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Abstract

The Tertiary-Piedmont Basin (NW Italy) is an episutural basin that developed from
the late Eocene on the Alps-Apennines tectonic junction. Several coeval geodynamic
processes, including the loading and exhumation of the Western Alps, the outward
migration of the Apennine accretionary wedge and the opening of the Liguro-
Provencal rift basin, controlled the basin evolution. We integrate fluid-inclusion
microthermometry, low-temperature thermochronology and burial history with
numerical modelling to constrain the palaeo-geothermal gradients required and
evaluate the mechanisms that governed the basin thermal history. Apatite fission-
track and (U-Th-Sm)/He analyses of the basal late Eocene turbidites show reset
ages of ca. 25 and 20Ma, respectively, which require temperatures to be >120°C.
Homogenization temperatures up to ca. 130°C from fluid inclusion analyses from
authigenic minerals confirm the thermochronometric data, supporting a significant
post-depositional heating in the lower sequence of the basin. Stratigraphic recon-
structions and decompaction of the basin fill indicate that the maximum burial ex-
perienced by the basal strata at 25Ma is 2.3 +0.1 km, which is not sufficient to reset
the AFT thermochronometric system when applying a typical geothermal gradient
(ca. 20-30°C/km). An elevated geothermal gradient of 45+ 5°C/km is thus neces-
sary to explain the thermochronometric dates and the elevated thermal signature
at shallow depths. 2D numerical simulations indicate that such an elevated palaeo-
geothermal gradient can be best explained by mantle upwelling, consistent with
crustal thinning caused by the inception of the Liguro-Provencal rift basin and re-

lated outward migration of the Alpine and Apennine fronts during the Oligocene.
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1 | INTRODUCTION

The thermal evolution of sedimentary basins is important
for our understanding of the tectonic history of orogenic
systems (Allen & Allen, 2013; Armstrong, 2005; Ceriani
et al., 2002, 2006; DeCelles & Giles, 1996; Green, Duddy,
Gleadow, & Lovering, 1989; Jamieson et al., 1996; Osadetz
et al., 2002). Basin subsidence is controlled by sedimentary,
tectonic and thermal processes. The thermal structure of
sedimentary basins is dominated by the basal heat flow,
which isassociated with variable lithospheric scale processes
such as the thickness of the lithosphere, magmatic under-
plating and fluid circulation (Armstrong & Chapman, 1998;
Di Giulio et al., 2021; Mangenot et al., 2017; Tamburelli
et al., 2022; Yalcin et al., 1997; Yalcin & Welte, 1988).
Significant and spatially extensive deviations from a steady-
state thermal configuration are often difficult to detect in
the basin due to the smoothing effect of heat diffusion in
crustal rocks and the low thermal conductivity of the sedi-
mentary rocks. Despite these challenges, constraining time-
integrated thermal histories is crucial for understanding
diagenetic processes, hydrocarbon generation and migra-
tions, as well as large-scale tectonic and geodynamic pro-
cesses (Ceriani et al., 2021; Corrado et al., 2020; Di Giulio
et al., 2021; Gusmeo et al., 2021; Schneider & Issler, 2019).
For instance, studies of sedimentary basins from the Alps
(Mazurek et al., 2006) and Apennines (Cibin et al., 2003;
Zattin et al., 2000) have shown how tectonic and magmatic
processes can affect the burial history and result in multi-
ple thermal events with diverse intensity, age, and duration
that are difficult to disentangle.

Low-temperature (low-T) thermochronometry is a
powerful tool to constrain the thermal history of rocks
within the first ca. 10 km of the crust (e.g. <300°C; Reiners
& Brandon, 2006). In fact, burial palaecotemperatures of
sedimentary successions can be determined by apatite
fission-track (AFT) and (U-Th-Sm)/He (AHe) thermo-
chronology (Flowers et al., 2009; Gleadow et al., 1986).
The combination of AFT and AHe techniques can be sup-
ported by other independent palaeo-thermometers, such
as fluid-inclusion microthermometry (e.g. Goldstein &
Reynolds, 1994), can constrain complex thermal histories.

In this contribution, we aim to reconstruct the ther-
mal history of the Tertiary-Piedmont Basin (TPB here-
after; Figure 1), an episutural basin that experienced a
complex tectono-sedimentary evolution due to its unique
tectonic position above the junction of two orogenic sys-
tems with opposite vergence, that is, the Alps and the
Apennines in the central Mediterranean. The tectonic
evolution of the TPB is still highly debated; particularly
elusive is the timing of compressional and extensional
tectonics, and the timing of exhumation of the metamor-
phic rocks which provided sediments filling the basin (e.g.

Highlights

« Low-T thermochronology, fluid inclusion mi-
crothermometry and burial history constrain
the Tertiary-Piedmont Basin thermal history.

« Basin experienced a post-depositional heating
about 100°C at ca. 2 km of depth between 35
and 30Ma.

 The Tertiary-Piedmont Basin recorded a palaeo-
geothermal gradient of ca. 45+ 5°C/km.

« Thermal modelling indicates that heating is
consistent with mantle upwelling.

Carrapa et al., 2003, 2016; Federico et al., 2007; Maino
et al., 2012, 2013; Vignaroli et al., 2008, 2010). The pri-
mary mechanism suggested to explain the TPB subsid-
ence evolution is lithospheric flexural loading induced
by the Western Alps' load (Carrapa et al., 2016; Carrapa
& Garcia-Castellanos, 2005). The subsidence and ther-
mal history of the TPB were also influenced by the coeval
rifting of the Liguro-Provencal basin and the northeast-
ward shortening of the Northern Apennine (e.g. Bertotti
et al., 2006; Carrapa et al., 2003; Maffione et al., 2008;
Maino et al., 2013; Vignaroli et al., 2008). The study area
is controlled by the complex dynamics of the Apennine
and Alpine slabs, which are driven by processes such as
roll back (Liu et al., 2022; Malusa et al., 2021; Salimbeni
et al., 2021) and break-off (Carminati et al., 2012; Handy
et al., 2010, 2021; Kistle et al., 2020; Schlunegger &
Kissling, 2015; Vignaroli et al., 2008, 2010).

Due to its structural position atop the suture zone and
multi-phase geodynamic evolution, the TPB provides
an excellent case study for investigating regional- and
lithospheric-scale processes. We present a multidisci-
plinary study applying low-T thermochronology (AFT and
AHe) and fluid-inclusion microthermometry from a com-
plete late Eocene-Miocene sequence to determine the
thermal history of the basin. We combine thermochrono-
logical and geological constraints with finite-difference
2D numerical modelling to test among different heating
mechanisms and the role of the deep mantle structure on
the basin's thermal evolution.

2 | GEOLOGICAL BACKGROUND

2.1 | TPB setting in the Alps-Apennine
evolution

The TPB developed from the late Eocene atop the tec-
tonic fault zone separating the Alps to the west from
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FIGURE 1 Geological and geodynamic setting of the study area. (a) Simplified geodynamic setting of the central Mediterranean area,
modified after Cap6 and Garcia (2019) and Handy et al. (2021). Areas shaded in light blue correspond to the European plate, whereas those
in light brown to the Adriatic plate. Orange arrows indicate the extended back-arc basins. LP indicates the Liguro-Provencal Basin. (b)
3D-sketch of the slab beneath the Alps as viewed from the southeast, modified from Handy et al. (2021). (c) Geological map of the Western
and Ligurian Alps and Apennines (modified after Mosca et al., 2010 and Maino et al., 2013). Dashed grey lines are isobath (meters below
sea level) of base Pliocene from Pieri and Groppi (1981) showing the Savigliano and Alessandria depocentres. (d) Geological profiles DD’
modified after Bertotti et al. (2006).
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the Apennines to the east (Capponi et al., 2016; Crispini
et al.,, 2009; Di Giulio & Galbiati, 1995; Laubscher
et al., 1992; Maino et al., 2013; Mosca et al., 2010; Mutti
etal., 1995). These two orogenic systems have opposite tec-
tonic transport directions and are the result of the geody-
namic evolution of three main continental plates—Africa,
Adria, and Europe—and several interposed oceanic ba-
sins (Boccaletti et al., 1980; Castellarin, 2001; Jolivet &
Faccenna, 2000; Triimpy, 1960; Vanossi et al., 1986). The
TPB is bounded by: (i) metamorphic rocks of the Ligurian
Alps to the south and southwest (Brianconnais units and
Voltri massif; Figure 1), which experienced a complex,
multi-stage deformation and metamorphic evolution (e.g.
Bonini et al., 2010; Capponi & Crispini, 2002; Di Giulio
et al., 2020; Federico et al.,, 2009; Maino et al., 2012,
2019; Maino & Seno, 2016; Mueller et al., 2020; Vignaroli
et al., 2010); and (ii) Cretaceous low-grade metamor-
phic units, exposed to the east, which are part of the ac-
cretionary wedge of the Northern Apennines (Capponi
et al., 2016; Marroni, Meneghini, & Pandolfi, 2010;
Marroni, Ottria, & Pandolfi, 2010).

