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1. Introduction

The interplay between extensional and compressional tectonics in orogenic belts is a long
recognized and debated topic since the ‘80s (Burchfiel and Royden, 1985; Crespi et al., 1996;
Dewey, 1988; Doglioni, 1994; Hodges and Walker, 1992; Houseman et al., 1981; Malavielle, 1993;
Malinverno and Ryan, 1986; Molnar et al., 1993; Platt, 1986; Platt and Vissers, 1989; Ratschbacher
et al.,, 1989; Royden, 1993a; Royden, 1993b; Vissers et al., 1995; Waschbusch and Beaumont,
1996). The attempt to constrain the absolute and relative timing and the mechanisms of these
processes led to several models aimed to explain the presence of tensional stresses in
compressional mountain belts taking into account different geodynamic contexts. In particular,
the most common invoked mechanisms are slab retreat, critical wedge spreading, vertical block
extrusion associated with mantle wedges, post-orogenic collapse of thickened continental
lithosphere and underplating (Willett, 1999 and references therein). Most of the orogenic wedges
in the peri-Mediterranean region are characterized by the coexistence of extensional and
compressional tectonics, combined with the emplacement of non-metamorphic and far-
travelled/allochthonous tectonic units, located mainly in the foreland areas (e.g., Silesian and
Subsilesian nappes in the Carpathians, Roca et al., 1995; Balagne nappe in Corsica, Malaveille et
al., 2011; Pre-Alpine nappes in the Alps, De Graciansky et al., 2011; Rodgers, 1997 and references
therein) (fig. 1.1).
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Fig. 1.1 — Examples of geological contexts related to the peri-Meditarranean orogens, in which far

travelled/allochthonous units, extensional and compressional tectonics are present. a) map indicating the location of
the far travelled/allochthonous units, and the traces of the cross sections drawn in figs. 1.1b, 1.1c, 1.1d, 1.2 (modified
after Handy et al., 2010); b) cross section across the north-western Alps (modified after Bousquet et al., 2012); c) cross
section across the alpine Corsica (modified after Brovarone et al., 2011); d) cross section across the Rif belt (modified
after Michard et al., 2002).



These shallow far-travelled/allochthonous units commonly accomplished their translation,
through displacements of several tens of kilometres during many My, while the orogenic
processes were still acting. The far-travelled/allochthonous units, thus, are likely to have recorded,
in their deformation history, traces of broader orogenic-scale processes, such as the relationships
between extensional and compressional tectonics, and their study can give new insights on this
relatively poorly delved topic. The Northern Apennines of Italy are not an exception; they form a
mountain belt characterized by the concomitant interplay between extensional and compressional

tectonics coupled with preserved far-travelled/allochthonous units (fig. 1.2).
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Fig. 1.2 — Geological cross section across the Northern Apennine (see fig. 1.1a for location). The far

travelled/allochthonous units (LSU), the extensional and coeval compressional tectonics have been highlighted
(modified after Molli, 2008).

These latter are represented by non-metamorphosed, accreted oceanic and ocean-
continent transitional units known as Ligurian and Subligurian units (LSU from now on). They offer
the unique opportunity to study their emplacement phases in relation to the coupling of
compressional and extensional tectonics during the orogenic post-collisional processes.

In the Northern Apennines, the coexistence of extension and compression has been
explained through a number of different and partly-contrasting models: critical wedge spreading,
slab retreat, lithospheric delamination, slab tearing, and slab breakoff (Argnani et al., 2003;
Carmignani and Kligfield, 1990; Gvirtzman and Nur, 2001; Jolivet et al., 1998; Malinverno and
Ryan, 1986; Royden, 1993a; Scrocca et al., 2007; van der Meulen et al., 1999; Wortel and



Spakman, 2000). Recent thermochronological and GPS data highlighted how a single model cannot
be taken into account in order to explain the variability of these data throughout the orogen
(Bennett et al., 2012; Thomson et al., 2010).

This study is aimed at investigating if cause/effect relationships between extensional and
compressional tectonics can be constrained in terms of timing and mechanism/s through the
investigation of the last emplacement and deformation phases (i.e., since the late Miocene) of the
shallow far-travelled/allochthonous units of the Northern Apennines (LSU).

The study has been carried out through the integration of published and newly acquired
surface (geological maps, cross-sections), subsurface (seismic lines, boreholes) geological data, low
temperature thermal (vitrinite reflectance, clay mineral analyses) and thermochronological
(apatite fission tracks) data.

The investigation of the deformation history and, consequently, the record of extension-
compression coupling inside the Apenninic far-travelled/allochthonous units allowed us to: 1)
build a 3D representation of the LSU present-day geometry; 2) constrain a first thinning of the LSU
to the late Miocene and a later reshaping to the Pliocene-Recent; 3) identify the tectonic
exhumation and uplift of the deepest foredeep units at the main ridge of the chain as one of the
main causes which triggered the thinning processes of the far-travelled/allochthonous units by
means of low-angle extensional faults since late Miocene; 4) to relate the later reshaping phase to
high-angle extensional faults associated also to increased erosion rates since Pliocene; 5) to
recognize lateral variations in the extent of uplift, exhumation and thinning both across (from SW
to NE) and along (from NW to SE) the analyzed portion of the Western Northern Apennines.

The main purpose and results of the present study is part of a paper which will be shortly
submitted (Carlini et al., in prep.), and constitutes the core of chapter 5, whereas chapters 1-4
present extensively the aim of this work (chapter 1), the geological framework (chapter 2), the

methodology and the complete used dataset (chapters 3, 4).

The number of pretty young cooling ages obtained by the AFT analysis (i.e. younger than ~5
Myr) and their possible relationship with the activity of deep Apenninic compressional structures
(see § 5) led us to investigate the most recent evolutive phases of these processes through the
integration of geomorphological data (Provincia di Parma, 2007), geological surface data,

thermochronologic data and a new interpretation of seismic lines crossing the study area (see § 3),



described in a published extended abstract (Carlini et al., 2012, attachment A1), constituting the

content of chapter 6.

The processes described in chapters 1-6 are strictly dependent on erosion/exhumation
rates and the lack of well constrained estimates of these rates inside the study area led to further
investigate the topic through the use of numerical modelling which extract exhumation/erosion
rates from thermochronological data. The results of the numerical modelling, discussed in chapter
7, have been obtained using Pecube, a 3D finite element developed by prof. Jean Braun. In order
to further explore this topic at a more regional scale, another attempt has been done using
G.L.I.D.E., a finite element code developed by PhD Matthew Fox (Fox et al., in preparation), based
on the direct inversion of thermochronological data. The results of the G.L.I.D.E. numerical
modelling are only preliminary, and, therefore, have been attached at the end of the thesis

(attachment A2), without being taken into account in the conclusive remarks of this work.

Finally, the integration of all the results related to chapters 5-7 is presented in the
conclusive chapter of the thesis (§ 8). Here the late (i.e., since ~10 Ma) tectonic evolution of the
study area is synthesized, in order to explain the relationships existing between extensional and
compressional tectonics in the western Northern Apennines. The conclusive remarks contain also
insights on the implication of the present work on the regional-scale and geodynamic processes

affecting the whole Northern Apennines in their late orogenic evolution.



2. Geological Framework of the Northern Apennines and the study area

The Northern Apennines are a collisional orogenic belt originated from the middle Eocene
collision between the European and Adria plates (Boccaletti et al., 1971; Channell et al., 1979;
Dercourt et al., 1986; Elter and Marroni, 1991; Faccenna et al., 2004; Kligfield, 1979;
Rosenbaum and Lister, 2004) (fig. 2.1). From the late Oligocene times up to the Present, the
Apennine orogenic fronts migrated towards E and NE, progressively shortening the foredeep
basins turbiditic deposits, while coeval wedge-top basins, the Epiligurian succession, formed on
top of the LSU far-travelled/allochthonous units (Argnani and Ricci Lucchi, 2001; Boccaletti et al.,
1990; Ricci Lucchi, 1986).

a) Late Oligocene-Early Miocene  b) Middle-Late Miocene c) Messinian

6°E 10°E 14°E 18°E 24°E

6°E 10°E 14°E 18°E 24°E e) Present
[C] Oceanic lithosphere A: Apulian Platform Ad: Adria Al :Alps Ap: Apennine
[ Europe/Eurasia plate Ba: Balearic Sea Ca: Calabrian Arc CS: Corsica-Sardinia

] Alpine orogenic wedge Di: Dinaride Is: lonian Sea Mg Maghrebian  Ty: Tyrrhenian Basin
[ Africa/Adria plate Si: Sicily

Fig. 2.1: Location of the study area and regional geological evolution of the Mediterranean area. (Modified after
Capozzi et al., 2012; Faccenna et al., 2004, Rosenbaum et al., 2004). The location map in this figure is from GMRT
Data Portal (http.//www.marine-geo.org/tools/maps_grids.php) (Ryan et al., 2009).
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The convergence and subsequent collisional processes developed between Europe and
Adria plates progressively built up the Northern Apennines orogenic wedge. This latter is formed
by two main tectonically superposed structural levels, characterized by different amount of
shortening, both along and perpendicular to the tectonic transport direction of the LSU (fig. 2.2).
The upper structural level is formed by the allochthonous Ligurian units, which are composed of
highly deformed pelagic sedimentary rocks associated with ophiolite fragments, capped by
terrigenous or carbonate turbidites deposits. These oceanic units were involved in the
accretionary processes related to the subduction of the Ligure-Piemontese portion of the Neo-
Tethyan oceanic crust from the Late Cretaceous up to the middle Eocene (Bettelli and Vannucchi,
2003; Marroni et al., 2001; Molli, 2008, Principi and Treves, 1984; Vannucchi and Bettelli, 2002).
The Ligurian units translated on top of the Subligurian units, consisting of Paleocene to middle
Eocene deep marine sediments unconformably overlain by late Eocene to early Miocene basin
plain and turbiditic deposits (Montanari and Rossi, 1982; Plesi, 1975; Remitti et al., 2011; Vescovi,
1998). The Subligurian units, after being partly involved in the oceanic accretionary processes,
were possibly removed from the toe of the Ligurian wedge by frontal tectonic erosion processes
during the early Miocene (Remitti et al., 2011; Vannucchi et al., 2008). The LSU, constituting most
part of the upper structural level, are unconformably overlain by the middle Eocene-late Miocene
Epiligurian succession, which consists of hemipelagic, turbiditic and shallow water deposits,
sedimented in wedge-top basins (Amorosi et al., 1993; Boccaletti et al., 1990; Mancin et al., 2006;
Mutti et al., 1995; Papani et al., 1987; Ricci Lucchi, 1986) (fig. 2.2).

Underneath the far-travelled/allochthonous LSU, the lower structural level consists of a
metamorphic basement and an overlying late Triassic to Eocene carbonate and hemipelagic
succession passing upward to the Oligocene to Recent foredeep deposits (Argnani and Ricci Lucchi,
2001; Boccaletti et al., 1990; Ricci Lucchi, 1986) (fig. 2.2). The lower structural level can be divided
in three major tectonic units: 1) the Apuane Alps metamorphic complex; 2) the Tuscan units,
represented by the inner Macigno and Cervarola siliciclastic foredeep sediments (late Oligocene —
early Miocene) with related Mesozoic substratum; 3) the Umbria-Romagna unit, formed by the
outermost Apenninic Marnoso-arenacea (Langhian-Messinian) and Pliocene-Pleistocene foredeep
basin, together with the underlying Mesozoic successions.

Since the Aquitanian, the LSU thrusted over the late Oligocene and subsequently the early
Miocene foredeep deposits (Macigno and Cervarola units, respectively), causing the end of

sedimentation in progressively younger basins (Argnani and Ricci Lucchi, 2001; Catanzariti et al.,



2003; Cerrina Feroni et al., 2002 and references therein). Since late Oligocene, deformation starts
to affect the Apuane Alps and the Tuscan Metamorphic units (e.g., Carmignani et al., 1980), while
during middle-late Miocene, the foredeep deposits and the Mesozoic substratum of the Tuscan
and Umbria-Romagna units were deformed in a fold-and-thrust belt, which caused underplating at
deep crustal levels (Carmignani et al., 1978; Moll2i, 2008), uplift, foredeep depocenter’s migration
and advancement of the overlaying LSU together with the passively transported Epiligurian

succession (wedge-top basins), to form the present-day Apennine orogenic wedge (figs. 2.1, 2.2).
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Fig. 2.2 — Synthetic geological map and cross-section of the Northern Apennines from Piacenza to Bologna, as
obtained by the collection of data described in chapter 3; a) The solid black line represents the trace of the cross-

section in fig. 2.2b; b) geological cross-section through the Northern Apennines, modified after Remitti et al., 2012. g



The age of the folding and thrusting of the Tuscan and Umbria-Romagna foredeep deposits
and their Mesozoic substratum is not well constrained, and most authors agree that their
deformation is subsequent to the translation of the overlying LSU; although locally, thrusting
activity might have started before or during the LSU emplacement (Barchi et al., 2001; Bettelli et
al, 2002; Botti et al., 2003; Botti et al., 2004; Catanzariti et al, 2008; Chicchi and Plesi, 1991; Pini,
2004; Plesi, 2002; Remitti et al., 2007; Zattin et al., 2000; Zattin et al., 2002).

In the outer portion of the Northern Apennine foothills, both the upper and lower
structural levels are presently unconformably overlain by late Messinian (post-evaporitic unit) to
Recent deposits (Artoni et al., 2007; Gelati et al., 1987; laccarino and Papani, 1979; Ricci Lucchi et
al., 1982; Roveri et al., 2001) (fig. 2.2).

At the Tyrrhenian side of the chain, crustal extension related to the exhumation and uplift
of deeper portions of the orogen, such as the Apuane Alps metamorphic complex, has been
evidenced since middle-late Miocene times (Carmignani and Kligfield, 1990; Fellin et al., 2007;
Jolivet et al., 1998), leading to the formation of extensional basins (Bernini et al., 1990; Boccaletti
et al., 1990; Molli et al., 2010). Similar extensional tectonic processes might have affected also the
westernmost portion of the Northern Apennines during the Quaternary, acting at the same time
of the compressional tectonics which characterizes the external sector and the deeper parts of the
Apenninic orogenic wedge (Argnani et al., 2003; Boccaletti et al., 2011).

According to seismological studies, recent seismicity analysis and GPS data, the Northern
Apennines present extension/transtension regime in shallow portions (0-10km), vertically
superposed to a compressive/transpressive regime in deeper portions (>45km) and outermost
fronts (Bennett et al, 2012; Eva et al, 2005 and references therein;

http://bollettinosismico.rm.ingv.it/). These data testify that, at present and/or recently, the

Northern Apennines orogenic wedge is still developing within the kinematic and tectonic context
proposed for the late orogenic phases of the chain (i.e., since ~5 Ma, see above), which is

characterized by an overall compressional regime coeval to relatively shallow extension.


http://bollettinosismico.rm.ingv.it/

3. Methods and dataset — surface and subsurface geological data

In order to put new constraints on the timing and mechanism/s of coeval compressional
and extensional tectonics, the study area, comprised between the main ridge of the Northern
Apennines, the Ceno and Secchia rivers and the Apenninic topographic front (fig. 2.2), has been
investigated through a multidisciplinary approach which took into account (fig. 3.1):

1) surface geological data: results from field-based works on the evolution of the
external (NE) slope of the chain, collection and compilation of published geological
maps and 23 geological cross sections;

2) subsurface geology: a) structural analysis and interpretation of seismic reflection

profiles and b) analysis of boreholes stratigraphies.

We integrated all the geological data in a database georeferenced through ESRI ArcMap 10

software.

