic model developed for the late Cretaceous evolution of (A) the Neuquén Basin in
the retro-arc of Southern Andes, and (B) the Piedmont-Ligurian subduction zone along the Ligurian
transect of Western Italian Alps. Note, in both, the major role of detrital source played by the continental
down-bending block, uplifted and eroded by the passage of the peripheral bulge.

In summary, the findings derived from detrital studies of the south Andean system and the
Ligurian transect of the Italian Alps system point out that even the down-bending block can be an
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important source, and sometimes even the only source, of terrigenous sediments in certain steps of the
tectonic evolution of convergent systems. In the case of intra-oceanic subductions, that contribution
can be considered a way to trace the final stages of oceanic closure and impending collision.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/7/632/s1,
Table S1: Geo-thermochronology Neuquén, Table S2: Geochronology Ligurian Alps, Table S3: Petrography
Neuquén, Table S4: Petrography Ligurian Alps.
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