The Ligurian Alps (Figure 1) constitutes the southern-
most segment of the Alpine belt and formed during the
Cretaceous to Eocene southeastward subduction of the
Piedmont-Ligurian Ocean underneath Adria, followed
by the Oligocene Adria-Europe collision (e.g. Bonini
et al.,, 2010; Capponi & Crispini, 2002; Rosenbaum &
Lister, 2005; Vanossi et al., 1986).

Since the Oligocene, the Apennines belt experienced
a ca. 50° counter-clockwise rotation, along with the entire
Ligurian Alps-TPB system, around a pivot point located in
the present-day Ligurian region (Laubscher et al., 1992;
Maino et al., 2013; Vanossi et al., 1994). Apennine rotation
was associated with extension of the Ligurian-Provencal
rift basin (ca. 35-30Ma; De Voogd et al., 1991; Rollet
et al., 2002), with full oceanic spreading in the Miocene
(Speranza et al., 2002). Rifting and consequent stretching of
the lithosphere contributing to a high geothermal gradient
were accompanied by the eastward drifting of the Corsica-
Sardinia block (Gattacceca et al., 2007; Maffione et al., 2008).
From the Late Miocene onwards, the tectonic evolution of
the region is associated with the northeastward translation
of the Apennine tectonic units carrying the TPB successions
onto the Po Plain-Northern Adriatic foreland system (e.g.
Amadori et al., 2019, 2020; Pieri & Groppi, 1981) (Figure 1d).

The TPB sedimentary sequence also records Oligocene-
Miocene magmatism, evidenced by volcaniclastic deposits
likely produced by volcanoes now relict in the western Po
Plain subsurface (D'Atri et al., 2001; Di Giulio et al., 2001;
Fantoni et al., 1999; Ruffini et al., 1995). This kind of vol-
canic activity in continental crust may be connected to
magmatic underplanting (Thybo & Artemieva, 2013), and
will likely have disturbed the thermal state of the area.

The TPB is subdivided into a western sub-basin (Langhe),
deposited entirely onto Alpine units, and a relatively smaller
eastern sub-basin (Borbera-Curone), resting on top of the
Apennine sedimentary units (Figure 1c). The Langhe are
generally explained as representing the retro-foreland basin
of the Western Alps (Carrapa et al., 2003, 2016; Carrapa &
Garcia-Castellanos, 2005), whereas the eastern TPB is con-
sidered part of the Northern Apennines orogenic system
(e.g. Di Giulio, 1991; Mutti et al., 1995; Ricci Lucchi, 1990).

2.2 | Stratigraphy of the TPB

The eastern TPB (Borbera-Curone sub-basin) accommo-
dated a total of up to ca. 3 km of thick late Eocene-late
Miocene deposits made of marginal marine to deep-water
clastic sedimentary rocks (Andreoni et al., 1981; Cavanna
et al., 1989; Di Giulio & Galbiati, 1995; Festa et al., 2015;
Gelati, 1977; Gelati & Gnaccolini, 1978; Ghibaudo
etal., 1985, 2019; Mutti et al., 1995; Rossi et al., 2009). This
basin infill comprises multiple depositional sequences
that have been interpreted to reflect major tectonic events
(Di Giulio, 1991; Di Giulio et al., 2019; Mutti et al., 1995;
Rossi & Craig, 2016) (Figure 2). The sedimentary fill of
the eastern TPB begins with a late Eocene to earliest
Oligocene regressive sequence comprising deep-water
turbidites (Dernice and Grue turbiditic formations) and
a few tens of meters of shelf to marginal-marine depos-
its (Rio Trebbio Sandstones Fm.) (Di Giulio, 1991). These
deposits are unconformably overlain by late Rupelian de-
posits (Gelati, 1977), locally folded (Cavanna et al., 1989),
suggesting syn-depositional late Eocene-late Rupelian
compressional tectonics. The late Rupelian to Chattian
depositional sequence initiates with >1200m of fan delta
conglomerates and coeval sand-rich turbidites (Savignone
and Monastero Formations, respectively; Gelati, 1977)
(Figure 3), which transition upwards into a few hundred
of meters of slope hemipelagic marlstone (Gremiasco Fm.)
embedding with coarse turbidites (Cavanna et al., 1989; Di
Giulio & Galbiati, 1995; Marini et al., 2020). This sequence
has been interpreted as recording the rapid uplift and the
subsequent collapse of the Alpine edifice, which provided
a high supply of relatively coarse clastic deposits followed
by a relatively rapid regional-scale decrease in sediment
supply (Di Giulio, 1991; Rossi & Craig, 2016). This rapid
uplift may have also caused advection of the isotherms
and therefore a thermal anomaly in the TPB.

Structural analyses (Festa et al., 2015; Marroni
et al., 2002) and geometric relationships between the
deposits suggest a late Chattian to early Aquitanian left-
lateral transpressive activation of the Villavernia-Varzi
tectonic line (Figure 1c; Di Giulio & Galbiati, 1995; Festa
et al., 2015; Marroni et al., 2002). Continued deformation
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FIGURE 2 Stratigraphic and tectonic framework of the TPB. Chronostratigraphic scheme and deformation stages recorded in the whole
TPB (after Di Giulio & Galbiati, 1995; Festa et al., 2015 and Rossi & Craig, 2016). Main tectonic and geodynamic events affecting the Alps-
Apennines knot according to Maino et al. (2013). Yellow star: “’Ar/*’Ar age (28.5 +0.1 Ma) of youngest volcanic rocks from Mortara 1 well,

after Fantoni et al. (1999).

along this strike-slip fault resulted in a complex basin
palaeogeography (Felletti, 2002), culminating in a rel-
atively small, confined, turbidite-dominated basin (the
Castagnola syncline; Stocchi et al., 1992; Felletti, 2004a,b).
While sedimentation in the Castagnola depocentre is con-
tinuous throughout the early Miocene (Castagnola Fm.;
Cavanna et al., 1989; Marini et al., 2016, 2020; Patacci

et al., 2020), the lower Miocene is missing in the western
part of the study area (Figure 3a; Andreoni et al., 1981;
Festa et al., 2015).

The stratigraphy of the western TPB (Langhe sub-
basin) is described in several contributions (Ghibaudo
et al., 2019; Maino et al., 2013; Rossi & Craig, 2016). The
up to ca. 4 km thick clastic sequence unconformably
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et al., 2015), with location of sampling sites. (b) lithostratigraphic cross-section flattened at the Gramiasco-Monastero Formation boundary

with stratigraphic location of samples.

covers the metamorphic basement of the Ligurian Alps.
The succession starts with coarse-grained/pebbly units
of the Molare Fm. of early Oligocene age (34-28.4Ma;
Gnaccolini et al., 1998) overlain by upper Oligocene
to Tortonian hemipelagic mudstones and deep-water
turbidites.