3.1 Surface geological data

The geological data are constituted by a synthetic geological map of the western portion of
the Northern Apennines (figs. 2.2, 3.1), compiled by prof. Massimo Bernini, dott. Andrea Artoni
and dott. Paolo Vescovi, from the collection of several published data (Bettelli et al., 2002;
Boccaletti and Coli, 1982; Bortolotti et al., in press; Cerrina Feroni et al., 2002; Di Dio et al., 2005;
Elter et al., 2005; Martini and Zanzucchi, 2000; Plesi, 2002; Puccinelli et al., in press (a); Puccinelli

et al., in press (b); Vescovi et al., 2002; http://www.isprambiente.it/Media/carg/index.html), and

23 geological cross-sections passing through the study area (see figs. SM1.1a, SM1.1b in

Supplementary material 1).

fig. 3.1: Geological sketch map of the study area, scale 1:250.000, resulted from the collection of several
published data, compiled and georeferenced with ESRI ArcMap 10 software. Traces of the geological and
seismic cross-sections represented in fig. 5.3; traces of the three swath profiles and location of the boreholes
represented in fig. 5.4; A, B, and C, indicate the low angle extensional contacts, By and C, indicate the more
recent high angle extensional faults cross-cutting the older low angle ones (B, and C, respectively);, blue
squares indicate tectonic windows cited in the text: I) Valdena; Il) M.te Zuccone; Ill) Pracchiola; IV) Ghiare di
Berceto; V) Gova; VI) Salsomaggiore; VII) M.te Staffola; VIll) Coscogno. Zone 1, 2 and 3 indicate the three

portions in which the study area has been subdivided for clearness sake and similarity of data (see § 5). 10
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3.2 Subsurface geological data

Subsurface geological data consist mainly of 39 deep boreholes stratigraphies and 47
commercial 2D seismic reflection profiles (for a total length of 1191 km), made available by ENI
S.p.A (fig. 3.1). The analysis of the seismic reflection profiles has been integrated with previously
published interpretations of subsurface data (Argnani et al., 2003; Camurri, 2000; Camurri et al.,
2001).

Stratigraphies of the boreholes were obtained from well logs freely available and

downloadable from the VIDEPI Project website (http://unmig.sviluppoeconomico.gov.it/videpi/).

The well logs used in this work are collected in fig. SM1.2 (Supplementary material 1), where the
tectonic contacts between the LSU and the foredeep units and between the upper and lower
portion of the LSU have been marked (for the interpretation see fig. 5.4 and § 5).

The interpretation of the seismic reflection profiles data has been carried out in
collaboration with dr. Luca Clemenzi (PhD student in Earth Sciences at the University of Parma),
using Halliburton’s SeisWorks® PowerView software, mounted on DELL workstations, made
available by ENI S.p.A. by their offices in San Donato Milanese. The interpreted data have been
subsequently elaborated through Midland Valley’s Move software, available by the University of
Parma Physics and Earth Sciences department.

The structural interpretation has focussed on two main points: 1) a more precise definition
of the deep (i.e. involving the “basement” units) Apenninic tectonic structures; 2) a more clear
definition of the shallower portions of the chain, where Epiligurian Succession, LSU and foredeep
Tuscan and Umbria-Romagna units are present. While the investigation of the Apenninic chain
deeper portions is still in progress, the shallower portion has been well constrained, as shown in
figs. 3.2 and 3.3. Fig. 3.3 shows a portion of a profile belonging to the dataset presented by
Camurri et al., 2000; in the present study, the shallower portion of the seismic profile has been
detailed (where the foredeep units-LSU contacts are present) and a partly different interpretation
has been proposed.

Within the shallow portion, particularly relevant for the aim of this work, the basal contact
of the LSU over the foredeep units has been defined almost in every analyzed section, while only
in some cases the recognition of the Epiligurian succession and other important contacts inside

the LSU has been possible.
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The different Apenninic tectonic units have been distinguished on the basis of the

character of the seismic signal, which, deeply affected by the lithology and other physical

(acoustic) properties of rocks, is quite recognizable throughout the shallowest portion of the

Apenninic nappe stacking, in particular:

the foredeep units together with their Mesozoic carbonate substratum are always
characterized by poorly- to no-reflective seismic signature, which is distributed over
large areas, preferentially in the central portion of the seismic profile; locally high
amplitude reflectors appear, but they are extremely short and without lateral
continuity. Foredeep units and Mesozoic carbonate successions have been interpreted
as cut by thrust faults whose presence and displacement become evident only where
the upper contact of these units with the base of the LSU is imaged,;

the LSU are characterized by strong reflective seismic signals with high amplitude and
low frequency, which form clearly distinguishable portions displaying discrete lateral
continuity; the distinction between the lower and upper portion of the LSU (Subligurian
and Ligurian units, respectively) has been possible only thanks to the local presence of
more reflective signals, linked to the surface outcropping geology;

the Epiligurian succession is often represented by quite reflective signals that, even if
locally similar to the LSU, are characterized by a good lateral continuity of reflective
horizons and their consistency to depth allows to quite easily define their lower contact
of over the LSU; also in this case the link to surface outcropping geology has been

important for the interpretation.

The seismic reflectors have been calibrated, where possible, with the aid of stratigraphies

of boreholes located close to the traces of the seismic lines. The depth of the horizons in well logs

(expressed in m) has been converted in seconds according to the velocities suggested by Barchi et

al., 1998.

The most relevant results obtained from these data and methodologies have been the

definition of the contact between foredeep and far travelled/allochthonous units (LSU) and the

geometry of these latter in their innermost (SW) outcropping zone. These results can be

synthesized as follows: a) the LSU basal contact shows indications of involvement in the thrusting

and folding processes affecting the underlying foredeep units; b) the present-day geometry of

Subligurian and Ligurian Units in their inner (SW) outcropping portions is characterized by a low
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thickness, which increases towards NE. These two major results, important for the reconstruction
of the tectonic evolution of the Apennines far travelled/allochthonous units, will be discussed in

chapter 5.

base of the Epiligurian
succession

base of the Ligurian
units (upper LSU)

base of the LSU

scale is in km; a) original image in black/white/red colours; b) interpretation of the seismic profile, red lines
Km

represent inferred (dashed) or certain (continuous) faults. It is worth noting the reduced (~1.5 km)

Fig. 3.2 — Analyzed seismic profiles provided by ENI S.p.A.; the vertical scale is in seconds, the horizontal
thickness of the LSU and the involvement of the LSU bas in later thrusting activity.

b) topography
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Fig. 3.3 — Analyzed seismic profiles provided by ENI S.p.A.; the vertical scale is in seconds, the horizontal scale is in km;

a) original image in black/white/red colours; b) interpretation of the seismic profile, red lines represent inferred

(dashed) or certain (continuous) faults. The interpretation of this profile is based and modified after the

interpretation proposed by Camurri, 2000. It is worth noting the involvement of the LSU bas in later thrusting activity.

base of the Ligurian

units (upper LSU)

base of the mesozoic Tuscan units

base of the LSU

b) topography
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4. Methods and dataset — paleothermal and thermochronological data

In order to study the late evolution of the far travelled/allochthonous LSU within the study
area, the afore mentioned geological data (see § 3) have been integrated with paleothermal and
thermochronological data. This kind of data, widely used in the study of the evolution of mountain
belts, give important information about the evolution of rocks in terms of load, unload, thermal
evolution and dating of these processes. As already highlighted in the literature (Bray et al., 1992;
Corrado et al., 2010; Green et al., 2002; Green et al., 2003; Japsen et al., 2005; Ventura et al.,
2001), the integration of thermal and thermochronological data provides important constraints on
the thermo-tectonic evolution of rocks, such as maximum paleo-thermal gradients and timing of
cooling processes. The multi-method approach allows us to get information about timing and
entity of exhumation relative to: 1) each tectonic unit; 2) eventual coupling/decoupling events of
the units during the exhumation processes.

The analyses were performed in collaboration with prof.ssa Sveva Corrado (vitrinite
reflectance, University of Roma Tre), PhD Luca Aldega (clay mineral-based geothermometers,

Sapienza Universita di Roma), and PhD Maria Laura Balestrieri (AFT, IGG-CNR Firenze).

4.1 Thermal maturity in sedimentary rocks

The sedimentary and/or tectonic burial of sediments leads to a series of mostly irreversible
reactions and processes which leave structural imprints on the organic matter and clay minerals of
the burial and, thus, of the reached maximum temperature. These reactions, fundamental in coal
and hydrocarbons generations, are indicative of sedimentary basins’ maturity which depends on
burial timing, thermal maturity, maximum burial depth and the tectonic events affecting the
basin’s history; thus, they are commonly employed in basin analysis. The most common
parameters used to determine the thermal maturity are vitrinite reflectance (based on the optical
reflectance of dispersed organic matter in sediments) and clay mineral analyses (related to the
study of the “crystallinity” and expandability of phyllosilicates).

The thermal maturity analyses of organic matter and clay minerals are complementary,
because vitrinite is much more reactive to low temperature processes, but also much less
abundant in sediments compared to clay minerals; clay minerals, even if less reactive, are almost

always present and allow to study thermal maturity even in red-beds sequences (where organic
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matter is completely oxidized or absent) or in successions which are older than the evolution of
plants on the earth.

Nonetheless correlations between these two analyses aren’t always free of complications
because in situations affected by particularly high geothermal gradients clay minerals are more
sensitive to long-lasting heating events compared to organic matter. On the other hand, rapid
heating events such as magmatic intrusions and hydrothermal fluids accelerate maturation
processes in organic matter more than smectite illitization reactions (Bevins et al., 1996).
Moreover high burial rates can inhibit organic matter maturation (Carr and Williamson, 1990;
Dalla Torre et al., 1997) and deformational events can increase both organic matter maturity and
illite crystallites dimensions (Bonazzi and Costa, 1989; Teichmiiller, 1987).

In order to correlate the two afore-mentioned parameters we adopted the correlation
chart proposed by Merriman and Frey, 1999 (fig. 4.1), in turn resulted from modifications of the
one proposed by Merriman and Kemp in 1996, and considered suitable for geothermal gradients
of ~30 °C/km, which are common in many fold-and-thrust belts (Merriman and Kemp, 1996;

Merriman and Frey, 1999).
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4.2 Paleotemperatures derived from clay mineral analyses

The most common analyses in studies of thermal maturity made through the analysis of
clay minerals rely on three parameters which can give information about the maximum
paleotemperatures reached by the sediments: the composition of a) illite-smectite (I-S) mixed-
layers, and b) chlorite-smectite (C-S) mixed-layers in clay minerals reaction series; c) the Kibler
Index (KI, i.e. the old concept of illite “crystallinity”).

During low- and very low-grade metamorphism clay minerals are affected by structural and
compositional variations related to the thermo-baric conditions at which the minerals re-
equilibrate, and the general trend of the reactions inside the minerals indicate a gradual decrease
of structural disorder, reached through a series of metastable phases (mixed-layers).

Two main reaction series considered in this kind of studies:

- Dioctahedral clay minerals: smectite - illite-smectite (I-S) mixed-layers > illite >
muscovite;

- Trioctahedral clay minerals: smectite = chlorite-smectite (C-S) mixed-layers = chlorite.

The abundances of the two series depend mainly on the composition of the starting rocks,
so that pelitic sediments are usually dominated by the presence of dioctahedral minerals series,
while in Fe-Mg-rich sediments it is possible to observe a predominance of the second series.

The calculations of percentages of illite and smectite inside an I-S mixed-layers is made by
comparing a glycolized and an air-dried diffractograms of the same sample (see § 4.2.4). The
comparison is made calculating the difference between A°26 angles in peaks illite 002/smectite
003 and illite 001/smectite 002. Then the obtained angular value is inserted in reference tables
which indicate a range of illite-smectite content percentages related to this difference.

In order to obtain a temperature value from clay minerals analyses the afore-mentioned
angular difference, which take into account the structure of mixed-layers, indicated by the “R”
parameter, is then inserted in Merriman and Frey’s correlation chart (Merriman and Frey, 1999,
fig. 4.1). This parameter assumes values of 0, 1 and 3 (the existence of R2 structures is still a
matter of debate), increasing as a direct function of temperature, and indicates the level of order

in the repetition of single clay minerals layers and illite-smectite mixed-layers.

Fig. 4.1 — Correlation chart for different paleothermal indicators proposed by Merriman and Frey, 1999. The red
boxes highlight the parameters we adopted in this study (see text for explanation), and the corresponding
temperatures and depths at which the main reaction in clay minerals and organic matter occur, adopting a

geothermal gradient of 30°C/km. g
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Value 0 refers to cases of disordered structures, 1 when the illite content raises to 50%, 2
should be relative to an illite content of 67%-80% and 3 refers to structures in which the illite
content is higher than 90%.

The passage from RO to R1 structures occurs at temperatures of ~100-110 °C, while R3
structures can be found at temperatures higher than ~170-180°C, with a geothermal gradient of
25-30 °C/Km (Hoffman and Hower, 1979; Pollastro 1990).

Finally the third type of clay mineral analysis takes into account the concept of
“crystallinity”, which, in this context, acquires the meaning of thickness, and thus dimension, of
clay mineral crystallites (single crystals or mineral fragments). With increasing temperatures and
pressures, crystals become thicker and acquire larger surfaces; therefore, crystallinity is a function
of the prograde reactions affecting the minerals, and represent a state controlled by pressure-
solution and recrystallization processes, related, in turn, to fluid activity, temperature and tectonic
strain.

The Kiibler Index, first born from studies aimed to define the limits between diagenesis,
anchizone and epizone (Kisch, 1990, 1991; Kibler, 1967), measures shape variations of the first
illite basal reflex (interplanar spacing ~10 A), in air-dried and glycolized diffractograms realized
with the <2um fraction. The width measurement is made at half height of the peak (full width at
half maximum, FWHM), and variations of this parameter are expressed in A°28. As illite crystallites
become thicker in metapelitic sequences, the 001 peak profile at 10 A becomes narrower and the
Klbler Index decreases; the FWHM value is associated to temperature values which are reported

once again in Merriman and Frey’s chart (Merriman and Frey, 1999, fig. 4.1).

4.2.1 X-ray powder diffraction: sample preparation and instrumental conditions

The afore-mentioned parameters (% illite in 1-S mixed layers, % chlorite in C-S mixed layers
and Kubler Index) are measured through X-ray diffraction (XRD) and each sample is subjected to
two different analyses, one on a sample with random orientation of the crystallites and the other
with crystallites preferential orientation (e.g., Giampaolo and Lo Mastro, 2000). While the
random-oriented samples analysis give a semi-quantitative estimate of the mineralogical
composition, the oriented samples analysis results in precise information about composition and

content of clay minerals.
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4.2.2 Random-oriented sample preparation

After a first crushing and exsiccation inside an oven at 40°C for 24 hours, 2-3 g of the
sample are comminuted to an impalpable powder with agate mortar and pestle. Half gram of
material is inserted in a sample holder, covered by rough filter paper, and put under a compressed

air press at 5 bar. The advantages of this kind of preparation are (Giampaolo and Lo Mastro, 2000):

“infinite” thickness (~*2 mm) to X-ray diffraction;

- corrugated surface, assures clay minerals random orientation;

- same standard deviation in the crystallites inclination angle with respect to the mean
orientation of crystallites in the aggregate;

- repetitivity of sample preparation;

- possibility to compare different samples, analyzed through XRD in different times;

- possibility to quantify different minerals inside the same aggregate.

4.2.3 Oriented samples preparation

In order not to alter too much phyllosilicates structures in these samples the material has
to be left as undisturbed as possible, therefore, it is necessary to generate a clay minerals
crystallite-rich suspension, avoiding intense mechanic actions.

20 g of the finest sample fraction are dispersed in 150 ml of distilled water, inserted in 500
ml Erlenmeyer flasks and treated in a stirrer running at 200 oscillations per minute; each sample
for a total time of 60 minutes. Subsequently 50 ml of suspension are extracted and put inside test
tubes destined to centrifuge. Centrifugation is necessary in order to make the coarser material to
deposit on the bottom of the tube, while the < 2 u fraction remains suspended inside the water, in
the upper half of the test tube. The centrifuge is run at 1000 rpm (revolutions per minute), for
210", according to reference tables which specify the duration of the operation as a function of
the interested granulometric fraction, temperature of the water and velocity of the centrifuge.
This operation is also aimed to check the eventual presence of soluble salts (chlorides and
sulphates), which have to be removed from the suspension, in order not to disturb the XRD
analysis.

At the end of this step ~25 ml of suspension are extracted and dropped in 30 ml sterile

holders and successively extracted with a pasteur dropper in order to be placed, as a suspension
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bubble, on previously cleaned and weighted glass slides. The slides are characterized by a
diameter of 25 mm and a thickness of 1.3 mm. It is important to make the bubble as big as
possible, in order to make deposit as much material as possible on the glass slides, because higher
density of material plays a fundamental role in the results of the analysis.

Once the prepared sample is dry, in order to obtain the sample density it is necessary to
weigh the slides once again and to apply this formula:

p_WZ_Wl
a

7

where p represents the density of the sample, w, the weight of the glass slide with the
powder, w; the weight of the clean glass slide, and a the area of the slide.

At this point the air-dried samples are ready for the diffraction, after which, they are placed
in an ethylene glycol-saturated desiccator which produces an expansion (reversible) of the
expandable clay minerals crystalline lattice. The glycolized samples have to be treated for at least

17 hours, and then analyzed within 8 hours from the end of the glycolization process.
4.2.4 Diffractograms interpretation

In the random-oriented samples, where no granulometric separation has been done, the
guantity (as a percentage) of each single mineralogical phase is obtained through the measure of
the FWHM, and thus of the area of each peak (fig. 4.2).

Then the percentage of each phase with respect to the total is given by:

A_i><100

ci=F
LA
= Fi
where c; is the content of the i phase, A, is the area of the i phase peak, F; is the PIF (Peak
Intensity Factor) of the i phase, i represent each single phase, while n is the total number of
mineralogical phases present in the sample. In these samples phyllosilicates are considered as a

unique phase.
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Fig. 4.2 — Random-oriented sample diffractograms related to sample PR 3 CM.

In the samples with granulometry < 2 um, on the contrary, the same formula is used to

obtain the percentage of each clayey fraction over the total of the present phyllosilicates (fig. 4.3).
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Fig. 4.3 — Air-dried and glycolized samples diffractograms, related to the analysis of < 2 um granulometric fraction in
sample PR 3 CM.

4.3 Paleotemperatures derived from analysis of dispersed organic matter

Organic matter dispersed within sediments has a wide range of different compositional and
genetic characteristics, and is composed mainly by carbohydrates, proteins, lignin and lipids. The

term kerogen indicates the fraction of organic matter resisting to the attack of organic acids which

affect the first centimetres of basin floor sediments.
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Among the main constituents of dispersed organic matter the huminite-vitrinite group
occupies a relevant position because the reflectance of its components is strongly dependent on
the basin maturity grade, and vitrinite-rich host rocks can generate gaseous hydrocarbons.

The quantity of dispersed organic matter of terrigenous origin depends on many factors,
such as distance of deep basins from emerged continents or islands (covered with vegetation),
pelagic sedimentation rates versus turbiditic sedimentation and mass-flows emplacement, primary
productivity of marine plankton and its chemical stability, activity of bacteria and oxidizing agents,
velocity and direction of marine currents (Littke et al., 1994).

Organic matter, while transported through the water column, is altered by biologic,
chemical and physical processes, and can be characterized through petrological and geochemical
studies, in particular through the definition of the percentage of total organic carbon and the
hydrogen index (HI) (Bordenave, 1993; Espitalié et al., 1977; Katz, 1983; Wakeham and Lee, 1993).

The most used parameter for the study of sedimentary rocks thermal maturity is vitrinite
reflectance (Ro%), i.e. the capacity of dispersed organic matter to reflect light, which varies as a
function of thermal maturity, or maximum reached temperature, represented mainly by volatile
loss and progressive graphitization.

Organic matter maturation is subdivided in three groups, in relation to oil and gas
production:

- Ro% < 0.5: chemical and physical processes fall inside diagenesis field, affecting mainly the
guantity of oxygen present in the first centimetres of sediments. In this phase organic
matter is transformed in kerogen, and bacterial processes prevail on the effects of
temperature and burial;

- 0.5 < Ro% < 2.0: catagenesis, temperature effects become the most relevant, kerogen
becomes thermodynamically unstable and starts a physical-chemical reorganization which
leads to the expulsion of products such as: H,O e CO; (initially), oil (in the main phase,
called “oil window”, fig. 4.4), and wet gases in the most advanced phases;

- 2.0 < Ro% £ 4.0: metagenesis, temperature and pressure rise until only dry gases are
expelled (mainly methane). Kerogen loses H, O, N and S, and progressively transforms in

graphite.
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Fig. 4.4 — Chart representing the progression of reactions and modes of hydrocarbons generation with increasing depth

and temperature (modified after Marshak, 2001).

4.3.1 Vitrinite reflectance sample preparation and analysis

Samples are prepared crushing the collected rock, leaving a coarse granulometry, in order
to avoid a too long or intense mechanic action, which would lead to the destruction of the vegetal
material, much weaker than the detritic components of sediments.

It can be useful, in particularly organic matter-poor samples, to do a manual picking, with
optical microscopes, in order to concentrate the organic matter in the sample. Selected material is
then incorporated in epoxy resin and left to dry for some hours.

The preparation ends with three steps of honing and three steps of polishing; honing phase
is characterized by the use of sandpaper with progressive finer granulometry (in the range 60-600)
and water, while polishing is made with progressively finer aluminum oxide paste, from 0.3 to 0.05

um.
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Vitrinite reflectance analysis is accomplished through a common petrography optical
microscope, upon which it’s mounted a vertical illumination system.

Measurement conditions are standardized, and are referred to an ideal atmospheric
temperature of 23 °C, made through oil immersion (with refraction index = 1.518) and a light filter
of thickness 546 nm; the microscope is set with a magnifier of 50x (Bustin et al., 1990). Since
daylight affect the conditions at which the measurements are performed, it is suitable to
recalibrate the instrument more than once through the day.

After setting various parameters related to the microscope light emitter and receiver
system the calibration continues with the measurement of three standard samples (with
refraction index 0.426, 0.595, 0.905) and after each measurement the correlation line is controlled
to be always as close as possible to 1. Each standard sample with at least 10-15 measures (from

which an arithmetic mean is then obtained) accomplished on each vitrinite fragment (fig. 4.5).

Fig. 4.5 — Examples of microscope photos of vitrinite fragments analyzed in the new data.
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Paleotemperatures values are obtained from vitrinite reflectance values adopting Barker

and Pawlewicz’s equation (1994):

T In(Ro £5s)+1.68
0.0124

7’

where T is temperature, in °C, Ro is the vitrinite reflectance value and s is the standard

deviation value.

4.4 Apatite fission track dating

Fission track analysis is a method of determining mineral ages which uses geochronologic
dating to give information about both age and temperature of the samples, in particular, as other
thermochronologic methods, it is a widely diffused technique adopted to determine the thermal
history (T-t paths) of rocks (Gallagher, 1995). The basic difference between apatite fission track
dating (AFT dating) and classic geochronologic methods (e.g. U-Pb dating) is that AFT age isn’t
related to the age of the apatite crystal formation, but it is related to the age at which thermal
events affected the crystal at specific moments of the geological history of a rock.

The fission track dating method was born in the ‘60s of the past century and applied mainly
first to apatite and successively also to zircon minerals (Tagami et al., 1999); apatite minerals are
characterized by many fundamental characteristics which make them a very suitable mineral
fission track dating, such as their nearly ubiquitous natural occurrence in rocks, their physical
properties, the chemistry of their major, minor and trace elements, their ability to retain fission
tracks in geological environments and the ease of reproduction of many apatite characteristics in
labs (Donelick et al., 2005).

The basic principles of the method are related to the fact that the age constraint can be
obtained thanks to the radioactive decay occurring in natural unstable isotopes (parent isotopes)
which loose particles in order to reach a stable nuclear configuration (daughter isotope). In the
described method, in particular, it’s taken into account the spontaneous decay of 2381, which

occurs at a known rate and it’s proportional to the number of parent atoms left at any time, N

aNe _ N,
dt
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where A is the decay constant (time™) and t is time.

238 radioactive decay is achieved mainly through emission of a particles (a-decay) which

206 238

lead to a stable “"Pb nucleus. Nonetheless for every about two million “““U nuclei undergoing a-

28 nucleus will experiment spontaneous nuclear fission, whose effect is the

decay, one
formation of tracks, or trails of disrupted atoms inside the crystal lattice.
Therefore in the AFT dating method the measured parent and daughter are the

spontaneous and induced fission tracks (fig. 4.6).

Fig. 4.6 — Photomicrograph of a polished and etched prismatic section through an apatite crystal. The arrow indicates

the intersection between an etched surface and a horizontal confined track (after Gallagher et al., 1998).

The isotopic age equation, which take into account, thus, spontaneous and induced fission

tracks, for the AFT method is the following (Gallagher et al., 1998):

1 P

_ S

t—ﬂv—ln id—pdé/g-l—l ,
d Pi

where t is the age, ps and p; are spontaneous and induced track densities, pyis the track density in

238

a dosimeter (a glass of known Uranium concentration), A4 is the a-decay constant for “°°U, g is a

geometry factor, {is a constant of proportionality.
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The thermochronometric age determined in the AFT dating, therefore, is based on a
comparison between spontaneous (i.e. already present before the analysis) and induced
(produced in lab) fission tracks (reviews in Gallagher et al., 1998; Gleadow and Brown, 2000;
Hurford, 1991; Ravenhurst and Donelick, 1992; Flescher et al., 1975; Wagner and Van den Haute,
1992).

During the cooling history of a rock, when the temperature is still higher than ~120 °C all
the tracks formed in apatite crystals are annealed (“repaired”) at rates strongly influenced by the
apatites chemistry and the tracks crystallographic orientation; thus, the mineral doesn’t record
anything of the rock thermal history and its age is equal to 0 (Green et al., 1986; Carlson, 1990;
Donelick et al., 1999; Barbarand, 2003). Only once the temperature drop under this temperature
the system starts to retain fission tracks, which are only partially annealed, until the temperature
decreases under ~70 °C, when the system can be considered almost “closed”, allowing the crystals
to entirely preserve the tracks (fig. 4.7). The field comprised between ~70-120 °C is thus called
Partial Annealing Zone (PAZ) (Naeser, 1979; Wagner, 1979), a concept that is analogous to the

partial retention zone in other isotopic systems (e.g. U-TH-Sm/He in apatite and zircon).
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Fig. 4.7 - An apatite age profile with a distinctive shape within the partial annealing zone because of its characteristics
of track annealing. Here a partial annealing zone (PAZ) has formed in a relatively stable thermotectonic environment
over some time. Thermochronological ages decrease rapidly in the PAZ. The depth of the system base depends on the
geothermal gradient (modified after Fitzgerald et al., 1995).
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Apatites in a rock sample at surface, consequently, preserve a mix of tracks which are
partly annealed and partly fully preserved, related to the last thermal event responsible for the
rock cooling down under 120 °C, which might not coincide with the last thermal event, and above
all with the last geological/exhumational event affecting the history of the rock. In this last case,
the preserved fission tracks would hold the record of more than one events in the evolution of the

sample.

4.4.1 AFT dating sample preparation and analysis

Apatite grains are usually separated through a series of phases, in most part common to
separation processes of other heavy minerals.

After a first reduction of the rock samples to a granulometry of about ~200-300 um in a jaw
crusher, the apatites are separated, together with other heavy minerals such as zircons, in a water
shaking table. Then the use of heavy liquids and magnetic separation techniques coupled with a
final manual microscope check allow to obtain the apatite grains which are subsequently mounted
on holders. At this point the samples are polished and etched with HNOs, in order to reveal and
highlight the grains spontaneous tracks. Next the samples are covered by standard CN-5 glass
dosimeter (with known U-content) and a low-U muscovite external detector, and together
irradiated by thermal neutrons which induce the formation of new fission tracks. After another
phase of track etching in the external detector through HF, the samples are ready for the optical
analysis, which basically compare the length of the spontaneous tracks in the apatite grains
(partially shortened by annealing processes) and the induced tracks in the muscovite external
detector which preserve their maximum length according to the grain chemical and physical
properties. In each sample 20 randomly encountered grains and 100 randomly encountered tracks
are usually measured (where present), and this approach provides a reasonable results both in
terms of statistics and economy of the analysis (Donelick et al., 2005). For each sample, finally a
central age from the logarithmic mean of the single-grain ages and the associated age dispersion is

calculated.
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4.5 Paleothermal and thermochronologic data in the Northern Apennines

The Northern Apennines are characterized by a large dataset of paleothermal (vitrinite
reflectance and clay mineral analyses) and thermochronological (AFT, ZFT, U-Th/He in apatite and
zircon) data related to all the main tectonic units, and the main regional-scale trends regarding
burial, exhumation and timing of the related tectonic processes have been long-recognized and
highlighted in literature (Corrado et al., 2010 and references therein; Thomson et al., 2010 and
references therein, see also § 5).

In order to understand what was the state of the art of the afore-mentioned analyses
inside the study area, all previously published paleothermal and thermochronological data have
been collected in the afore mentioned GIS-referenced dataset (figs. 4.8, 4.9).

Paleothermal analyses have been performed since the end of the ‘70s of the last century,
also inside the study area (fig. 4.8) (Bonazzi et al., 1982, 1984, 1987, 1989; Cerrina Feroni et al.,
1983, 1985; Reutter et al., 1980, 1983, 1991; Venturelli and Frey, 1978), but the evolution of lab
methods, standards, reference scales and the uncertainty of old samples location didn’t allow to
directly compare the published results with paleothermal data produced today.
Thermochronological data, on the contrary, were almost totally lacking inside the area
investigated in this study (fig. 4.9).

These observations and results derived from literature, thus, led us to conclude that a new

set of samples was needed in order to investigate the thermo-tectonic evolution of the study area.
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Vitrinite reflectance data after:
Clay mineral analyses after:

® ORGANIC MATTER / VITRINITE REFLECTANCE

PUBLISHED
THERMAL/MAXIMUM BURIAL
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4.8 — Synthetic geological map of the Northern Apennines with previously published paleothermal data; values are

referred to analyses of vitrinite reflectance and clay mineral based geothermometers (KI and illite content in mixed
layer I-S). The white labels refer to the only data produced with modern lab procedures, directly comparable with the
new data shown in this work (see § 5).
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4.9 — Synthetic geological map of the Northern Apennines with previously published thermochronological data;
values are referred to analyses of fission tracks and U/Th-He diffusion in both apatites and zircons; the new data
shown in this work have been fully integrated with this previously published dataset (see § 5). AFT: apatite fission

track; AHE: U/Th-He in apatite; ZFT: zircon fission track; ZHE: U/Th-He in zircon.
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4.5.1 New paleothermal and thermochronological data: sampling strategy and methods for

temperature-depth conversion

The new samples have been collected following in each sampling site, where possible,

these two criteria: 1) sampling for all of the three afore listed methodologies; 2) sampling all the

main tectonic units occurring within the study area. We collected and analyzed 21 new samples

for vitrinite reflectance, 22 for clay minerals analyses (Kiibler Index and % illite in I-S mixed layer

clay minerals) and 15 for apatite fission track datings, in areas located near the main ridge of the

chain and in four tectonic window, where all the major tectonic units crop out and

paleothermal/thermochronological data were lacking (table 1, fig. 4.10).