2.3 | Previous geo-thermochronometric
dataset and current geothermal gradient

Heat flows continuously from the interior of the earth
towards the surface and supplies the bulk of energy that
heats buried sediments. However, high heat flow is un-
evenly distributed, able to trigger mantle upwelling where
the lithosphere is thinned, in tectonically active regions
(enhanced by rapid exhumation of deep hot crustal
blocks) or where volcanism occurs. In summary, spatial
and temporal lithospheric inhomogeneities account for

the uneven flow of heat through rocks, generating geo-
thermal anomalies. Due to such inhomogeneities, each
region must be considered separately when collecting
tectono-stratigraphic observations, thermal indicator data
(among others, AFT and fluid inclusions), and eventually
constructing numerical models. The TPB and its margin
have been the object of several geochronological and ther-
mochronometric investigations, resulting in a complex
dataset including high- to low-temperature chronometers
(Figure 4). A complete presentation of the dataset is pro-
vided in the Supporting Information (Table S1). The main
thermal signals in the study area are as follows:

1. A late Eocene—early Oligocene stage characterized by
relatively rapid cooling (from about 400°C to sur-
face conditions) of the metamorphic basement of the
Ligurian Alps, recorded by “OAr/*Ar, zircon fission-
track (ZFT) and zircon U-Th/He (ZHe) ages that are
similar to—or even younger than—the adjacent TPB

35101 SUOLLLLIOD BANER.D) 3|ea ! dde ) Aq pauRAOB a2 SAPILE WO ‘8N J0 SB[ I0y ARIGIT BUIIUO B]1M UO (SUONIPUOD-PUR-SLLLBYWI0D"AB 1M ARe.q1 U |UO//STNY) SUORIPUOD PUe SWLB | aU) 385 * [£202/20/80] U0 ARiq 17 2UIIUO ABIM eiRed 1A BISIOAIN Aq ZG/ZT@10/TTTT 0T/10p/w00 5| 1M Areiq1uluo//sdy WoJy papeojumoq 0 /TTZS9ET



AMADORI ET AL.

basal deposits of the Molare Fm. There is a gen-
eral agreement in interpreting this cooling stage as
the result of rapid syn-compressional exhumation of
Ligurian Alps basement rocks (Barbieri et al., 2003;
Carrapa et al., 2004; Federico et al., 2005; Maino et
al., 2012, 2013; Vignaroli et al., 2008, 2010).

2. A Chattian-Aquitanian cooling event recorded by AFT,
detrital mica “°’Ar/*Ar and apatite (U-Th)/He (AHe)
ages from both the metamorphic rocks of Ligurian Alps
(Brianconnais and Voltri massifs) and the basal clas-
tic deposits of TPB (Molare Fm.). This thermal signal
has been interpreted to represent exhumation of the
Western Alps (Carrapa et al., 2016), and coeval post-
depositional heating and subsequent cooling related to
early Oligocene subsidence followed by late Oligocene
northward depocentre migration and tectonic uplift
(Bertotti et al., 2006).

Presently, temperatures up to 70-80°C have been mea-
sured at multiple hot-spring localities in the Alps and
TPB (e.g. Acqui Terme, see Figure 1 for location), and
have been interpreted as associated with localized, tran-
sient thermal anomalies rather than a regional signature
(Luijendik et al., 2020; Pasquale et al., 2011; Spooner

Ilese';irch LGt W LEYJJ
et al., 2020). In the case of the TPB, this means that the
groundwater heats up when in contact with (or flowing
through) the metamorphic basement of the Ligurian Alps
(Pasquale et al., 2011). However, the geothermal gradient
has been calculated only in wells located close to the Po
Plain foredeep basin, which has undergone a severe sub-
sidence phase and consequent filling of marine clastic
sediments since the Late Miocene (ca. 6-7 km maximum
thickness, Pieri & Groppi, 1981; Amadori et al., 2018,
2019). The same magnitude of subsidence did not occur in
the episutural TPB, which does not have (and never expe-
rienced) a similar thick cold Plio-Quaternary sedimentary
cover able to buffer the regional heat flow.

Given the lack of thick succession in the TPB to buf-
fer regional heat flow, this paper demonstrates that there
was a regional thermal anomaly influenced by mantle up-
welling that heated the basin, along with its metamorphic
basement, between 35 and 30 Ma.

3 | MATERIALS AND METHODS

We apply a multi-method analytical approach to char-
acterize the temporal and stratigraphic relationships
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FIGURE 4 Geo-thermochronometric dataset compilation. All new and literature data (Table S1) are plotted on a synthetic tectonic map
of the Ligurian Alps and Tertiary-Piedmont Basin. For legend of geology and symbols, refer to Figure 1. 'Vignaroli et al. (2010); *Federico

et al. (2005); *Barbieri et al. (2003); *Carrapa et al. (2003); *Carrapa et al. (2004); °Carrapa et al. (2016); "Vance (1999); ®Decarlis et al. (2017);
*Maino et al. (2012); '°Balestrieri et al. (1996); 'Foeken et al. (2003); *Mosca (2006); *Bertotti et al. (2006).

85UB017 SUOWILIOD 3A 81D 3|l jdde 8y} Aq peusenob afe Saplife YO ‘Bsn J0 S3|nJ o} A%iq1T8UIIUO AB]IM UO (SUORIPUD-PUR-SWSHLIO" A3 | IM A1 Ul UO//SANY) SUOHIPUOD pue S L 83 88S *[£202/20/€0] U0 Areiq 1 auluO AB|IM ‘elned 1Q eNSPAIUN AQ 26/2T310/TTTT OT/I0P/W0D A8 | M AReiq 1 Bu1|Uo//SAIY WOl papeojumoq ‘0 ‘LTTZS9ET



AMADORI ET AL.

*LwiLEy- gasin

145 EAGE
Research =

between deposition and basin thermal history of the en-
tire sequence of the eastern TPB. Herein, we briefly sum-
marize the samples and applied methodologies, which are
described in full in the Supporting Information text and
tables.

3.1 | Low-temperature
thermochronology

Apatite fission-track analysis (AFT), by means of the
external-detector method (e.g. Donelick et al., 2005;
Green, Duddy, Gleadow, & Lovering, 1989; Green, Duddy,
Laslett, et al., 1989; Hurford & Green, 1983), was com-
pleted on all seven detrital samples (Table 1). Sample
preparation and data acquisition were performed at the
University of Arizona Fission Track Laboratory following
the standardized procedures and protocols described in
Donelick et al. (2005) and Kohn et al. (2019). The standard
glass CN-5 was used as a dosimeter to measure the neu-
tron fluence during irradiation at the Oregon State TRIGA
Reactor, Corvallis (Oregon, USA) with a nominal neutron
fluence of 1.2 x10' n/cm? Apatite fission-track ages
(1o, Galbraith & Laslett, 1993) were calculated using the
zeta-calibration method with a zeta factor of 342.2 +11
(C.A. analyst; Hurford, 1990; Hurford & Green, 1983) es-
timated using IUGS standards (Durango and Fish Canyon
apatite crystals) and a value of 0.5 as geometry correction
factor. Single-grain age distributions were decomposed
into components (i.e. age populations) using radial plot-
ter by Vermeesch (2012). To constrain the cooling history
through the apatite partial annealing zone, horizontal
confined track lengths were measured for samples TPB1
and TPB7.