Sample |Latitude| Longitude |Elevation (m)] Domain Ro% Kl %l in 1-S | AFT ages (My)

1 PR 10 44,509 9,792 458 Epil. 0,482

2 PR 12 44,353 9,776 668 Tusc. 0,855 0,48 94% 8,70
3 PR3 44,446 9,943 600 Tusc. 1,010 |0,55 94% 6,20
4 PR 5 44,456 9,804 718 Lig. 0,827 0,77 84% 7,80
5 PR6.1 44,456 9,783 600 Sublig. 0,658 0,67 92% 4,30
6 PR6.2 44,456 9,783 602 Sublig. 0,84 87%

7 PR25.1 |44,320 9,995 248 Tusc. 1,695 7,00
8 PR 27 44,525 9,824 618 Epil. 0,735 4,70
9 PR 30 44,755 | 10,037 224 Umbria-R. 0,200

10 PR 31 44,751 10,031 243 Umbria-R. 0,255

11 PR 32 44,755 | 10,022 269 Epil. 0,333

12 PR 4 44,439 9,919 535 Tusc. 1,700

13 PR7 44,550 | 11,239 301 Sublig. 1,110 4,90
14 PR1 44,468 9,937 973 Lig. 0,74 85%

15 PR 2 44,465 9,941 929 Sublig. 0,8 80%

16 PR 8 44,549 9,940 310 Sublig. 0,67 68%

17 PR9 44,561 9,927 326 Lig. 0,71 78%

18 PR 11 44,463 9,930 880 Sublig. 8,70
19 R 15 44,472 9,966 1085 Lig. 7,30
20 PR 17 44,379 10,196 860 Lig. 4,10
21 PR 18 44,380 | 10,194 780 Sublig. 4,60
22 PR 26 44,463 9,602 1135 Tusc. 5,40
23 PR 33 44,755 9,975 550 Lig. 76,90
24 PR28.1 | 44,522 9,931 710 Lig. 3,20
25 PR28.2 | 44,522 9,931 702 Lig. 4,10

Table 1 - New samples collected for the present study. The location of the sample is indicated in fig.4.10. Epil.:

Epiligurian succession; Tusc.: Tuscan foredeep units; Lig.: Ligurian units (upper LSU); Subl.: Subligurian units (lower

LSU); Umbria-R.: Umbria-Romagna foredeep units.
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Fig. 4.10 - Synthetic geological map of the study area with location of the new samples collected for

paleothermal and thermochronological analyses (see § 5 for further explanations).
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5. Uplift and reshaping of far-travelled/allochthonous tectonic units in the western Northern

Apennines (Italy)

The content of this chapter constitutes the core of a paper which will be shortly submitted
(Carlini et al., in preparation), as mentioned in § 1.

In order to simplify the presentation of the data and results, the study area has been
subdivided in three zones and two subzones in which boreholes, thermal and thermochronological
data and LSU geometry have similarities (Zone 1 with Subzones 1a and 1b, Zone 2 and Zone 3, fig.
3.1). These zones cover, from SW to NE, the main ridge and higher slope area (Zone 1), the mid-
slope area (Zone 2), and the Apenninic external (NE) margin (Zone 3); as it will be see, they also

roughly correspond to portions of the LSU which experienced a common evolutionary history.

5.1 The far-travelled/allochthonous LSU in the western Northern Apennines

The far-travelled/allochthonous LSU are the remnants of a Late-Cretaceous — middle
Eocene oceanic accretionary wedge. Since the late Oligocene, the orogenic processes, related to
the continental collision, caused the translation of the LSU above the foredeep units over a
distance of ~100 km, from the present-day Tyrrhenian coastline to the Apennine foothills, south of
the Po Plain (fig. 2.2 and previous chapter § 2). The translation occurred at various steps as
testified by the progressively younger age of the foredeep deposits underneath the LSU (fig. 3.1)
(Boccaletti et al., 1990; Ricci Lucchi, 1986).

During the middle Miocene, the LSU leading edge was placed in a not well defined position
SW of the Serravallian Marnoso-arenacea foredeep; LSU-derived mass-transport deposits inside
this foredeep deposits are witnesses of the proximity of the LSU to the basin (Pini, 1999;
Camerlenghi and Pini, 2009 and references therein). This testifies that from middle to late
Miocene the LSU moved further NE, towards the position they occupy at present close to the
outer (NE) margin of the Northern Apennines foothills; in fact, here the LSU are unconformably
overlain by late Messinian to Recent deposits (see above, fig. 2.2). Within the study area, the
boundary between the early and middle Miocene foredeep deposits (approximately traced in fig.
3.1) can be located underneath the LSU ~12 km SW of the topographic front, as derived from
available surface and subsurface borehole stratigraphies. This measure (~12 km) represents an

estimate of the distance covered by the LSU since the middle Miocene in the investigated area.
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The timing and amplitude of the LSU translation, however, is strongly influenced by the varying
width and morphology of the Apennine foredeep basins along the NW-SE direction (Mutti et al.,
2002; Ricci Lucchi, 1986). In fact, SE of the study area, the LSU leading edge during the middle
Miocene was placed ~30 km SW of the present-day Apennine topographic front, and covered most

of this distance during the Serravallian-Tortonian time interval (Landuzzi, 1994; Zattin et al., 2002).

During the early collisional phases (late Oligocene-early Miocene), the LSU belonging to the
NE slope of the Northern Apennines (fig. 2.2) were characterized by a geometry which tapered out
towards the foreland area, (i.e., to the NE; Principi and Treves, 1984; Remitti et al., 2011;
Vannucchi et al., 2008; Zattin et al., 2002). As it will be shown later (see chapter § 5.2), the late
collisional phases (mainly of late Miocene to Recent age) caused the LSU to be strongly reshaped
and to acquire a double tapered wedge geometry, with thinner edges both towards SW and NE.

Although it is commonly agreed that the external (NE) portion of the LSU wedge was
deeply reshaped by surface sedimentary mass-wasting processes (Artoni et al., 2010; Papani et al.,
1987; Remitti et al., 2011), there is still poor agreement about the mechanisms responsible for the
reshaping of the LSU wedge in its inner (SW) portions. There, the anomalous reduced thickness of
the LSU has been mainly ascribed to tectonic elision processes related to shallow low angle normal
faults (Artoni et al., 2006; Bettelli et al., 2002), or folding and doubling of the underlying basement
and foredeep units (e.g., Boccaletti et al., 2011; Molli et al., 2010). Moreover, it is not yet clear
whether one of the afore-mentioned processes could have predominated or they mutually
exclude each other, and what is their precise timing. However, it is remarkable that the reshaping
of the LSU occurred when the Apenninic orogenic wedge was affected by coeval extensional and

compressional tectonics (see § 2).

5.2 The present-day geometry of LSU derived from integrated surface and subsurface

geological data

The present-day geometry of the LSU has been constrained by integrating surface and
subsurface data; the compiled geological sketch map shows that the LSU are present over most of
the study area, sealed by the middle Eocene to Tortonian Epiligurian succession and the late

Messinian to Holocene deposits at the Apennine foothills (fig. 2.2). The LSU were translated over
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the foredeep units which crop out along the main divide of the mountain chain and in tectonic

windows (fig. 2.2).

5.2.1 Surface geological cross sections

Within Zone 1, the present-day geometry of the LSU and their relationships with all the
major tectonic units are shown by the 7 most relevant of the 23 collected geological cross
sections (figs. 3.1, 5.1, SM1.1 - Supplementary Material 1). In this area, in fact, the lower
(over the Tuscan units) and upper (beneath the Epiligurian succession) main contacts of the
LSU crop out.

The present-day geometry of the basal contact and other main tectonic discontinuities
in the lower portion of the LSU (e.g., the contact between the Ligurian and the underlying

Subligurian units) are represented by NE-dipping low- and high-angle surfaces (figs. 3.1, 5.1).
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Some of these NE-dipping contacts are located ~1000 m above the LSU basal contact
with the Tuscan Unit (fig. 5.1). According to the literature, the basal contact of the LSU has
not been reactivated but it has been passively deformed by the thrusting and folding affecting
the underlying Tuscan foredeep units during late Miocene - early Pliocene times. On the
other hand, the possible reactivation of pre-existing weakness surfaces within the LSU, above
their basal contact, is still a matter of debate. As a matter of fact the low and high-angle NE-
dipping surfaces inside the LSU (figs. 3.1, 5.1) have been interpreted in basically two different
ways:

1) as a NE gentle tilting (low-angle) or folding and verticalization (high-angle) of the

older overthrust contacts inside the LSU, in response to the tilting and folding of
the underlying foredeep units (Boccaletti et al., 2011; Cerrina Feroni et al., 2002;

CNR, 1980);

2) as late Miocene low-angle normal faults delaminating and reactivating older
overthrust surfaces inside the lower portion of the LSU, cut by younger high-angle

normal faults (Bettelli et al., 2002; Plesi et al., 2002; Vannucchi et al., 2008).

In the seven cross-sections we analyzed (fig. 5.1), the upper boundary of the LSU is
represented by the basal contact of the overlying Epiligurian succession or is under erosion at
the topographic surface. Because the preserved Epiligurian succession is much less deformed
compared with the underlying LSU (Bettelli et al., 1987), it can be argued that the contact
between the two units (i.e., LSU-Epiligurian succession) was not been significantly deformed
after the beginning of the deposition inside the wedge-top basins (i.e., after the middle-late
Eocene § 2). Nonetheless, locally low-angle extensional and compressional tectonic features
affect the upper portion of the LSU, in proximity of the base of the Epiligurian succession (e.g.,
the extensional fault in the M.te Barigazzo area — a) in fig. 3.1, Artoni et al., 2006; overturned

fold of Ranzano area — b) in fig. 3.1, Cerrina Feroni et al., 2002).

Fig. 5.1: Geological cross-sections across the study area. See fig. 3.1 for locations. a) modified after Bettelli
et al., 2002; b) modified after Plesi et al., 2002; c) modified after Plesi et al., 2002; d) modified after CNR,
1980; e) modified after Cerrina Feroni et al., 2002; f) modified after Puccinelli et al., in press (a) and Cerrina

Feroni et al., 2002; g) from this work; h) modified after Camurri, 2000. 38
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Within Zone 1, low-angle extensional faults affecting the whole LSU are very common
(A, B and C, in fig. 3.1); these faults put in contact units belonging to different structural
levels within the LSU wedge. They locally involve the overlying Epiligurian succession,
implying the removal of several kilometres of LSU which are presently missing (Artoni et al.,
2006; Bernini et al., 1997; Cerrina Feroni et al., 2002; Elter and Schwab, 1959; Papani et al.,
1987; Puccinelli et al., in press (a); Vescovi, 1991; Vescovi et al., 2002;). In particular, A, brings
the Epiligurian succession directly on top of the lower portion of the LSU, while B, and C,
downthrows the very upper portion of the LSU (Ligurian Units) onto the bottom portion of
the LSU (Subligurian Units) or upon the Macigno foredeep deposits (By).

The seven cross-sections (fig. 5.1) allowed to estimate that within Zone 1 the LSU are
~1000-2000 m thick. This thickness corresponds to the distance between the base of the
Epiligurian succession and the top of the Tuscan/foredeep units (figs. 3.1, 5.1). The field
evidences and the non-reactivation of both the basal an upper contacts of the LSU imply that
the reshaping processes acted predominantly inside the LSU wedge, leaving undisturbed its
top and basal tectonic boundaries. This is an important constrain as it will be discussed later
(see § 5.6).

The present-day LSU geometry has been constrained also by a regional-scale seismic
line, depth converted and crossing the study area between the Taro and the Parma rivers (fig.
5.1h) (Camurri et al., 2001) and confirmed in newly analysed seismic profiles (figs. 3.2, 3.3).
This regional scale cross-section depicts the LSU as a SW and NE out-tapering body,
characterized by the highest thickness of 4000 m in its central portion, i.e., within Zone 2 (fig.

5.1h); within Zones 1 and 3 the LSU are ~1000-2000 m and ~1000 m thick, respectively.

5.2.2 Boreholes data

The thickness of the LSU calculated by the well stratigraphies has been correlated
along three strike-oriented transects, with respect to the main NW-SE trend of the chain axis
(S1, S2 and S3), which correspond to the three zones shown in fig. 3.1.

Section 1 (fig. 5.2a) comprises the wells located in the innermost part of the
outcropping LSU, close to the basal contact of the LSU lying over the Tuscan units (Zone 1).
The three westernmost wells (Lama dei Cerri, Corniglio, Monchio delle Corti) intercept the

base of the LSU at a depth between ~1000 and 1700 m below the surface, while the two
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eastern boreholes (Quara and Sestola), on the contrary, were drilled down to more than 3000
m without reaching the top of the Tuscan units. This important thickness lateral variability is
related to the fact that the SE portion of the study area was locally affected by post-Miocene
high angle extensional tectonics downthrowing the base of the LSU (Bettelli et al., 2002; Plesi
et al., 2002; Vannucchi et al., 2008) (see § 5.2.1).
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fig. 5.2: Boreholes correlations. a) Section 1 within Zone 1 — higher slope area; b) section 2 within Zone 2 — mid-
slope area; c) section 3 within Zone 3 — lower slope area. The green areas represent the thickness of the LSU, the
horizontal red lines indicate the boundary between Ligurian (above) and Subligurian (below) units inside the LSU,
the vertical redlines indicate the portion of the boreholes in which the Subligurian units are found. Boreholes

data and stratigraphies come and are freely downloadable from http://unmig.sviluppoeconomico.gov.it/videpi/.

The correlation between the wells in section 2 (fig. 5.2b) shows an increase of the LSU
thickness up to more than ~3000 m in this mid-slope area (Zone 2). Even if most of the wells
in this section did not reach the base of the LSU, a minimum thickness of ~4500 m can be
estimated. The seven central wells of the section (namely Monte delle Vigne, Calestano,
Terenzo, Poggio, Vallezza, Monte Bosso, Sivizzola) reached the top of the foredeep units and
highlight an average thickness for the LSU of ~3000 m. The anomaly in the central portion of
this section can be explained by the presence of SW-NE-oriented tectonic discontinuities
which affect the base of the LSU between the Parma and Taro rivers (e.g., the “Taro Line”,
Argnani et al., 2003 and references therein).

Section 3 (fig. 5.2c) shows the thickness of the LSU along the external margin of the
chain (Zone 3). Despite the irregular geometry, the thickness of the LSU ranges from a couple
of hundreds of meters (mostly in the western portion) to a maximum of ~1000 m, with local
maxima of ~2000 m (in Ponte dell’Olio, S. Polo d’Enza and Levizzano boreholes). Thickness
changes, occurring within distances lower than 10 km, are related to: 1) the original shape of
the LSU (e.g., between Campore and S. Polo d’Enza boreholes), 2) the late Messinian mass-
transport deposits departed from the top of the LSU (Artoni et al., 2010 and references
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therein), 3) the proximity to subsurface structures related to the underlying foredeep units
(e.g., Salsomaggiore anticline close to Vizzola and Tabiano wells), and 4) the discontinuous
occurrence of the Epiligurian succession and/or the Quaternary deposits, which locally seal
the top of the LSU wedge (e.g., San Michele, Felino and Poggio boreholes).

Summarizing, the boreholes data indicate that the LSU are characterized by maximum
thickness values in the mid-slope area (Zone 2) and minimum thickness values moving

towards both the LSU inner (SW, Zone 1) and outer (NE, Zone 3) tips (fig. 5.2).

5.3 Surface and sub-surface geological data analysis: geometry and lateral variability of the

LSU

Despite uncertainties and the occurrence of irregular features, the geological cross
sections, seismic line interpretations and boreholes data are consistent and allowed a
reconstruction of the present-day geometry of the LSU wedge.