TABLE 1 Information on samples and analyses performed

Apatite (U-Th-Sm)/He dating (AHe) was performed on
the two lowest samples TPB1 and TPB7 in order to eval-
uate the degree of heating at the bottom of the sequence.
Analyses were completed at the Radiogenic Helium
Dating Laboratory of the University of Arizona, using the
methodology described in Reiners et al. (2004). Ten apa-
tite crystals (five grains from sample TPB1 and from TPB7)
were dated. Euhedral or sub-euhedral inclusion-free apa-
tite crystals with widths >60pm were chosen for analy-
sis as recommended by Ehlers and Farley (2003). Single
crystals were loaded in 0.8 mm-thick Nb tubes and then
degassed under vacuum by heating using Nd-YAG laser.
Concentrations of *He were measured by *He isotope
dilution and measurement of the *He/*He ratio through
a quadrupole mass spectrometer. The degassed apatite
crystals (and the tube) were then dissolved in nitric acid
and the concentrations of U, Th, and Sm were measured
using an inductively coupled plasma mass spectrometer
(ICP-MS). Alpha ejection correction was applied to the
calculated AHe ages, taking into account the dimensions
of the crystal (Ketcham et al., 2011).

3.2 | Inverse thermal modelling

Inverse thermal history modelling of thermochrono-
logical data was performed using QTQt 5.8.0 package
(Gallagher, 2012), in order to extract the most probable
thermal history for the observed data and associated
uncertainty. The QTQt software applies a Bayesian ap-
proach to inverse thermal history modelling by using
the reversible jump Markov chain Monte Carlo (MCMC)
method, described in detail in Gallagher et al. (2005) and
Gallagher (2012). The theoretical basis and application of

Sample AFT
name Latitude Longitude Lithostratigraphy Stratigraphic age FIM (*lengths) AHe
TPB1 N44°45.239"  E9°02.358"  Dernice Fm. Late Pribonian- X x* X
Earliest Rupelian
TPB7 N44° 45313  E9°02.028"  Grue Fm. Earliest Rupelian X x* X
TPB8 N44°45.434"  E9°02.040"  Rio Trebbio Fm. Early Rupelian X X
TPB9 N44°46.969" E9°08.994"  Monastero Fm. Late Rupelian X X
TPB10 N44°47.943"  E9°10.741’  Gremiasco Fm.  Nivione Mb. Chattian X X
TPB11 N44°48.214"  E9°10.286"  Castagnola Fm. Lower Costa Early Aquitanian X X
Grande
Mb.
TPB12 N44° 48.603"  E9° 09.348' Lower Late Aquitanian- X X
Arenaceo Earliest
Mb. Burdigalian

Note: See also Figure 3 for sample locations on map.

Abbreviations: AFT, apatite fission track analysis; AHe, apatite (U-Th-Sm)/He dating; FIM, fluid inclusion microthermometry.
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Basin

progression of sample's burial depth with time, the de-
compacted thickness of the basin sequence was calculated
following Van Hinte (1978). Data used for calculation of
decompacted thickness are shown in Table S2 and de-
scribed in the supplemental materials.

3.5 | 2-D thermal numerical modelling

The TPB experienced a complex interplay of tectonic pro-
cess since its formation as it developed on an exhumed
orogen and was subsequently affected by stretching of the
lithosphere related to the opening of the Liguro-Provencal
rift basin. Oligocene-Miocene magmatism has also been
documented in the TPB sedimentary sequences (e.g. Di
Giulio et al., 2001). Such complexity is here tested through
three end-member models for generating thermal anoma-
lies in the shallow crust: (i) advection due to fast exhuma-
tion of deep basement rock units, (ii) mantle upwelling
and (iii) advection of melts during magmatic underplat-
ing due to lithospheric stretching. This modelling ap-
proach aims to quantify the relative contribution of each

Basin Eeace-WILEY-2
end-member mechanism to the overall thermal budget. A
purely thermal version of the finite differences code evp2d
(Casini, 2012; Casini et al., 2013; Casini & Maino, 2018;
Maino et al., 2020; Secchi et al., 2022) was used to run a
suite of 2-D numerical experiments devised to evaluate
different heating scenarios. Governing equations are pro-
vided in the supplemental material.

The model set-up was designed to simulate a
500x200km section oriented roughly NNE-SSW across
the Alps-northern Apennines transition zone, where
the basin overlies an Alpine orogenic wedge composed
of low-grade metamorphic rocks and sedimentary cover
(Figure 5a). The geometry and thickness of the various
layers have been defined based on the high-resolution to-
mography according to Lippitsch et al. (2003), Ziegler and
Deézes (2006), Di Stefano et al. (2011), Kistle et al. (2020)
and Handy et al. (2021). The composition and physical
properties of the different materials used to simulate the
basin fill and the orogenic wedge, together with the sub-
continental mantle and the European and Adria plates,
are detailed in the Supporting Information (Table S5). The
experimental domain is discretized through conservative

S
Tiz=0km) =293 K
oT—— =~
E granodiorite _
& | gabbro

o de

insulating boundary
cTlcx=0

peridotite
100
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|
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Volcanic Complex
(Underplating exp.) NE

.metamorphic.e_..-
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boundary conditions)
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for calculating heat flux)
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= Lagrangian marker

FIGURE 5 Thermal Model setup. (a) 2-D transect showing the three tested heating processes (i.e. fast exhumation of hot rock units,
asthenospheric plume and advection of melts) with spatial and thermal boundary conditions. (b) Experimental domain discretized through
finite Eulerian grid. (c) Basic and additional flux nodes of the Eulerian grid. See text and Supplementary Information for full details of

material properties and thickness of the various layers.
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finite differences using an Eulerian grid composed of basic
nodes and additional flux nodes that allow lateral variation
of thermal conductivity (Vosteen & Schellschmidt, 2003)
(Figure 5b,c). The grid provides a maximum cell resolu-
tion of 1 X1 km in a central-upper 100 by 30km domain
coincident with the TPB. Only the experiments simulat-
ing magmatic underplating use a finer grid that ensure a
high spatial resolution (50 x 50m cell size) in the central
domain, allowing them to portray the thermal structure
of the contact metamorphic aureole around the magmatic
body.

The first set of experiments explores the thermal sig-
nal recorded at the base of TPB in response to exhuma-
tion from 3.5 km depth, which represents the maximum
decompacted thickness of the basin. The full spectrum of
exhumation rate variability (between 2 to 40 mm/yr; see
Maino et al., 2012; Fox et al., 2015, 2016) and thicknesses
of the orogenic wedge underlying the basin (15-25km)
have been considered. The second set of experiments
addresses the effect of mantle upwelling (i.e. astheno-
spheric plume) resulting from rollback and/or break-off
mechanisms. Due to the purely thermal nature of the
experiments, no attempt was made to discriminate be-
tween slab rollback and break-off, as the two mechanisms
likely produce similar heating signals in the shallow crust.
Mantle upwelling is simulated by producing different sub-
crustal thermal anomalies of variable radius (30-60km)
and depth beneath the surface (60-90km). The ranges of
size and location of heat sources are constrained based on
interpretation of the lithospheric disjunction imaged by
deep seismic tomography at the Alps-Apennines transi-
tion zone (Handy et al., 2021; Késtle et al., 2020; Piromallo
& Faccenna, 2004; Sinclair, 1997; von Blanckenburg &
Davies, 1995).

A third set of experiments evaluates the effect of mag-
matic underplating (Whittington et al., 2009) under differ-
ent conditions such as variable thickness of the magmatic
body, connectivity between different magmatic chan-
nels and different magma injection rates from about 4 to
57mm/yr. In this set of experiments, the emplacement
depth and thickness of a tabular magmatic body are de-
rived from geophysical constraints and borehole data
(Fantoni et al., 1999; Mattioli et al., 2002). Magma injec-
tion rates are simply expressed as time-averaged vertical
growth rates of the volcanic complex (Annen et al., 2006;
Annen, 2011). Finally, the combined effect of exhumation
and mantle upwelling is also investigated using different
vertical velocities and depths of the rising asthenosphere
(2-8 mm/yr). The last three sets of experiments use an ini-
tial geothermal gradient of 25°C/km which is consistent
with the surface heat flow data and borehole measure-
ments (Pasquale et al., 2012; Pauselli et al., 2019). Only the
first set of experiments simulating the effect of variable

exhumation rates assumes a higher initial geothermal gra-
dient of 35°C/km to ensure that the base of TPB reaches
the temperature recorded by sample TP1 at the onset of
the simulation.