This geometry can be visualized on the isopach map of figure 5.3a, showing the LSU
thickness. The depth of the LSU base has been calculated by integrating all the subsurface and
surface geological data (comprised the LSU SW outcropping boundary and the NE extension
of the mass-wasted bodies) and interpolated through a cubic algorithm from Mathworks
Matlab 7.10. Then, the present-day upper surface of the LSU (used to construct the isopach
map but not represented in fig. 5.3a) has been obtained by subtracting the thickness of the
preserved Epiligurian succession from the topography. The isopach map, finally, has been
obtained through the use of the ESRI ArcMAP 10 Spatial Analyst’s “Plus” tool which added
both the depth of the basal surface and the elevation of the upper surface at each point of
the map. The resulting total estimated thickness of the present-day LSU body has been
contoured with isolines ranging between ~4100 m (in the central portion) and 0 m (by the inner

and outer edges).
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Fig. 5.3: present-day geometry of the LSU inferred from surface and subsurface geological data. a) 3D shaded map of

the LSU basal trend, isopachs of the LSU and boundaries of Zones 1, 2 and 3; yellow lines represent the traces of the

profiles depicted in fig. 5.3b. b) Profiles A and B traced across the upper (not represented) and basal (3D shaded map in

fig. 5.3a) surfaces of the LSU; the red lines represent the LSU upper boundary (solid when constrained by the Epiligurian

Succession, dashed where constrained by topography), the green lines represent the trend of the basal surface.
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Two cross-sections, A and B (fig. 5.3b), visualize the double tapered wedge geometry of the
LSU in the two portions where the LSU are thicker. Within both inner Zone 1 (SW) and outer Zone
3 (NE) the LSU basal trend shows a high variability in dip angles, ranging from values < 25° to > 45°.
This variability, highlighted also by the geological cross sections and the boreholes sections (figs.
3.1,5.1 and 5.2), can be related to:
- the discontinuous presence of high angle extensional features cross-cutting former low-
angle NE-dipping faults along the inner zone (see § 5.2.1);
- the presence of tectonic discontinuities affecting the base of the LSU and of structural
highs at the top of the foredeep units along the outer zone. The most prominent
structure is the Salsomaggiore tectonic window, where Umbria-Romagna foredeep

units crop out.

5.4 Vitrinite reflectance, clay minerals and AFT results

We collected new samples for each tectonic unit outcropping within the study area
favouring techniques crosschecking in each sampling site (tab. 1).The multi-method approach (see
§ 4) allows us to get information about timing and entity of exhumation relative to: 1) each
tectonic unit; 2) eventual coupling/decoupling events of the units during the exhumation
processes.

Maximum temperatures and cooling ages are from Zone 1 and Zone 3, and correspond to
section 1 and section 3 of the boreholes correlation (fig. 5.2, table 1). The lack of foredeep units
exposure within Zone 2, related to the fact that in this area only the shallower portion of the LSU

crops out, led us to favour the sampling within zones 1 and 3.

Fig. 5.4: thermal and thermochronological data newly collected in the study area; maximum temperatures and
cooling ages are plotted with error bars, versus the samples distance from the NE front of the chain; the solid black
lines represent the general trend of the data related to the top of the sampled foredeep units, see § 5.2 for
explanation. a) Vitrinite Reflectance values; b) clay mineral analyses (square and triangles represent the two
different clay minerals analyses); c) AFT ages; the horizontal black dashed line inside Zone 1 represent the boundary
between Subzones 1a and 1b; the red ovals represent two tectonic windows in which the second younging trend is

observable; the blue box represent the Valdena tectonic window (see fig. 3.1 for location). a4
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5.4.1 Vitrinite Reflectance

Vitrinite eflectance (VR) data (fig. 5.4a) related to the foredeep units display values
decreasing from 1.695+0.18% - 0.629+0.072%, within Zone 1, down to values of 0.255+0.019%-
0.200+0.056%, almost at the lower resolution limit of this analytic technique, within Zone 3.
Because of the low reliability of Zone 3 samples, only Zone 1 samples have been converted into
paleotemperatures, and their values range from ~178°C to ~98°C.

VR data for the LSU, collected only within zone 1, range from 1.110+0.081% to
0.419+0.052%, corresponding to paleotemperatures spanning from ~144°C to ~65°C.

The two samples belonging to the Epiligurian Succession display VR values of 0.735+0.076%
(Zone 1) and 0.333£0.062% (Zone 3), corresponding to paleotemperatures of ~111°C and ~47°C.

The general paleotemperature decreasing trends, moving from SW to NE and from deeper
units (foredeep units) to shallower units (LSU and Epiligurian Succession), reflect the maximum
burial variability across the Apennine chain previously highlighted in literature (Reutter et al.,

1980, 1983, 1991; Bonazzi et al., 1982, 1984; Corrado et al., 2010) (see § 4).

5.4.2 Clay mineral-based geothermometers

Samples for this technique have only been collected within Zone 1 (fig. 5.4b). The
Tuscan foredeep units display an illite content in mixed layer I-S (squares in fig. 5.4b) ranging
from 94% to 85% (mainly R3 stacking order) and Kl values (triangles in fig. 5.4b) from 0.55 to
0.69. According to the mixed layer I-S, the paleotemperature estimates are between ~190°C
and ~110°C, while the Kl parameter indicates paleotemperatures ranging from ~170°C to
~140°C.

The LSU illite content in mixed layer I-S ranges between 92% and 68% (R3 and R1
stacking order), while the Kl value is comprised between 0.63 and 0.84. Mixed layer |-S
indicate paleotemperatures ranging from ~150°C to ~100°C and the Kl parameter indicate
paleotemperatures from ~150°C to ~120°C.

The two inorganic parameters indicate that maximum temperatures are fairly regularly
distributed within Zone 1, decreasing from SW to NE and from samples belonging to the deeper
Apenninic units (Tuscan units) up to samples related to the shallowest portion of the LSU. Only

two data at ~ 35 km from the Apenninic front (PR3IS and PR3KI, see § 4) fall out of the main
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decreasing trend because of the presence, in a relatively external (NE) position, of a tectonic
window in which the Tuscan units crop out. Previously published data for this zone are fully
consistent, in terms of main trends, with the new results, highlighting both the same regional
decreasing SW-NE trend, and the maximum burial decrease moving from deeper to shallower
units (Bonazzi et al., 1982, 1984, 1987, 1989; Cerrina Feroni et al., 1983, 1985; Corrado et al.,
2010) (see § 4).

5.4.3 Apatite fission track data

All the samples collected within Zone 1 for the apatite fission track analysis (fig. 5.4c) have
been completely reset, meaning that they were heated up to more than 120 °C before the last
cooling event. This event has been recorded by the Tuscan foredeep units between 8.7+1.2 and
2.3+0.3 Ma, and similarly by the LSU between 8.7+1.1 and 2.5+0.5 Ma. The sample collected at the
base of the Epiligurian Succession displays an AFT cooling age of 4.7+1.0 Ma, falling inside the
same time interval indicated by the deeper units.

The AFT sample (PR33FT in fig. 4.10) collected within Zone 3 is the only unreset sample of
our whole new dataset and it belongs to the LSU outcropping at the NE external margin of the
chain (fig. 5.4c). This sample shows an AFT age of 76.9+5.9 Ma and a reduced mean track length of
10.84+0.20 um. This AFT age isn’t related to any Apenninic tectonic phases, and implies that
during the Neogene Apenninic orogenesis this sample has never been heated at temperatures
higher than ~70°C (see § 4).

Two younging trends can be observed from the data, one SW-NE oriented and the other
one related to the relative depth of the sampled tectonic units inside the Apenninic stacking. The
first trend is highlighted by two groups of cooling ages located within the Zone 1 close to the main
ridge of the Apennine; one ranging from 8.7 to 6.2 Ma (Subzone 1a), and the other ranging from
4.9 to 3.2 Ma (Subzone 1b). The two groups as a whole define a younging trend from SW to NE
(fig. 5.4¢) and they correspond to areas in which two different foredeep depocenters belonging to
the Tuscan units crop out: Subzone 1a is related to the Macigno foredeep, while Subzone 1b is
related to the Cervarola foredeep. This first tendency is a long-recognized trend in the Apennines
which has been interpreted as related to the main SW-NE direction of migration of the orogenic
processes and foreland basins (e.g., Boccaletti et al., 1990; Cavinato and DeCelles, 1999; Doglioni,

1991; Thomson et al., 2010).
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The second trend, instead, is observed especially inside tectonic windows (red circles in fig.
5.4c) and it is characterized by cooling ages which become progressively younger from the
shallower (LSU) to the deeper units (foredeep units) (fig. 5.4c). This observation implies that the
tectonic stack constituted by the foredeep units and LSU moved through the 120°C isotherm as a
single crustal block.

In the case of the Valdena tectonic window (I in fig. 5.4c) this second trend is confirmed
once again, but the difference in cooling age between two samples collected in the upper and
lower portion of the LSU ranges from a minimum of 0.1 My to a maximum of 6.9 My (considering
20 error), not justifiable by the little difference in the structural position of the two samples, and
possibly indicating the lack of a certain amount of LSU (whose thickness depends on the assumed
exhumation rate).

Previously published data in the study area are partly related to the Macigno foredeep
succession and partly to the shallower overlying LSU (Thomson et al., 2010 and references therein)
(see §& 4), all falling inside our Subzone 1a. The published cooling ages related to the Macigno
succession span from 9.6 to 5.3 Ma, highlighting once more the same time interval related to the
exhumation of the main ridge observable in our new data. The published AFT ages related to the
LSU range from 13.4 to 10 Ma and together with the underlying Tuscan units ages they highlight
the same second trend observed in our new data, related to the denudation of progressively

deeper units (Thomson et al., 2010).

5.5 Maximum burial and cooling ages

Within Zone 1 the maximum temperatures recorded by clay mineral thermal indicators and
apatite fission track are in good agreement, and indicate a general temperature decrease towards
NE because progressively shallower units have been sampled (fig. 4.10). VR data distribution is
much more scattered, even among samples belonging to the same structural level. Nonetheless, a
general decreasing trend can be envisaged taking into account the limit of the methodology
applied (see § 4).

The maximum paleotemperatures recorded inside the outer Zone 3, are in good agreement
as well, and indicate that since the middle-late Miocene the maximum burial of the sampled units

occurred at a temperature never exceeding ~40-50°C.
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In order to better constrain how the LSU geometry evolved through time we focussed our
analysis on the thermal and thermochronological evolution of the underlying foredeep units (i.e.,
the Tuscan and Umbria-Romagna units), whose maximum loads in the study area have been
constituted by the LSU and the Epiligurian succession. The conversion of the maximum
paleotemperatures into thickness values has been made assuming a geothermal gradient of

30°C/Km, considered reasonable in areas of active thrusting (Botti et al., 2004) (see § 4).
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Fig. 5.5: synthesis of geological, thermal and thermochronological data related to the LSU thickness plotted along an
ideal SW-NE-oriented profile, versus the distance from the NE front of the Apenninic orogen. The red diamonds and line
represent the maximum burial of the foredeep units (and thus the maximum thickness of LSU and Epiligurian
succession) obtained by the organic and inorganic thermal indicators; the green line represents the present-day

geometry of the LSU (see fig. 5.3); the blue squares and line represent the foredeep units cooling ages.

The maximum burial of the Tuscan and Umbria-Romagna units in the study area generally
decreases moving from the inner zone (SW, Zone 1) to the outer one (NE, Zone 3) (fig. 5.5). We
didn’t collect any sample inside Zone 2, where mostly only the upper portion of the LSU crop out,
thus no signal recording the evolution at the basal contact could be found.

Thus, starting from the outermost Zone 3, the present-day thickness is lower than ~1000
m, very similar to the calculated maximum burial experienced by the cropping out foredeep
deposits of the Umbria-Romagna units (green line, red diamonds and line, respectively, in fig. 5.5).
These values together with the old AFT age (76.915.9 My) confirm that this area has never been
buried under loads thicker than ~1.7 km.

Within Zone 1 the calculated maximum burial spans between > 6000 and ~4000 m (fig. 5.5,
red diamonds and line) which, once plotted together with the present-day thickness of the LSU, as

deduced by surface-subsurface geological data (fig. 5.5, green line; figs. 5.2, 5.3), reveals a
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thickness discrepancy of at least 3000 m (i.e., the difference between > 4000 and 1000 m, which
are the maximum experienced load and the present-day burial inside Zone 1, respectively). This
observation implies that within Zone 1 at least 3000 m of LSU have been removed from above the
Tuscan foredeep units.

Apatite fission tracks indicate that the Tuscan foredeep units underwent cooling and
denudation between 10My and 2.3My, in particular between ~10 and ~6 Ma in the Oligocene
Macigno foredeep units (Subzone 1a in fig. 3.1), and between ~6 and 2.3 Ma in the Aquitanian-
Langhian Cervarola succession (Subzone 1b in fig. 4.10). These constraints are very important for
arguing about the mechanisms responsible for this removal as it will be treated and discussed in

the next chapter.

5.6 Summary and discussion: the uplift and reshaping of the LSU and implications for coeval

extension and compression in the Northern Apennines orogenic wedge

The investigation of the evolution of the Northern Apennines orogenic wedge since the
late Miocene revealed that the far-travelled/allochthonous LSU were deeply reshaped
through thinning and thickening processes till they acquired the present-day geometry, a
double tapered wedge which displays the following characteristics (fig. 5.3):

- low thickness in the innermost SW portion (~1000-2000 m) — Zone 1;

- highest thickness in the central portion (>4000 m) — Zone 2;

- low thickness in the external NE tip (<1700 m) — Zone 3;

The integration of vitrinite reflectance, clay mineral-based geothermometers and AFT
data reveals that ~4000-6000 m of LSU and Epiligurian succession have been removed since
~10 Ma within Zone 1, when the underlying foredeep units began to cool down. The partial
thickness removal of the LSU becomes younger towards the outer portions of Zone 1-subzone
1b (figs. 3.1, 5.4; see § 5.4). It is remarkable that the missing thickness of the LSU within Zone
1 (figs. 3.1, 5.4), is totally comparable to the LSU present-day thickness in Zone 2 (figs. 3.1,
5.4). These data suggest that, at present, the middle Miocene foredeep units buried under
the LSU in Zone 2 should experience loads which older foredeep units inside Zone
lexperienced between ~20 Ma (end of deposition of the Macigno succession) and ~10 Ma
(inception of denudation processes of the same unit). On the contrary, in Zone 3 the LSU and

underlying foredeep units (figs. 3.1, 5.4) did not experience loads greater than those
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preserved at present (~1000 m) (fig. 5.4) (see § 5.4). This implies that in Zone 3, the present-
day thickness of the LSU is not so different from that acquired during their final emplacement
(late Messinian to Recent - see § 2, 5.1). Within this framework, the discrepancy between the
present-day thickness of the LSU and the maximum burial recorded by the foredeep units
within Zone 1 led us to conclude that the innermost portion of the outcropping LSU
underwent thinning processes. The latter processes had to remove material/load (i.e.,
constituted by LSU and Epiligurian succession) successively accumulated in Zone 2 (figs. 3.1,
5.4). In addition, as already mentioned (see chapter § 5.2.1), in many areas of Zone 1
underneath the preserved Epiligurian Succession, the thickness of the LSU is ~1000-2000 m.
This implies that the thinning processes had to act within the LSU themselves, leaving almost
unmodified both the upper contact (with the overlying Epiligurian succession) and the lower
contact (with the underlying foredeep units). The above observations, together with the low
angle normal faults, cropping out between Zones 1 and 2 (§ 5.2.1), led to the conclusion that
the thinning processes developed through diffuse zones of extensional shearing and/or
localized low-angle normal faults, activated along weakened surfaces and already existing
discontinuities inside the LSU (see § 5.2.1).The most important factor contributing to the
triggering of the low-angle extension inside the LSU within Zone 1 has been interpreted to be
the fold and thrusting which led to the uplift and exhumation of the Apenninic foredeep units;
these processes would have caused the LSU and Epiligurian load to become gravitationally
unstable and the subsequent onset of tensional stresses, responsible for the shallow
extensional tectonics, localized inside the LSU.

Concerning the timing of these thinning processes, the AFT data related to the Tuscan units
in Subzone 1a revealed that they started to cool down at ~10-6 Ma. This time interval
corresponds to the translation of the LSU tip from the position reached in the middle
Miocene (~12 km SW of the present day topographic front; see fig. 3.1) to the frontal ranges
of the Northern Apennines (south of the Po Plain) (Artoni et al., 2010; Pieri and Groppi, 1981;
Roveri et al., 2001) (see § 5.1). Even though there are few strong constraints on the age of the
folding and thrusting of the foredeep units within Zone 1, evidences of a compressional
regime and hinterland load of thickened crust have been observed north of the study area, in
the outer portions of the Umbria-Romagna units. The recognized processes likely caused
major shifts of the foredeep basins depocenters during late Miocene (Argnani & Ricci Lucchi,

2001 and references therein). On the basis of the above considerations and taking into
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account that before ~5 Ma the Apenninic chain was still under the sea level (preventing the
onset of surface erosive processes), it is envisaged that the early exhumation (between ~10
and 6 Ma) of the foredeep units along the main ridge, specifically inside Subzone 1a, was
basically tectonic and driven by low-angle extensional faults inside the LSU (see § 5.2.1). This
kind of low-angle extensional faults is comparable to the ones recognized in the Southern

Apennines (Corrado et al., 2005; Mazzoli et al., 2008).