4 | RESULTS

41 | AFT and AHe dating

The results of the low-T thermochronometric investi-
gations are shown in Figure 6a, Tables 2 and 3 (see also
Figures S1A and S2 and Table S4 in the Supporting infor-
mation). For the AFT determinations, between 53 and 109
grains were dated per sample, with central AFT ages in
the range of ca. 25 to 56 Ma. Measurements of D, were
made for each sample as a proxy for the chemical compo-
sitional influence (Cl and F content) on track annealing,
and range from 1.4 to 2.24 pm.

The stratigraphically lowest (Priabonian) sample TPB1
is the only one showing a single post-depositional peak
age at 24.9 +1.2 Ma (n = 109, six grains with zero spon-
taneous tracks) and mean track length distribution of
12.4 £0.13pm (n = 100, + standard deviation), corrected
for c axis projection 13.6 +£1.2 pm (+ standard deviation).
Sample TPB7 from the overlying formation (deposited
between 33.75 and 32.5 Ma, Rupelian) contains two age
populations, the younger of which is as old as (within the
error) the depositional age. In this sample, 54 horizon-
tal confined tracks lengths were measured, with a mean
track length of 12.6 +0.19 pm (corrected for their ¢ axis
orientation in 13.9 +1.06 um, + standard deviation) (see
Table S4 in the supplemental material). Measuring the
angle between horizontal track lengths and the c axis of
the analysed grain accounts for anisotropic annealing
and etching of tracks. The influence these effects have on
the fission-track age and length data is considered during
thermal history modelling. Track length distributions are
unimodal and negatively skewed for sample TPB1 and un-
imodal for sample TPB7.

Up succession, all samples yield AFT ages older than
the depositional ages. Three samples (TPB1, TPB8 and
TPB12) contain only one AFT population age, whereas
the other four samples (TPB7, TPB9, TPB10 and TPB11)
contain two age populations. Population 1 comprises
ages in the range of 28.9 +1.6 to 41.9 +2.7 Ma. It is also
the most abundant, encompassing 68%-79% of the sam-
ple grain aliquot. Ages clustered in population 1 and the
single population ages from TPB1, TPB8 and TPB12 plot
on a quasi-constant isolag-time line (ca. 5 Myr), getting
younger up-section (Figure 6a). Population 2 clusters be-
tween 50.6 +5 and 88.2 +6.5 Ma and is always older than
population 1 and the respective stratigraphic age. This
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FIGURE 6 Results of low-T thermochronometry and microthermometry analyses. (a) detrital apatite fission-track population ages

and AHe ages versus depositional age of the stratigraphic unit. Light blue indicates the area where AFT (black circles) and AHe ages

(blue stars: TPB1; orange stars: TPB7) are younger than stratigraphic ages. AFT ages are also shown in radial plots in Figure S1 in the

Supplemental Material. AHe age error is expressed within the shape of the symbol because is <1 Ma. Diagonal lines represent iso-lag times

every 10 million years. (b) left column: frequency histogram of homogenization temperatures (Th) in calcite cements (see Table S4 in the

Supplemental Material). Red line corresponds to the median Th value. Blue line: Kernel Density Estimation. Right column: examples of

cements and fluid inclusions from thick sections image. Red bar is 25 pm scale. Porosity is evidenced by blue epoxy impregnation.

second population (which comprises ca. 20%-30% of the
sample grains) results in a variable lag time from ca. 15 to
70Myr, and it does not align on a single isolag-time line
(Figure 6a).

Regarding AHe dating, three of five crystals from sam-
ple TPBI1 yield reproducible ages, in the range of 19+0.3
and 20.9 +£0.4 Ma, with a standard deviation <20% of the
mean age. These ages are all younger than both the AFT
and depositional age of the same sample. The remainder
of grains yielded ages older than their respective strati-
graphic ages, 35.17+0.48 and 48.84+0.71Ma. Apatite
grains from sample TPB1 show neither AHe age-grain
size (i.e. the grain spherical equivalent radius) nor age-eU
concentration correlations (Figure S2A in the supple-
mental material). All single grain AHe ages from sample

TPB7 are not reproducible within the analytical uncer-
tainties, yielding a range of ages between ca. 12 and 36 Ma
(Table 3). Three out of five crystals yield ages younger than
the AFT and respective stratigraphic age (12.25+0.2 Ma,
28.3 +£0.4 Ma and 24.2 +0.3 Ma). In contrast to sample
TPB1, sample TPB7 shows a correlation (R* =0.62) be-
tween AHe age and eU concentration (Figure S2B in the
supplemental material).

4.2 | Thermal inverse modelling

The confined track length distribution, corrected for c axis
horizontal projection according to Ketcham (2005), from
samples TPB1 and TBP7 were used to reconstruct the
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“lwiLey- Basin, . L race
thermal history of the basin (Table S3 in the Supplemental
Material). For confined track lengths to be useful in pro-
ducing thermal histories, the original length of newly
formed tracks must be constrained. We considered un-
annealed, induced tracks in Durango apatite with the
mean track length of 16.3 pm after Gleadow et al. (1986).
For each model, 10° burn-in and post-burn-in models
were used with a thinning factor of 1, meaning that all
post-burn in were used.

Inverse thermal history modelling of sample TPB1
utilizes AFT central ages, single-grain age distribution,
confined track length distribution and AHe ages from the
same sample (see Figure 7a where geological constrains
are also shown).

The QTQt expected model for the basal sample
(Figure 7a) indicates that the Priabonian-Rupelian suc-
cession experienced high temperatures rapidly after depo-
sition: ca. 120°C between 35 and 30Ma, before cooling

through PAZ window between 30 and ca. 20Ma with
6-7°C/Myr cooling rate. Finally, a slow cooling rate is
observed <20Ma from 40°C to present-day surface tem-
perature (15+5°C) at 1-2°C/Myr.

The QTQt expected model for sample TPB7 (Figure 7b)
describes a post-depositional heating of a lower magnitude
than the lower TPB1 sample. The resolved thermal history
model shows fast-heating to a peak temperature of ca.
90°C at ca. 35-30Ma, followed by slow, monotonic cooling
(ca. 2°C/Myr) up to present-day surface conditions. In this
case, AHe ages were not included in the model because no
single-grain ages are replicable (Table 3).

4.3 | Fluid inclusion microthermometry

Table 4 and Figure 6b summarize the microthermomet-
ric results for the studied fluid inclusions in authigenic
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FIGURE 7

Inverse thermal models of basal samples from Borbera-Curone sub-basin. (a) Expected Time-temperature model of

TPBI1 (left) and comparison between observed (and projected) and model-predicted length measurements (right). (b) Expected Time-
temperature model of sample TPB7 (left) and comparison between observed (and projected) and model-predicted length measurements
(right). All models were performed using QTQt (Gallagher, 2012). Max Likelihood Model: t-T history that best fit the input data, although
of the overcomplex. Max Posterior Model: simpler than Max Likelihood because includes fewer t-T paths. Max Model: obtained from the
distribution of all models sampled. Expected Model is effectively a weighted mean model, where the weighting is provided by the posterior
probability for each model. See also the software user guide for more details.
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TABLE 4 Results of fluid inclusions microthermometry

Inclusion
Sample Formation phase Cement
TPB1 Dernice L+V Calcite
TPB7 Grue L+V Calcite
TPB8 Rio Trebbio L+V Calcite
TPB9 Monastero L+V Calcite
TPB10 Nivione L+V Calcite
TPB11 Castagnola L+V Calcite
TPB12 Castagnola L+V Calcite

Rasi rch Sec-WILEY- 2
Th (°C)

No. inclusions  Range 1Std dev. Median
14 120-137 5.39 129.0

14 99-118 7.53 110.5

12 76-90 5.01 84.0

12 72-86 4.23 79.5

12 72-88 5.65 79.5

8 74-88 4.61 81.0

12 72-85 3.89 78.5

Note: Average values for the different measurements are shown along with standard deviation (complete dataset shown in Table S4, Supplementary material).
Th: temperature of homogenization. L+ V: bi-phase fluid inclusion with liquid + vapour. No. is the number of inclusions measured per sample.

calcite (see also Table S4 in the supplemental material).
They occur mostly as pore-filling cement (estimated av-
erage of 13.7% of the solid rock), and subordinately as
patches extending from the pore-space to framework
grains (3.5% of the solid rock as an average). Notably, au-
thigenic calcite constitutes the cement of all samples with
compaction-dominated diagenesis and chlorite cement is
rarely observed.