Progressive exhumation and denudation of the foredeep units continued after ~6 Ma
until, at least, 2.3 Ma, as testified by the AFT ages (see § 5.4). However, since ~5 Ma the
contribution of subaerial erosion becomes more and more relevant, because the Northern
Apennine chain became progressively exposed above the sea level. As a matter of fact, the
onset of significant surface erosive processes, in this portion of the Northern Apennines, is
testified by: 1) the age of the first continental deposits inside the Neogene Tuscan basins
(Bernini et al., 1990); 2) the late Messinian post-evaporitic fluvio-deltaic deposits cropping
out at the foothills of the Apenninic chain (Martini and Zanzucchi, 2000; Artoni et al., 2010;
Roveri et al., 2001); 3) the Pliocene age of the top of the proximal to shallow water Epiligurian
succession, a few kilometres SE of the study area (Panini et al., 2002). Therefore, the surface
erosion processes have been hypothesized to be responsible for the whole denudation of the main
ridge area of the Apenninic chain since 5 Ma, but they cannot explain the removal of all of the
4000-6000 m of LSU and Epiligurian succession inside Zone 1 without implying average erosion
rates higher than 1.0 mm/yr. This value is incompatible with published estimates of denudation
rates in the Northern Apennines and volumetric analyses of sediment supply inside the youngest
Po Plain foredeep, which assessed average erosion rates of ~0.6 mm/yr over the last 15 Ma
(Balestrieri et al., 2003; Bartolini et al., 1996; Bartolini et al., 2003; Fellin et al., 2007).
Furthermore, the sole action of surface erosion would neither explain the Epiligurian succession at
~1000-2000 m of distance from the foredeep units inside Zone 1.

After ~6 Ma, the coexistence of compressional and extensional tectonics has been
better constrained in the most recent phases. In particular, compressional tectonics is
testified by: 1) an important shift in the foredeep depocenter during the Messinian that
require a thickened and uplifting crust in the hinterland (intra-Messinian pulse/tectonic phase
of Ricci Lucchi et al., 1982, Fusignano Fm in Argnani and Ricci Lucchi, 2001); 2) the occurrence

of a subsiding and thrust-controlled Pliocene-Pleistocene foredeep in the Po Plain (Argnani
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and Ricci Lucchi, 2001); 3) deep (>45km) compressive/transpressive focal mechanisms (Eva et

al., 2005; and reference therein; http://bollettinosismico.rm.ingv.it/). During the same time

interval, in the hinterland portion of the Northern Apennines (S of the main ridge), the
extensional tectonics is represented by systems of high-angle normal faults system (Bernini et
al., 1990). Throughout the northeast slope of the western portion of the Northern Apennines,
the presence of high-angle extensional tectonics is still a debated question. Possible high-
angle extensional faults are highlighted by the geological cross sections (see figs. 3.1, 5.1a,
5.2a) and in the literature (Bettelli et al., 2002; Bertotti et al., 1997) but they do not overprint
the NE portion of the mountain belt as deeply as the hinterland portion. The extension of the
Apennine hinterland is mainly related to the opening of the Tyrrhenian Sea and/or to the
exhumation of the Apuane Alps metamorphic complex (Bernini et al., 1990; Boccaletti et al.,
1990; Carmignani and Kligfield, 1990). The denudation of the Apuane Alps has been
interpreted to be due to tectonic processes (high angle normal faults at ~13-5 Ma) and
subsequently mainly to surface erosion (~4-0 Ma) (Fellin et al., 2007). The timing of these two
phases are quite coeval to the two groups of ages (~10-6My and ~5-0My) recognized inside

Zone 1 of the study area.

The evidences of both exhumation and denudation processes led to invoke tectonic-
erosional mechanisms responsible for the reshaping of the LSU; these mechanisms are
depicted in the following evolutionary sketch represented on a cross-section SW-NE oriented,
modified from fig. 5.3h (fig. 5.6):

- stage 1) (before ~10 Ma) at the boundary between the Serravallian and the
Tortonian, the late Oligocene, early and middle Miocene foredeep units were
already buried under the LSU-Epiligurian stack; the largest thickness of the pile
(4000-6000 m) covered mainly the late Oligocene Tuscan foredeep units; the LSU
wedge was likely tapering out toward north and its tip was partially reshaped by
mass-transport deposits moving inside the foreland basins system (Marnoso-
arenacea foredeep);

- stage 2) (¥10-6 Ma) exhumation and uplift of the late Oligocene Tuscan units is
interpreted to be the cause triggering the activation of the low-angle normal faults
within the LSU (LSU thinning in the hinterland, Zone 1, and accumulation in the

middle-slope — Zone 2); the Tuscan foredeep units consequently were tectonically
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early Miocene Cervarola foredeep deposits, and low-angle extensional faults
possibly continued to act, at least in the outer portion of Zone 1 (Subzone 1b). In
the hinterland area of the Apennine, high-angle extensional tectonics developed
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5.6.1 Implications for coeval extension and compression in orogenic wedges

The present study reveals that the far travelled/allochthonous units (LSU) of the
Northern Apennines recorded two types of extensional tectonics acting during their
translation and the orogenic wedge building processes. They first (10-6 Ma) were affected by
low angle extensional faults whose most important triggering-factor is likely to be the
exhumation and uplift of the Tuscan units, caused by folding and thrusting; the uplifted
portion of the Tuscan unit would successively form the present-day chain’s main ridge (Zone
1). The compressional tectonics acting during this stage thickened the Apenninic orogenic
wedge within Zone 1 and increased its surface slope angle; this fact generated an excess of
gravitational potential energy which would have been balanced by internal deformation of
the orogenic wedge (i.e., low angle extensional tectonics) affecting its relatively shallower
(i.e., ~0-6 km deep) portions. These low angle extensional faults, acting inside the LSU
between ~10 and 6 Ma, lowered the critical angle of the orogenic wedge which regained a
meta-stable gravitational equilibrium (Davis et al., 1983; Dahlen et al., 1984; Platt, 1986).

After 6 Ma folding and thrusting processes continued to affect the Tuscan foredeep
units (see above, stage 3), propagated northeastward and locally are still active nowadays
(see §2) confirming that the stress regime inside the orogenic wedge is on the whole
compressive. As a consequence, the denudation and uplift of these units continued,
enhanced by and favouring the increase in surface erosion that became more important
because of the progressive emersion of the Apenninic chain above the sea level. During this
second stage, the ongoing exhumation and uplift of the Apenninic main ridge and Apuane
Alps, are, at least partially, responsible for the (Messinian?)Pliocene-Pleistocene onset of high
angle extensional tectonics which affected all the Apenninic Tyrrhenian side (S of the main
ridge) and possibly portions of the slope N of the main ridge. In this perspective, also during
this younger phase (~6-0 Ma) the orogenic wedge continued to undergo over-thickening,
increase the surface slope angle, consequent creation of excess of gravitational potential
energy, and new achievement of an equilibrium state through internal wedge deformation

(shallow high-angle extensional tectonics).

Fig. 5.6: Simplified geological sketch from before 10 Ma to Present, indicating a three stages evolution for the LSU.
The red lines indicated inferred (dashed) and certain (solid) low- and high-angle extensional faults in the considered
portion of the orogenic wedge; the blue line represents the sea level; the black line represents the evolution of the
120°C isotherm through time (“closure” temperature of the AFT system, see § 4), as a function of the heat
advection caused by exhumation processes. 55
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5.7 Conclusions

The Northern Apennines of Italy share many common features with other peri-
mediterranean orogens, in particular the coexistence of compressional and extensional
tectonics, coupled with the emplacement of far-travelled/allochthonous tectonic units, which,
in the evolution of the last 12 My of the Apenninic chain have played a fundamental role.

The preservation of the shallow far-travelled/allochthonous units (the LSU) in the
Northern Apennines, and in particular of their basal contact, resulted to be a powerful tool in
the study of the timing and mechanisms of coeval compressional and extensional tectonics,
which, in the westernmost portion of the Northern Apennines, are bound by tight

cause/effect relationships and can be set in a unique evolutionary geodynamic frame.

The present study reveals that in the Northern Apennines the far-
travelled/allochthonous units recorded extensional tectonics as related to the formation of
tensional stresses in response to an over-thickened orogenic-wedge dominated by an overall
compressive stress regime testified by uplift and coeval foredeep depocenter shifts. Thus the
relationship existing between extensional and compressional tectonics in the study area is
tightly of cause/effect type, meaning that extension is the effect of the internal deformation
of an orogenic wedge undergoing overall compression and phases of gravitational
destabilization. According to seismological studies, this picture is representative also of the
present day tectonic framework in the Northern Apennines.

In particular the late Miocene deep folding and thrusting of the foredeep units
contributed to the development of an orogenic wedge which is over-thickened and prone to
be gravitationally unstable. This gravitational potential energy excess has been
counterbalanced, at a first stage (10-6 Ma), by NE-dipping low-angle normal faults, thinning
the LSU and reshaping them in a doubly-tapering wedge. This tectonic elision, in turn, became
responsible for the tectonic denudation and enhancement of the exhumation of the
underlying Tuscan units.

Subsequently (6-3(0?) Ma), the ongoing uplift and exhumation of the foredeep units
(accompanied and intensified by surface erosive processes) likely led to a new state of
gravitational instability and to the development of high-angle normal faults, which cross-cut

the previous low angle fault contacts. The high-angle extensional faulting acquired much
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more importance on the Tyrrhenian slope of the Northern Apennines, where it caused the

opening of late Miocene-Pleistocene intramontane basins.

This study revealed that the coexistence of compressional and extensional tectonics, since
the late Miocene, developed inside a sort of feedback mechanism in which the deep-seated
compressional tectonics, characterizing the whole growing Apenninic orogenic wedge, favoured
the onset of instability states and the consequent development of shallow (0-10km) extensional
features. Even if these extensional features differ in time and space, they represent, however,
expressions of the orogenic wedge internal deformation, which, on the verge of failure, is

continuously achieving new critically stable states.
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6. Late Miocene to Recent activity of late orogenic thrust-related antiforms constrained by
structural, thermochronological and geomorphologic data

The content of this chapter constitutes the core of an extended abstract published in 2012
(Carlini et al., 2012).

Because of the young cooling ages obtained by the AFT analysis (i.e. younger than ~5 Myr)
and their possible relationship with the activity of deep Apenninic compressional structures (see §
5) led us to investigate the most recent evolutive phases of these processes through the
integration of geomorphological data (Provincia di Parma, 2007; Chelli et al., in press; Tellini and
Chelli, 2003), geological surface data, thermochronologic data and a new interpretation of seismic
lines crossing the study area (see § 3), described in a published extended abstract (Carlini et al.,

2012, attachment A1), constituting the content of chapter 6.

6.1 Subsurface analysis

The regional scale architecture of the chain has been investigated through the
interpretation of commercial seismic reflection profiles and drill holes dataset in collaboration
with ENI E&P which made available the dataset at their offices in Milan (ltaly) (see § 3). The
available dataset includes both longitudinal and transversal 2D reflection profiles, providing a
good coverage of the area of interest, down to a depth of 4-6 s TWT, and four wells. 2D Move
software (Midland Valley ®) has been used to validate the seismic interpretation and to perform a
time-to-depth conversion of the interpreted seismic lines (Fig. 6.1b).

The preliminary results show a deep subsurface structure characterized by five embricated
main blind thrusts, SW-dipping, which overprint and cut the contacts between the main tectonic
units of the chain. The thrusts are labeled with letters from A to E, from the most internal to the
most external, in text and figures (Figs. 6.1, 6.2).

The vertical offset of the interpreted thrusts ranges from few hundred of meters up to
more than 1500 m, while their lateral extension is sometimes difficult to estimate because the
available seismic data related to the north-westernmost part of the study area are scattered and
of poor quality. Thrust A, involving the Macigno Fm., is the less extended and shows a termination
to the NW with a lateral ramp in correspondence of the Pracchiola tectonic window and the “Taro
line”, a long recognized regional-scale transverse lineament (Argnani et al., 2003 and reference

therein) (Fig. 6.1). On the contrary, thrust E seems to extend through the whole investigated area,
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from the Secchia River (to the SE) to the Ceno Torrent (to the NW). There are some uncertainties
in the interpretation of the lateral extension of the thrusts labeled B, C and D, mainly due to the
low quality of the seismic data.

The thrust faults show an average dipping angle between 25° and 40°; their tip can be
observed at shallow depths (~ 500 — 1500 m), in correspondence of the lower contact of the
Ligurian or Subligurian Units; the deep seating of these thrusts (i.e. their breaching point from an
eventual main detachment) is deeper than the available seismic data. Based on the geometries of
the visible structures, it is however possible to estimate that the main thrust faults extend down to
a depth of 25 - 30 km in correspondence of the frontal margin of the Apennines and 30 - 35 km in

correspondence of the principal divide of the chain.

71 T
Figgg-gesiim R

20 km

Fig. 6.1 — a) geological map, apatite fission-tracks cooling ages, trace of the main thrusts tips (A, B, C, D, E) resulted
from the subsurface stuctural analysis and trace of the preliminary geologic cross-section S-S’; b) preliminary
geological cross-section derived from depth —converted seismic reflection profiles; c) DTM of the study area with
location of the main antiforms hinges (in red), the large landslides and DSGSDs (light green: unrelated to the antiforms;
dark green: presumably related to the antiforms), and the trace of the geologic cross-section A-A’ shown in Fig. 6.1d; d)
geologic cross-section through the study area. (TUM: Tuscan-Umbrian Units; SLU: Subligurian Units; LIG: Ligurian
Units; EPIL: Epiligurian Succession; qr: Quaternary to Recent deposits).
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Cross-cutting relationships permit to constrain the relative timing of the thrust activity,
which seems to be younger than the emplacement of Ligurian and Subligurian Units onto the

foredeep units, as already shown in Camurri et al. (2001).

6.2 Thermochronological data analysis

In order to give a better time constraining, a suite of 11 new apatite fission-track (AFT) data
have been produced (see § 4.5.1, 5.4). Samples have been collected from all the main tectonic
units of the Northern Apennines, from the deepest to the shallowest ones, in order to investigate
the exhumation pattern of the whole structure.

All the samples have undergone complete fission-track reset, meaning that the rocks have
all cooled down from a temperature > 120°C. The distribution of the cooling ages indicates a
general trend which permits to individuate two slightly different zones (Fig. 6.1a): one covering
the innermost portions (SW) of the chain, characterized by cooling ages of ~ 8.7- 6.2 Myr, and the
other one placed in a more external position (NE), characterized by ages of ~ 4.9 - 3.2 Myr. This
trend well correlates with a long-recognized and regional-scale pattern in the Northern Apennines,
where the progressive NE-ward migration of the Apenninic orogenic and lithospheric processes is
responsible for the thermochronological ages to become younger from the Tyrrhenian (SW) to the
Adriatic side (NE) of the chain (Abbate et al., 1999, Corrado et al., 2010, Thomson et al., 2010 and

references therein).
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6.3 Surface structural analysis and geomorphologic data

In the investigated area, large landslides and DSGSDs characterized by a surface larger than
1x106 m2 were extracted from the Landslide Inventory Map of the Parma Province (Provincia di
Parma, 2007) and a structural-tectonic map, compiled from existing and new data, was created
(Chelli et al., in press). Several geologic cross-sections, perpendicular to the main Apennines
structures have highlighted the existence of uplifted antiforms related to the neotectonic
evolution of the chain.

The overlapping of these two maps (Fig. 6.1c) allowed to analyze the spatial relationships
between large landslides and geological features, highlighting some coincidence between late
antiformal structures and the slope processes (Chelli et al., in press). In fact, mostly in the central-
southern portion of the study area, large landslides seem to arrange themselves along the hinge
axes of the antiforms or in the area immediately close to them.

In particular the investigated landslides and DSGSDs constitute several clusters: part of
them is located in correspondence of structural features promoting the landsliding, whereas other
clusters are aligned along the strike of the uplifted antiforms. A spatial relationship between
landslides and antiforms, thus, seems to exist, and this relationship may be the effect of a causal
factor of landsliding processes themselves. The landslides, in fact, could be the slope response to
the disequilibrium induced by the topographic growth and the increase of energy relief due to
tectonic uplift and folding. As it’s been already observed (Chelli et al., in press), in the whole area
the large landslides related to the late antiforms are chiefly rock slides and complex landslides,

while the earth flows seem to be more related to the lithologic condition of the slopes.

Fig. 6.2 — Synthetic map integrating surface and subsurface structural data, mean apatite fission-track ages and
geomorphologic data in the study area. See text for explanation. The cooling age distribution shows an almost
complete independence of the ages from the sampled tectonic units and from other important regional-scale
features. Inside the two zones in which the ages have been grouped, all the tectonic units seem to have cooled
down in a relatively short time span; this observation might be indicative of a quite rapid denudation event and of
the fact that the main contacts between the Apenninic tectonic units have not suffered an extensive reactivation at
least in the last ~5 My. The two areas in which the AFT ages have been grouped fairly coincide with two of the
thrust slices intepreted in the seismic lines and confined by thrusts A, B and C (Fig. 6.1a). Thus the cooling ages can
also be interpreted as diagnostic of a period in which the thrust faults were probably active. 61
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6.4 Results and conclusions

Integrating subsurface and surface structural analysis results in a striking relationship
between the orientation of the surficial antiform hinges and the surface projection of the tips of
the three most external thrust faults; thus these antiformal structures can be regarded as the
surficial expression of the blind deep-seated thrusts.

Thrust activity seems to have influenced the recent exhumation of certain portions of the
chain, and their inception age can therefore be constrained by thermochronological data to
around 10 — 9 Ma in the internal sector and 5 — 4 Ma in the external sector of the study area. Since
the onset of large slope processes in the last 0.020-0.025 Myr (Tellini and Chelli, 2003) can be
related (at least in part) to the effect of the most recent activity of the same antiforms (Chelli et
al.,, in press), it is reasonable to infer that this sector of the Appenninic mountain chain has been
characterized by a reactivation of the deep compressive structures during Recent (Holocene) time.

It can be concluded that the tectonic evolution of the examined portion of the Northern
Apennines, occurred in the last 10 Myr, seems to be related to the activity of five embricated
thrust faults and related antiforms; these antiforms are late orogenic structures which may be
considered a causal factor promoting Holocene denudation processes and, in details, large
landslides and DSGSDs.

These results are a promising base for future studies addressed to investigate exhumation
and denudation rates during late orogenic stages of the Apenninic mountain chain. A first attempt
in calculating erosion rates has been done using a numerical modeling of the collected AFT data

collected in the present study (see the following chapter § 7)
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7. Exhumation/denudation rates derived from low-T thermochronology

The processes described in the previous chapters are strictly connected to the rates at
which uplift and denudation occurred in the Northern Apennines since ~10 Ma. A good knowledge
of these rates and their evolution through time, then, can be very useful in better constraining the
late tectonic events affecting the study area (see § 5, 6) and reveals also important information
about the eventual steadiness of orogenic processes throughout the mountain belt.

Uplift and erosion rates have been determined in different portions of the Northern
Apennines using techniques which analyze processes responding to changes in the orogen activity
at different timescales, being characterized, therefore, by different temporal resolutions. In
particular the adopted techniques are mainly short- and long-term sediment yield estimates
(Bartolini et al., 1996; De Vente et al., 2006), fluvial incision rates (Simoni et al., 2003), short-term
uplift rates (geodetic re-levelling, D’Anastasio et al., 2006; coastal uplift, Vannoli et al., 2004), low-
T thermochronology (AFT dating, Balestrieri et al., 2003; Zattin et al., 2002), and cosmogenic
nuclides data (Cyr & Granger, 2008), which indicate average uplift and erosion rates spanning
between ~0.3 km/Myr (mainly short-term analyses) up to > 1.5 km/Myr (mainly long-term
analyses). This large erosion and uplift rates difference depends mainly on the fact that processes
such as hillslope erosion or coastal uplift respond to changes in the orogen activity much more fast
(and thus reach more easily a dynamic equilibrium) than processes like river profile adjustment or
orogenic wedge gravitational re-equilibration, implying, thus, that in the eastern Northern
Apennines only over relatively short time scales it is possible to infer the existence of flux steady
states (sensu Willett and Brandon, 2002), while on longer timescales it is necessary to take into
account high relief change (Cyr and Granger, 2008 and references therein).

Analyses which allow to investigate uplift and erosion rates at proper timescales for the
processes treated in this work (i.e. on the order of Myrs) are mainly long-term sediment vyield
estimates and low-T thermochronology; this kind of studies are lacking inside our study area,
where, therefore, it becomes relevant to more deeply investigate uplift and erosion rates, which,
otherwise, can only be interpolated by published data related to nearby areas of the Northern
Apennines, which resulted in average rates of 0.7-1.7 km/Myr over the last ~12 Myr (Balestrieri et
al., 2003; Bartolini et al., 1996; Zattin et al., 2002).

The terms exhumation, denudation/erosion and uplift rates have been used in literature

in relation to a variety of different meanings, creating in some cases confusion and
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misunderstandings; this situation led to the necessity of clarifying what these terms specifically
mean and how they are related one to each other.

Following England and Molnar (1990) the first important distinction has to be done
between the meaning of the terms surface uplift, rock uplift and exhumation. Surface uplift refers
to the Earth’s surface displacement with respect to the geoid, rock uplift to the displacement of
rocks with respect to the geoid and exhumation means displacement of rocks with respect to the

surrounding rocks; these definitions lead to the following relationship among the three terms:

surface uplift = rock uplift — exhumation;

this relationship implies that the three values can never be equal (except if they all are
zero), and that rarely surface uplift is equal to rock uplift, because it would mean that exhumation
is equal to zero (often difficult to justify).

The exhumation process, therefore, implies that a certain area is characterized by the
presence at surface of rocks which derive from greater depths and which, consequently, have
been denudated at higher rates with respect to the surrounding host rocks. The denudation of
these rocks can be mainly operated by surface erosive and/or extensional tectonic processes; if
the denudation rate can be considered, at a good approximation, directly comparable to the
exhumation rate, thus, erosion rate can be considered equivalent to the exhumation rate only in
cases we know for sure that extensional tectonics didn’t play any role in the exhumation of the
studied rocks.

Because of the strong dependence and feedbacks existing among exhumation, erosion
rates and geothermal gradients, in order to quantitatively investigate these processes in contexts
which are transient over time it is necessary to use numerical methods. In particular we used
Pecube and G.L.I.D.E. (Braun, 2003; Fox et al., in press, respectively) two finite element codes
which calculate exhumation/erosion rates basing on low-T thermochronologic data. The modelling
per formed with G.L.I.D.E. is still at a preliminary stage and its results won’t be integrated in the

conclusive chapter of this work, but only attached as Supplementary Material 2.
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7.1 Pecube

Pecube is a finite element code which solves the 3D heat transport equation in a specified
crustal block undergoing uplift and surface erosion, and characterized by an evolving surface
topography (Braun, 2003).

In order to understand the temporal evolution of denudational processes basing on low-T
thermochronology, thus, it is important to take into account the effect of an evolving topography
on the shape of the isotherms (Turcotte and Schubert, 1982; Stiiwe et al., 1994; Mancktelow and
Grasemann, 1997, Stiiwe and Hintermiiller, 2000; Braun, 2002).

Previous studies, however, approached these analyses considering only “static” surface
topographies cases, where the steady-state case was solved by analytical solutions, while in
tectonically active regions and for relatively low-T thermochronologic systems it is important to
consider the effect of an evolving topography and the consequent transient solution requires the
use of numerical methods.

Pecube calculates the temperature field in the investigated crustal block by solving the
transient, three-dimensional heat transfer equation taking into account both heat conduction and

advection, and written as (Carslaw and Jaeger, 1959):
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where, T is the temperature as a function of space and time (x, y, z, t), p is rock density, c is
heat capacity, v is the vertical velocity of rocks with respect to the base of the crustal block, k is
thermal conductivity and A is radiogenic heat production.

In tectonically active contexts it is very important to take into account the contribution of
heat advection to the total heat transfer towards the surface, which can be much more influent
than the contribution of heat conduction. Heat conduction, in fact, represents the flow of heat
through rocks exposed to a temperature gradient, while heat advection indicate the material
transport of hot rock particles through colder host rocks, which is operated in many cases by the
tectonic activity that leads to the exhumation of deep rocks. The relatively low thermal
conductivity and high heat capacity of rocks leads to the fact that physically moving a hot rock

through cold rocks rather than letting the heat flow through them is a much more effective way to
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transport heat inside the earth’s crust; heat advection, therefore, has to be strongly taken into
account in regions characterized by active tectonics.

The software at this point is able to predict T-t paths for rock particles since the time at
which the model starts until the position these particles presently occupy at surface, whose
elevation is introduced in the calculations by the use of a DTM. The integration of subroutines
which calculate annealing processes characterized by different closure temperatures allows, then,
to produce synthetic cooling ages for several low-T thermochronologic systems (U-Th/He in
apatite and zircon, apatite and zircon fission tracks, K-Ar in feldspar, biotite, muscovite,
horneblende and fission tracks length distribution).

The input information for Pecube is constituted by parameters related to time, topography,

thermal and tectonic properties of the modelled crustal block, in particular the basics one are:

- DTM of the study area;

- Number of time steps run by the model (including, for each step, starting time and
eventual amplification of the present topography);

- Crustal block properties (block thickness, resolution in the depth direction, thermal
diffusivity, temperature at the base of the model, temperature at the top of the model,
radiogenic heat production, lapse rate);

- Observed thermochronologic ages (eventual natural cooling ages sampled in the
investigated area);

- Age of the previous resetting event (i.e. the age characterizing the rocks which have not
been reset in the event which is going to be modelled);

- Erosional timescale (used when the rate of change in topography between two time
steps is not linear);

- Parameters for eventual flexural isostasy calculations (mantle and crustal densities,
Young modulus, Poisson’s ratio, elastic thickness and desired resolution for this
calculation);

- Vertical velocity at the four corners of the block;

- Eventual geometry, activity age and velocity of rock particles along faults.

The software forward modelling results are a series of three-dimensional pictures which

describe, through each imposed time step, the distribution of temperature with depth, the vertical
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velocity vectors (or along fault planes if these latter have been included), the present day
topography, the location of eventual observation data, exhumation rates and cooling ages for the
chosen thermochronologic systems.

The chance to acquire as many information as possible from sources and studies based on
data independent from thermochronology makes the resulting models much better constrained
and allows to tune the remaining unconstrained parameters in order to get a model which better
fit the natural data present in the study area. Pecube, however, in order to more precisely
investigate all of the unknown parameters (and the inferred too), provides a subroutine which
allows to run the software in inverse mode, through classic Monte Carlo random search methods
or through the Neighbourhood Algorithm proposed by Sambridge , 1999 and Sambridge, 1999b. In
this way it is possible to search through one (or multiple) parameter range and find the solution
which minimizes the misfit function defined by the difference between observed and predicted
cooling ages.

Inside the study area Pecube has been used to model AFT ages and to obtain exhumation
rates in three different cases, two related to local geological contexts (the Macigno foredeep unit
along the Val Gordana and the Gova tectonic windows, made of Cervarola foredeep sediments),
and one related to a wider area comprising inner and outer portions of the Northern Apennines
chain inside the study area, approximately following the course of the Taro river. In all the three

cases the models have been run with the same crustal parameters:

thickness of the model: 30km;

- temperature at the base of the crust: 540 °C;
- temperature at surface: 10 °C;

- thermal diffusivity: 27.4 km?/Myr;

- radiogenic heat production: 4.5 °C/Myr;

basing on data of present-day heat flow and previous thermochronologic studies performed in the

Northern Apennines (Zattin et al., 2002; Fellin et al., 2007; Thomson et al., 2010).
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7.2 Case 1 —Val Gordana

7.2.1 General framework

Along the Val Gordana, located about 5 km W o Pontremoli, along the road all the Macigno
succession crops out, from the base, overlying the Scaglia formation, until the top, underlying the
Subligurian Units. The foredeep sequence is quite undeformed and, excluding the late (i.e. after
Pliocene) brittle high angle normal faulting (Bernini et al., 1991), only a gentle (~W30°) tilting can
be observed, which allow to follow the ~2000 m succession thickness, with basal and upper main

contacts lying almost at the same elevation (Valloni, 1978; Ghibaudo, 1980).
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Fig. 7.1 — Geological framework for the Case 1; a) 1:250.000 geological map, for the key to the units see fig. 5.2, with a
90m resolution DTM of the modelled area, location of the AFT natural samples, and trace of the cross-section
represented in fig. 7.1b; b) geological cross-section across the modelled area in Case 1, with location of the collected
AFT samples, modified after Bernini et al., 1990.

The similar present day elevation of the two AFT samples we collected (PR 12 FT, top, 764
m a.s.l.,; PR 13 FT, base, 631 m a.s.l., see § 4) is related to the fact that this portion of the
succession constitutes the tilted back limb of the km-scale Macigno fold representing the same
regional-scale structure constituting the M.te Orsaro and most of the Western Northern

Apennines main ridge (figs. 7.1a, 7.1b).

7.2.2 Presented model

The two samples we collected at the base and top of the succession are characterized by
AFT cooling ages of 8.7 Myr (top) and 6.6 Myr (base), and since the difference in elevation of the
base and the top of the succession decreased from ~2000 m (thickness of the undisturbed
succession at the time of the deposition) down to ~133 m (present day elevation difference), we
modelled the area indicated by the DTM in fig. 7.1a imposing in the E side a vertical velocity 50%
higher with respect to the W side (fig 7.2). Therefore the uplift and cooling of the afore mentioned
area has been modelled in the last 10 Myr through a pure vertical motion of a 30 km thick crustal
block whose E and W sides underwent differential uplift.

With the names PR 12s and PR 13s we will indicate the two modelled ages which have the
same coordinates and represent the synthetic equivalents of the two natural samples collected in

the area (PR 12 FT and PR 13 FT, respectively).
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Fig. 7.2 — 3D picture of the crustal block underneath the modelled area. The colours indicate the distribution of the
temperature with depth, indicated in the scale on the right. The red arrows are proportional to the vertical velocity
imposed to the model, and indicate that the E side of the block is subject to a faster vertical velocity, in order to
reproduce the tilting of the area.

The preliminary forward modelling have been performed setting unconstrained
parameters to values which are thought to be reasonable for the study area, in particular the
onset age of an eroding topography has been set to 5 Ma, the age at which the exhumation and
uplift of the Macigno foredeep begun to 9 Ma, and the entity of the exhumation rate to 0.7
km/Myr. Then 224 iterations have been run in inverse modelling through the Neighbourhood
Algorithm in order to better constrain the three afore mentioned parameters, and the obtained
values for these latter, with a least misfit of 0.1914, were introduced in the model which best fit

the natural samples data (fig. 7.3).
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Fig. 7.3 — Results of the Neighbourhood Algorithm inversion for the three unconstrained parameters. In each diagram
two of the three parameters and plotted one versus the other and each dot represents one of the 224 forward
modelling run to find the best fitting model (indicated by the blue dot), which minimizes the misfit function, i.e. the
difference between modelled and natural AFT ages.