Calcite cements are characterized by bi-phase liquid-
rich fluid inclusions (FIs), containing a vapour bubble
and a colourless liquid, that are useful for Th measure-
ments. The bi-phase FIs occur isolated or in patches with
consistent sizes (3-10 pm) but in variable shape, perhaps
controlled by crystallographic planes. All the observed Fls
(mono- and bi-phase) contain an aqueous fluid and no hy-
drocarbon phase, as suggested by the lack of fluorescence
when observed under UV-light. Eighty-four bi-phase in-
clusions were considered for microthermometry analyses.
Complete homogenization occurred in the liquid phase
for all inclusions.

All samples present a single Th peak. Fluid inclusions
in calcite cement from the lowest samples TPB1 and TPB7
describe a crystallization environment characterized by
temperature homogenizing between ca. 100 and 140°C.
Conversely, all shallower samples from TPB8-12 experi-
ence homogenization temperatures in a range of 70-90°C.

4.4 | Burial history

The sample TPB1, from the lowermost stratigraphic unit,
Dernice Fm. (35.5-33.5 Ma, Gelati, 1977) yields an AFT
age of 25Ma, which is younger than the depositional age
of the hosting strata. This sample was buried by sediments
with a decompacted thickness of ca. 2.3 +0.1 km until ca.
25Ma (Figure 8) and was later cooled as shown in Figure
7. When considering the present-day geothermal gradient
of the western Po Plain of 26°C/km (Pasquale et al., 2012),

and a surface temperature of 15+ 5°C, the expected tem-
perature at a depth of 2.3 +0.1 km falls in the range of
66-82°C (Figure 8). These temperatures are within the
AFT partial annealing zone (PAZ; ca. 120-60°C; Ehlers
& Farley, 2003), and therefore not enough to completely
anneal the tracks formed during the pre-burial history of
the sample. To reset the AFT age at this depth, a palaeo-
geothermal gradient of 45 + 5°C/km is required (Figure 8).
The sample stratigraphically above (TPB7) was buried by
ca. 1.7km of sediments; here, AFT populations yield both
reset and non-reset ages, possibly as the result of residence
at temperatures within the PAZ.

4.5 | 2-D thermal numerical modelling
The 2-D thermal numerical experiments were devised to
test different geological process (i.e. exhumation of rocks
with relatively high-temperature fields, mantle upwelling
or magmatic underplating) to explain the high tempera-
tures of ca. 100+ 10°C recorded at the base of TPB, which
cannot be explained by the reconstructed burial depth of
2.3 km (Section 4.5). The results from the thermal model
(Sections 4.5.1-4.5.4) show how thermal anomalies may
differ in spatial extent (laterally and vertically), intensity
and duration. However, all these characteristics can be
resolved by constraining time-temperature paths of the
rocks affected by the thermal anomaly, producing insights
into the geological processes that are responsible for the
anomaly (Figure 9 and Table 5).

4.5.1 | Variable exhumation rates

In the first set of experiments, the thermal structure of the
shallow crust was constrained for exhumation rates vary-
ing from 2 to 40 mm/yr. The model does not consider the
exhumation kinematics; thus, it indifferently accounts for
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the thermal state of rocks driven by either compressional
or extensional processes. Exhumation is simulated in a
simplified way by prescribing perfectly vertical flow, and
instantaneous erosion of the material points that reach the
topographic surface, until the TPB reaches a final thick-
ness of about 3 km, matching the actual value. The results
show that for exhumation rates, between 2 and 10 mm/
yr, the peak temperatures at the base of TPB fall rapidly
in the range of 70-102°C after less than 0.2 Ma from the
beginning of the experiments (Table 5; Figure 9a,e). Only
the experiments using very high, geologically unrealistic,
exhumation rates of 20 and 40 mm/yr maintain the tem-
perature at the base of TPB above 100°C somewhat longer.
In these models, temperatures close to the APAZ are ex-
pected to last no more than 1 Myr (Table 5; Figure 9a,e).
Thus, all experiments show that exhumation alone could
maintain peak temperatures close to the PAZ no longer
than about 1 Ma, providing potential AFT ages at ca.
25Ma at the base of TPB only assuming unreasonably fast
exhumation rates.

4.5.2 | Mantle upwelling

In the second set of scenarios, the upwelling of hot, par-
tially molten asthenosphere leads almost systematically
to a considerable increase in temperature at the base of
a 60-90km-thick lithosphere similar to those commonly

observed in collisional belts after the break-off of the
oceanic plate (Davies & von Blanckenburg, 1995; Sizova
et al., 2014). Two sub-sets of parametric experiments show
that the duration and intensity of heating in the crustal
region above the slab depend mostly on the size of the
upwelling asthenosphere and the shallowest depth it
reached (Table 5; Figure 9b,f). Specifically, the minimum
depth of the asthenosphere appears to be relatively more
effective in producing large and persistent thermal anom-
alies, which can last up to 4 Myr (exp. ME6 in Table 5). On
the other hand, the expansion rate of the mantle thermal
anomaly apparently has little or no effect on the geotherm
of the uppermost crust (Figure 9i). In fact, relatively high
temperatures in the range 100-170°C are obtained at the
top of the asthenospheric window, at a depth of 80km
or shallower, regardless of its radius (Figure 9f; Table 5).
These scenarios would explain the thermochronometric
recorded at the base of the eastern TPB.

4.5.3 | Underplating

The occurrence of Oligocene-Miocene magmatism is
evidenced by volcaniclastic deposits within the TPB sedi-
mentary sequences and volcanoes relicts in the Po Plain
subsurface (Di Giulio et al., 2001; Fantoni et al., 1999;
Ruffini et al., 1995). This suggests that the TPB thermal
budget may also have been influenced by such volcanic
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activity. Experiments simulating magmatic underplating
show that heating to temperatures over 500°C can be ob-
tained close to the contact with the magmatic chamber
for a wide range of melt injection rates and thickness of
the magmatic layer (Figure 9c¢,g). These results agree with
petrologic constraints provided by shallow crustal contact
metamorphic aureoles, demonstrating the effectiveness of
magmatism in modifying the local geothermal profile in
the upper crust (Depine et al., 2008; Mitchell et al., 2014;
Mori et al., 2017; Secchi et al., 2022). The effect of under-
plating is evaluated by experiments UP1-UP17 (Table 5)
which use a finer grid with cell size of 50x50m to por-
tray the details of narrow contact metamorphic aureole.
All high-resolution experiments show that heat rapidly
vanishes a few meters (50-100 m) away from the intrusion
(Figure 9c). Magmatic underplating experiments yield
detectable modification of the steady-state geotherm only

for very large magmatic systems (20 km-long for 2-4 km-
thick) composed of one thick intrusion or of laterally con-
nected large bodies. The melt emplacement rate is also a
critical factor for establishing a detectable thermal anom-
aly as only the experiments using >50mm/yr produce
temperature close to 100°C at the base of TPB (i.e. experi-
ment UP17 in Table 5) (Figure 9g,i).

4.54 | Combined exhumation and
mantle upwelling

A considerable heating is produced in the experiments
combining exhumation with rates in the range 2-8 mm/
year and mantle upwelling up to depths in the range 70-
90km. These simulations yielded temperatures at the
base of the TPB in the range 110-140°C, albeit lasting
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for shorter time spans (1.5-4 Myr) compared to results
from simulations with mantle upwelling alone (Table 5;
Figure 9d,h,i). Therefore, a coupled effect of exhuma-
tion and mantle upwelling appears a good fit for the TPB
thermal history recorded by AFT, capable of bringing the
stratigraphically deepest and oldest sedimentary rocks to
annealing temperatures without requiring unrealistically
high exhumation rates or shallow asthenospheric plumes.

5 | DISCUSSION

Our study constrains the time-temperature history of
the easternmost TPB, starting with the determination of
maximum burial and related heating/cooling history and
geothermal palaeo-gradient. The integration and discus-
sion of these results with published data from all the TPB
and its margin allow us to better resolve the Oligocene
tectono-thermal evolution of the coupled orogen-basin
system. Finally, numerical modelling helps to understand
which geodynamic mechanisms were at play during the
formation of the TPB.

5.1 | Burial and t-T history of the TPB
The analytical dataset allows us to constrain with confi-
dence the temperature conditions of the TPB sequence
through time and thus derive the relative palaeo-
geothermal gradients. The restored thickness of the east-
ern TPB results in 2.3 +0.1 km depth at ca. 25Ma, when
the basal formation of the basin cooled from tempera-
tures high enough to reset the AFT system. Fluid inclu-
sion microthermometry on diagenetic minerals confirms
that the lowermost samples experienced temperatures
of ca. 130°C. Younger sedimentary units up-section pro-
gressively reached lower peak temperatures as recorded
by partially to non-reset AFT ages and homogenization
temperature of ca. 80°C. Inverse thermal history model-
ling confirms the possibility of an Oligocene temperature
peak in the range of 100-120°C between 35 and 30Ma
(Figure 7) followed by cooling until present-day surface
temperatures. This burial-temperature relation requires a
relatively hot gradient of 45+ 5°C/km characterizing the
shallowest sedimentary cover (Figure 8).

Detrital AHe ages from the entire Oligo-Miocene se-
quence from western and eastern TPB are highly dis-
persed (Figure 10c) making the younger and shallower
t-T path less straightforward to model and interpret. The
AHe ages from units deposited between 35 and 20Ma
are reset, grouped between 10 and 16 Ma. Even though
the dataset does not provide a narrow cluster of cooling
ages, it proves that the Burdigalian-Tortonian upper units

Research

have not been re-heated after deposition. Generally, the
AHe system records rock cooling in the uppermost crust,
below 90°C or at ca. 2-3km depth (Farley, 2000, 2002),
with age dispersion frequently encountered for a num-
ber of reasons (Brown et al., 2013; Fitzgerald et al., 2006;
Flowers et al., 2009; Gautheron et al., 2009; Reiners &
Farley, 2001). These may include analysis of few grains
(Green & Duddy, 2018; Ketcham et al., 2018), partial and
non-homogeneous reset and effects from radiation dam-
age accumulation (i.e. rocks spent long time in the region
of PRZ) (Flowers et al., 2009), hydrothermal fluid circula-
tion (also present in the study area, Luijendik et al., 2020;
Spooner et al., 2020) and local fault activity (Maino
et al., 2020; Tagami, 2012).

Geothermal gradients in the range of 40-50°C/
km are common in areas affected by deep magmatism,
ocean-continent transition zones and incipient exten-
sional domains (Brogi & Liotta, 2006; Vedova et al., 2001;
Gholamrezaie et al., 2018; Girdler, 1970; Liao et al., 2014;
Macgregor, 2020), whereas they are unusual in foreland
or episutural basins. As an example, the present-day heat
flux data from the western Po Plain and north-western
Apennines are 60-70 mW/m?, and the 120°C isotherm
lies between 4.5 and 5.5 km depth, implying a regional
geothermal gradient of 26°C/km (Pasquale et al., 2012;
Pauselli et al., 2019). This current geothermal gradient is
within the typical range of values on upper continental
crust. Since the Miocene, the Po Plain region developed
a 6-7 km-deep basin filled by water-saturated turbid-
itic sediments. These rocks are made by an alternation
of sandstones and shales, both lithotypes with the low
thermal conductivity with respect to crystalline rocks,
limestone and evaporitic rocks (e.g. Midttemme &
Roaldset, 1999; Tang et al., 2021). This implies a possi-
ble buffering or even insulating effect of the heat flow on
the underlying rocks, preventing rapid heat loss. Thus,
it is possible to infer that the Po basin may have been
able to preserve an anomalous thermal structure at its
base. In this case, it is reasonable to assume the palaeo-
geothermal gradient in the Po region was higher during
sediment deposition.

52 | Ligurian Alps thermal evolution

To test whether there is a relationship between the ther-
mal evolution of the Tertiary-Piedmont Basin and its mar-
gin, it is necessary to look more closely at the thermal and
exhumation history of the entire region. In particular, we
take into account all the geo-thermochronometric data
available in the literature from both the clastic TPB units
and the metamorphic basement (Figures 4 and 10a for an
overview).
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in Table S1 in the supplemental material. (b) Probability density plot and histogram (bin width 2 Ma) of ZHe single grain ages from
Brianconnais metamorphic basement sampled at the erosional boundary with the base of western TPB (data from Maino et al., 2012). (c)
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The Brianconnais massif yields a broad ZHe age distri-
bution within a range of 36-24 Ma (Figure 10b) and could
be explained as a result of an Oligocene partial overprint
and not as the time of monotonic cooling through the Zhe
PRZ up to the surface during the Alpine metamorphic
peak, as previously suggested (Maino et al., 2012). These
ages overlap the biostratigraphic age range of the basal
western TPB deposits (Molare Fm.), which was derived
from erosion of Brianconnais rocks at the surface supply-
ing a source for the deposition of conglomerate (Barbieri
et al., 2003; Capponi et al., 2009). A partial overprinting
of the thermochronometric signature would also imply
that the Brianconnais rocks were not cooled and exhumed
at such extreme rates (>100°C/My) as was previously in-
ferred (Barbieri et al., 2003; Carrapa et al., 2004; Federico
et al., 2005; Maino et al., 2012).

Our AFT data from the eastern TPB indicate decoupled
burial and thermal history models, the latter of which is
characterized by a significant heating event between ca.

35 and 25Ma, synchronous with the exhumation of the
Ligurian Alps (Figure 11).

The higher temperature path of the Western and
Ligurian Alps during the Alpine metamorphism predat-
ing TPB evolution may not be unambiguously interpreted.
Several authors have suggested a non-homogeneous
thermal resetting of higher temperature geochronom-
eters based on the large spread of ZFT, spanning from
ca. 31 to 180 Ma (Bernet et al., 2001; Decarlis et al., 2017;
Vance, 1999) (Figures 10a and 11). This would also ex-
plain the occurrence of large range of U-Pb titanite and
“Ar/*Ar ages from both TPB pebbles and metamorphic
basement, often overlapping the depositional ages of
the basal TPB pebbly layer (Barbieri et al., 2003; Carrapa
et al., 2004, 2016; Federico et al., 2005, 2007; Vignaroli
et al., 2010).

Although this issue has received attention in the past
because of its significant implications for the orogen dy-
namic (i.e. discerning between fast or slow exhumation
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dynamics), all geo-thermochonometric ages to date have
been interpreted as indicative of very fast cooling and
exhumation patterns. To solve this problem, additional
geochronometric data are needed, coupled with composi-
tional analysis to unravel possible variability of annealing
kinetics.

5.3 | Possible heating mechanisms

An elevated geothermal gradient in the upper crust may
result from a variety of processes. These include advec-
tion of hot rock units, circulation of hot fluids/melts
and shear heating (e.g. Burg & Gerya, 2005; Depine
et al., 2008; Duprat-Oualid et al., 2015; Maino et al., 2015,

4. Geodynamic maps modified from Handy et al. (2010) and Maino

2020), which can superpose to produce a localized ther-
mal peak. In the Alpine context, regional heating is largely
coeval with the transition from subduction to collision
(Carminati et al., 2012; Ford et al., 2006; Rosenbaum &
Lister, 2005). We have investigated three processes which
might account for the large-scale high geothermal gradi-
ent needed to explain the Oligocene thermochronological
record of Western and Ligurian Alps: (i) fast exhuma-
tion of thickened crust driven by either compressional
or extensional tectonics (Duprat-Oualid et al., 2015); (ii)
magmatic/volcanic activity driven by underplating of hot,
mantle-derived melts (Mori et al., 2017); (iii) mantle up-
welling due either to slab rollback or break-off (e.g. Davies
& von Blanckenburg, 1995). The results obtained from
2-D thermal numerical modelling allow us to discuss the

85UB017 SUOWILIOD 3A 81D 3|l jdde 8y} Aq peusenob afe Saplife YO ‘Bsn J0 S3|nJ o} A%iq1T8UIIUO AB]IM UO (SUORIPUD-PUR-SWSHLIO" A3 | IM A1 Ul UO//SANY) SUOHIPUOD pue S L 83 88S *[£202/20/€0] U0 Areiq 1 auluO AB|IM ‘elned 1Q eNSPAIUN AQ 26/2T310/TTTT OT/I0P/W0D A8 | M AReiq 1 Bu1|Uo//SAIY WOl papeojumoq ‘0 ‘LTTZS9ET



il_wl LEY- Basin l_ib EAGE

AMADORI ET AL.

effectiveness of these different mechanisms, and the rela-
tive influence of various parameters such as crustal exhu-
mation rates, depth and size of asthenospheric upwelling,
thickness and advection rates of magmatic systems. From
the first set of experiments, we argue that fast exhuma-
tion alone cannot account for the observed temperature
pattern. In the absence of any other cooperative mecha-
nism, exhumation rates >20-40 mm/yr would be required
to increase the temperature of TPB to about 100°C. These
extreme values exceed, by more than one order of mag-
nitude, the maximum exhumation rates of the Western
Alps (0.6-0.8 mm/yr; Fox et al., 2015, 2016). Magmatism,
associated with protracted volcanic activity, can signifi-
cantly heat the uppermost crust and sedimentary basins
(Annen, 2011; Annen, et al., 2006; Secchi et al., 2022). The
occurrence of two andesitic volcanic complexes a few km
north of the TPB (Mortara-Lacchiarella complexes, see
Figure 1c for location) apparently supports this model,
provided that some sufficiently thick, still undetected mag-
matic bodies are emplaced within the TPB or close to its
base. The minimum thickness required of the intrusion/
volcanic complex to reproduce the temperature pattern
of TPB exceeds 1 km, which corresponds to a maximum
thickness of Mortara volcanic centre recovered by well log
data (Mortara 1 well), although the edifice thins to 20m in
a 15km radius, as recorded in the Garlasco 1 well (Dalla
et al., 1992; Di Giulio et al., 2001; Fantoni et al., 1999; Pieri
& Groppi, 1981). However, the second set of numerical
experiments rule out the hypothesis of magmatic heating
as, regardless of the dimension of the volcanic body, our
analytical results cannot reproduce the observed tempera-
ture pattern unless using unrealistically high melt injec-
tion rates of >50 mm/yr (Annen, 2011; Annen, et al., 2006;
Albert et al., 2020).

The last two sets of simulations indicate that a deep
thermal input from the asthenospheric mantle, possibly
combined with exhumation, is required to reproduce the
observed temperature pattern in the lower TPB. Contrary
to the underplating experiments, mantle upwelling likely
produces a wide and persistent thermal anomaly in the
uppermost crust for most configurations of the astheno-
spheric window (Figure 1b and modelled as in Figure 5).
These mantle-related thermal anomalies can support tem-
peratures >120°C for a few million years, thus explaining
the extensive resetting of AFT and high fluid inclusion ho-
mogenization temperatures in the lowermost TPB.

The post-orogenic, mantle-related thermal anomaly
here described may be related to the Oligocene incep-
tion of the Liguro-Provencal rifting (Figure 11; Bache
et al., 2010, 2020; Jolivet et al., 2015; Séranne, 1999;
Speranza et al., 2002; Vignaroli et al., 2008; Vignaroli
et al., 2010). The related stress-field produced the activa-
tion of trans-extensional faults in the Ligurian Alps-TPB,

coinciding with the switch from an extensional to a left-
lateral transtensional regime (Maino et al., 2013), while
the Sestri-Voltaggio and Villalvernia-Varzi lines acted as
strike-slip faults (see Figure 1c, Capponi et al., 2009; Di
Giulio & Galbiati, 1995; Federico et al., 2009, 2016, 2020;
Felletti, 2002) accommodating the differential motion of
the west-directed Alps and northeast verging of Apennine
chain (Figure 11). This extensional setting represents the
surface manifestation of lithospheric stretching driven by
the opposite motion of the Alps and Apennines, which
favoured the asthenospheric upwelling. During the
Miocene, the Liguro-Provencal rift basin completed its
opening, with the continental lithosphere complete break
up and formation of new oceanic crust between ca. 20 and
15Ma (Séranne, 1999; Speranza et al., 2002).

At local scale, our new fluid inclusion homogeni-
zation temperatures (Figure 6a), along with inverse
thermal models (Figure 8), indicate that the TPB base
experienced temperatures quickly decreasing from
>100°C (TPB1) to ca. 80-90°C (TPB7) in a few hundreds
of meters of vertical distance (Figure 3b). Moreover, all
up-section samples (TPB8 to 12), although proximal to
the partially reset TPB7, yield non-reset AFT ages and
fluid inclusion homogenization temperatures at 80°C,
consistent through the shallowest units. We suggest such
a non-typical, that is, non-linear, trend is likely a result
of geological complexity, and we propose two processes
able to produce the non-linear geothermal gradient in the
basin. Firstly, geothermal heat from the upper continen-
tal crust is preferentially retained in highly conductive
crystalline rocks, like the metamorphic basement, and is
not efficiently and equally transferred into less conduc-
tive sedimentary rocks (e.g. Vedova et al., 2001; Pasquale
et al., 2012). Consequently, TPB basal samples are more
susceptible to heating from a deep source than their
up-section counterparts. Secondly, we can interpret the
fairly constant fluid inclusion homogenization tempera-
tures in the middle-upper sedimentary sequence as the
result of hydrothermal fluids that buffered the thermal
changes. Given the proximal location of the samples to
the Villalvernia-Varzi line, it is also reasonable to assume
its tectonic activity to have contributed to the fluid-rock
interaction.

6 | CONCLUSIONS

Our study shows that elevated temperatures post-
deposition recorded by fluid inclusion microthermom-
etry and low-T thermochronometers in the TPB cannot
be explained by sedimentary burial alone. Our findings
support a post-depositional heating temperature of ca.
100-120°C accomplished at shallow depth (ca. 2.3 km)
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between ca. 35 and 25Ma, followed by slow cooling from
ca. 20 Ma to recent time. When combined, our data show
that a geothermal gradient of 45+ 5°C/km is required.
2-D numerical simulations used to evaluate different
geodynamic processes indicate that volcanism or fast ex-
humation alone cannot explain the observed thermal sig-
nal. Significant mantle upwelling is required to account
for the measured hot and shallow thermal signal. Due to
the purely thermal nature of the experiments, no attempt
was made to discriminate slab rollback or break-off, as
both mechanisms likely produce similar heating signals
to an asthenosphere plume. The post-orogenic thermal
anomaly constrained by this study is coeval with the
opening and developing of the Liguro-Provencal back-
arc basin, and hence consistent with mantle upwelling
processes.
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