The main parameters used in the presented model, therefore, are the following:

Number of time steps: 3 (10, 4.5 and 0 Ma);

Starting time: 10 Ma;

Onset of eroding topography: 4.5 Ma;

Vertical uplift starting time: 8.1 Ma;

Vertical uplift velocity: 0.63 km/Myr (resulting in 0.63 km/Myr on the W side and 0.95 km/Myr on

the E side, see text for explanation);

Step 0 shows the situation 10 Ma, before the vertical movement of the foredeep units
started (i.e. 8.1 Ma), with an undisturbed thermal field characterizing all the crustal block (fig.
X5a). Samples PR 12s and PR 13s in this step are both below the AFT closure temperature (120°C
isotherm indicated in red in fig. 7.4a) and the sample located at the base of the succession (PR 13s)
lay ~2 km under the sample at the top (PR 12s).

Step 1 shows the situation at 4.5 Ma, just before the onset of an eroding topography, as
constrained by the inverse modelling. At this time the vertical uplift and consequent denudation of
the Macigno succession has already started since 3.6 Myr before, both samples have already
cooled down under 120°C and they are located at ~2 km of depth under the surface (fig. 7.4b). The
thermal field is deformed with respect to the previous step, and the isotherms are pushed towards
the surface, because of heat diffusion and above all heat advection, which can be much more
relevant in tectonically active regions, as stated in § 7.1.
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Fig. 7.4 — 3D pictures representing the three steps of the best fitting model (see text for description); the coloured
planes represent isotherms every 30°C form surface to the bottom of the model, and the reference temperature is
indicated in the right bar. a) Step 0, at 10 Ma; b) Step 1, at 4.5 Ma; c) Step 2, at 0 Ma; the left bar represent the
exhumation rates depicted on the topography.

Since the crustal block is being uplifted differentially, because of the SW tilting of the
foredeep succession related to the regional-scale deformation (fig. X1), the E side uplifts faster
than the W side, and after 3.6 Myr from the beginning of the tectonic activity the difference in
elevation in the two samples is much lower with respect to the previous step, being the sample at
the base of the Macigno succession (PR 13s) at this time located closer to the faster edge of the
model (i.e. the E side).

Step 2 represents the situation at 0 Ma, when both samples have reached the surface and
they occupy their present-day location, with a difference of ~117 m in elevation, slightly lower
than the elevation difference in the two natural samples (~ 133 m) (fig.7.4c).

The presented model resulted in AFT cooling ages for the two synthetic samples of 8.08
Myr (PR 12s) and 6.79 (PR13s), abundantly inside the analytic error of the two natural samples, as

shown in fig. 7.5.
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Fig. 7.5 — Plot of the age vs elevation of the natural (blue) and synthetic (red) samples in the study area. The two
produced synthetic samples fall abundantly inside the error range of the natural samples, as highlighted by the black
error bars.

The exhumation rate inside the modelled area is a function of the imposed differential
vertical velocity, and varies between 0.63 and 0.95 km/Myr between 8.1 and 4.5 Ma and
decreases between 0.33 and 0.89 km/Myr between 4.5 and 0 Ma. The mean exhumation rate for
the area can be estimated in ~0.7 km/Myr, more specifically varying between 0.79 and 0.61
km/Myr respectively bef

ore and after the onset of an eroding topography.

7.3 Case 2 — Gova tectonic window

7.3.1 General framework

The Gova tectonic window, confined between the Secchia river and one of its right
tributaries (Dragone torrent), constitutes the NE-most exposure of middle Miocene foredeep units
(Cervarola foredeep), lying immediately under the LSU, whose lower portion in this area can be
considered a lateral equivalent of the Subligurian Units, called Sestola-Vidiciatico tectonic Unit
(SVU, Remitti et al., 2011) (fig. 7.6). The foredeep units, pretty undeformed, lie almost horizontal
at the outcrop scale and constitute a gentle NE-verging thrust-related anticline, in strong contrast

with the highly deformed lower portion of the LSU (Remitti et al., 2012 and references therein).
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The three AFT samples collected inside the area gave cooling ages of 2.3 Ma (PR 20 FT,
foredeep units), 2.5 Ma (PR 22 FT, SVU — lower portion of the LSU) and 4.7 Myr (PR 23.1 FT,
Ligurian Units — upper portion of the LSU), and record the most recent and fast exhumation of

Cervarola foredeep units throughout the NE side of the Northern Apennines (see § 5).

Lz
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Fig. 7.6 — Geological framework for the
Case 2; a) 1:250.000 geological map, for
the key to the units see fig. 5.2, with a
90m resolution DTM of the modelled area,
location of the AFT natural samples, and
trace of the cross-section represented in
fig. 7.6b; the blue line represents the
surface projection of the thrust plane

inserted in the model; b) geological cross-
section across the modelled area in Case
1, with location of the collected AFT
samples, modified after Plesi et al., 2002.

7.3.2 Presented model

In this case, in order to reproduce the natural samples, a thrust fault has been introduced
in the model, whose geometry, constrained integrating data from the new seismic lines
interpretation presented in chapter 4, allowed to build a velocity field along the fault plane which
represent the rock particles’ paths and fairly reproduces the growth of the Gova anticline. The
synthetic ages corresponding to the natural samples have been named as follows: PR 20s and PR
22s, corresponding to natural samples PR 20 FT and PR 22 FT, respectively. Also in this case the
unconstrained parameters were the onset of an eroding topography, the beginning of the activity
along the main fault plane and the velocity of the movement along the fault. The NA inversions
returned, after 608 runs, results for these three parameters with a misfit of 0.0561 (fig. 7.7), only
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taking into account the natural samples PR 20 FT and PR 22 FT, because of the large 1o error (~0.8
My) between samples PR 23.1 FT and PR 22 FT.
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Fig. 7.7 - Results of the Neighbourhood Algorithm inversion for the three unconstrained parameters. In each diagram
two of the three parameters and plotted one versus the other and each dot represents one of the 608 forward
modelling run to find the best fitting model (indicated by the blue dot), which minimizes the misfit function, i.e. the
difference between modelled and natural AFT ages.

The parameters introduced in the presented model input, therefore, are:

Number of time steps: 2 (5.34 and 0 Ma);

Starting time: 5.34 Ma;

Onset of eroding topography: 5.34 Ma;

Activity along the thrust fault starting time: 5.08 Ma;

Velocity along the thrust fault plane: 2.49 km/Myr;

STEP 0: 5.34 Ma
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Fig. 7.8 — 3D pictures representing the two steps of the best fitting model (see text for description); the coloured planes
represent isotherms every 30°C form surface to the bottom of the model, and the reference temperature is indicated in
the right bar. The right panels represent a cross-section through the crustal block (traced by the white dashed line in
the left panels) which clarifies the ongoing of the thrust fault plane and the distribution of the velocity vector (coloured
arrows) along the same fault plane; a) Step 0, at 5.34 Ma; b) Step 1, at 0 Ma; the left bar represent the exhumation
rates depicted on the topography.

Step 0 shows the situation 5.34 Ma, just before the onset of the eroding topography and
few hundreds of years before the initiation of the movement along the thrust fault (fig. 7.8a). At
this time the thermal field is still undisturbed and the synthetic samples are located at
temperatures >120 °C.

Step 1 shows the present day situation, in which the topography has fully formed and,
starting from 5.08 Ma, the activation of the thrust fault under the foredeep unit brings the
samples to their present position at surface (fig. 7.8b). The T-t path followed by the rock particles,
and thus by the synthetic samples, in this case is not purely vertical, but it has also a horizontal
component related to the inclination of the fault plane. At temperatures lower than ~180°C it is
possible to appreciate a discrete perturbation of the isotherms due to the heat advection caused
by the motion of hot rocks along the fault, while below ~50°C the isotherms are even more

perturbed, because of both heat advection and topographic effect (fig. 7.8c).
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Fig. 7.9 — Plot of the age vs elevation of the natural (blue) and synthetic (red) samples in the study area. The two
produced synthetic samples fall abundantly inside the error range of the natural samples, as highlighted by the black
error bars .

The exhumation rates resulting from this model range between 0 (on the footwall of the
thrust fault) and 1.91 km/Myr (on the hanging wall of the fault), with a mean value, inside the
exhumed area, of 1.82 km/Myr.

The AFT cooling ages for the synthetic samples PR 20s and PR 22s are respectively 2.31 and

2.52 Myr, fairly coincident with the natural samples cooling ages (fig. 7.9).

7.4 Case 3 — Area comprised among Magra river, main ridge and Taro river

7.4.1 General framework

The area considered in this third model extends from the Lunigiana graben, W of the
Apennines main ridge, to the middle-lower slope of the NE side of the Apenninic chain, towards
the NE external margin of the chain, and comprises all the main tectonic units constituting the
Western Northern Apennines (Tuscan foredeep units, Subligurian and Ligurian Units and
Epiligurian Succession) (fig. 7.10a, § 2).

The AFT samples have been collected in all the main units and then integrated with
previously published AFT data, mainly related to the Macigno foredeep units (Thomson et al.,
2010, see § 5 for discussion).

As discussed in § 5 the two main zones individuated by the AFT ages (subzones 1a and 1b,

10-6 Ma and 5-0 Ma, respectively), which highlight a SW-NE younging trend, can be interpreted as
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diagnostic of NE-ward migrating orogenic processes, among which the deep thrusting and folding
and consequent increased erosion rates and exhumation of deep tectonic units play a lead role
(see § 5); in particular the two subzones seem to be affected by the diachronous activity of the
Macigno subsequently and Cervarola foredeeps frontal thrusts.

The geometry of the thrusts has been constrained thanks to the new interpretation of
seismic lines inside the study area which allowed to recognize the presence of five main imbricate
thrust faults which seem to play a major role also in the most recent tectonic evolution of the

chain (see § 5, § 6).

7.4.2 Presented model

In order to reproduce the natural samples in this area, therefore, two blind thrusts which
approximately represent the frontal thrusts of the Macigno and Cervarola foredeeps have been
introduced.

The activity inception along the faults has been constrained through 608 runs in inversion mode
with the Neighbourhood Algorithm to 12 Ma for the innermost Macigno thrust (indicated in blue
in figs. 7.10a, 7.11), with a mean velocity along the fault plane of 0.94 km/Myr, and to 6.00 Ma
with a velocity 0.95 km/Myr for the outermost Cervarola thrust (indicated in red in figs. 7.10a,
7.11). The lowest resulting misfit from the inversion is 0.5703, value which is much higher with
respect to the misfits obtained in the two previous modelled areas (0.1914 and 0.0561). The
higher obtained misfit value is mainly related to the fact that the considered area is more than five
times larger than the areas modelled in § 7.1.1 and 7.1.2; the larger dimensions of the modelled
area don’t permit to take into account all the late geological processes and features affecting local

contexts.
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Fig. 7.10 — Geological framework for the Case 2; a) 1:250.000 geological map, for the key to the units see fig. 5.2,
with a 90m resolution DTM of the modelled area, location of the AFT natural samples (blue-bounded: cooled during
the older activity of the Macigno thrust, red-bounded: cooled during the later activity of the Cervarola thrust, see
text), and trace of the cross-section represented in fig. 7.10b; the blue and red lines represent the surface
projections of the thrust plane inserted in the model; b) geological cross-section across the modelled area in Case 1,
with location of the collected AFT samples, modified after Bernini et al., 1990, Vescovi et al., 2002.
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In particular one of the main process contributing to major AFT cooling ages variations in
samples located close to each other is the tectonic elision described in § 5, which, reactivating
older contacts such as the Eocene thrusting of the Ligurian over the Subligurian Units as low angle
normal faults, brings shallower units (characterized by older AFT ages) in direct contact with
deeper units (characterized by younger cooling ages), as in the case of the Valdena tectonic
window (see § 5.3.1 in chapter article).

The other parameter constrained with the model inversion was once again the onset of the

eroding topography, thus the input parameters for the presented model were:

Number of time steps: 3 (12, 5.35 and 0 Ma);

Starting time: 12 Ma;

Onset of eroding topography: 5.35 Ma;

Activity inception along the innermost (blue) thrust fault: 12 Ma;
Velocity along the innermost thrust fault: 0.94 km/Myr;

Activity inception along the outermost (red) thrust fault: 6.00 Ma;

Velocity along the outermost thrust fault: 0.95 km/Myr;

STEP 0: 12 Ma

STEP 1: 5.34 Ma
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STEP 2: 0 Ma

Fig. 7.11 — 3D pictures representing the three steps of the best fitting model (see text for description); the coloured
planes represent isotherms every 30°C from surface to the bottom of the model, and the reference temperature is
indicated in the right bar. The right panels represent a cross-section (A-B) through the crustal block (traced by the
white dashed line in the left panels) which clarifies the ongoing of the thrust fault planes and the distribution of the
velocity vector (coloured arrows) along the same fault planes; a) Step 0, at 12.0 Ma; b) Step 1, at 5.35 Ma; c) Step 2, at
0 Ma; the left bar represent the exhumation rates depicted on the topography.

Step O represents the situation 12 Ma, when the tectonic activity along the Macigno thrust
(innermost one, blue-coloured) begins. At this time the thermal field is only minimally perturbed
and the samples are buried at temperatures higher than 120 °C (fig. 7.11a). The red area in left
panel of fig. 7.11a, located on the hanging wall of the Macigno thrust fault is the only interested by
exhumation acting at rates between 0.32 and 0.45 km/Myr.

At 5.35 Ma, step 1, the activity on the Cervarola thrust (outermost one, red coloured) is
just started (6 Ma) and an eroding topography is starting to form, principally in the presently most
elevated areas (i.e. Apennines main ridge area) (fig. 7.11b). The exhumed area widens towards NE,
where also the Cervarola thrust hanging wall is active, and the exhumation rates range from 0.76,
in the SW-most portion of the area, to 1.31 km/Myr, at the tip of the Macigno inner thrust. This
last area, in fact, corresponds to where the chain main ridge will form in the next time step, and
hosts the most deeply exhumed and uplifted rocks. Only the samples affected by the innermost
foredeep thrusting have cooled down under 120°C at this time.

Step 2 shows the present-day situation, in which all the samples have cooled down under
the AFT closure temperature and reached their present-day location (fig. 7.11c). The topography
has completely formed and the exhumation rates range from 0.56 (SW portion of the block) to

1.26 km/Myr (main ridge area).
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7.5 Exhumation and denudation rates in the study area

The first two presented model (Valgordana and Gova cases) are related to small areas
whose exhumation and denudation are primarily affected by the growth of localized km-scale
structures, therefore the obtained exhumation rates are only partially representative of a regional
trend. In any case, the growth of these structures is related to the same orogenic-scale processes
causing regional uplift and denudation, and the obtained exhumation rates (~0.7 km/Myr, Val
Gordana case; ~1.8 km/Myr, Gova case) fairly agree with the afore-mentioned published estimates
related to areas located in proximity of the case study (~0.7 — 1.7 km/Myr).

The third model (Taro case), on the other hand, is able to give more precise constraints on
the evolution through time of exhumlation/denudation rates at a regional scale. Fig. 7.12 shows,
along section A-B traced in fig. 11, the evolution of the exhumation rate through the tree time
steps of the model. The mean exhumation rate, represented by the black dashed line, changes
from 0.15 to 0.72 and 0.63 km/Myr, with positive peaks in steps 1 and 2 (5.35 and 0 Ma,
respectively) of 1.18 and 1.04 km/Myr. Therefore it is possible to infer that inside the study area
the average exhumation rates in the last ~12 Myr well agree with previously recognized estimates
in other areas of the Northern Apennines (e.g. in the Apuane Alps). ~¥6 Ma an important increase
in the denudation rates seems to occur, mainly in relation to the beginning of the activity along
the Cervarola (outermost) main thrust, and to remain almost stable until present. A similar
increase in exhumation rates (from 0.4-0.6 km/Myr to 1.3-1.8 km/Myr) has been testified in the
Apuane Alps between ~6 and 4 Ma (Balestrieri et al., 2003). It is remarkable that the
tectonic/exhumational/denudational histories of both the study area and the Apuane Alps share
many features in common, such as exhumation rates, changes in exhumation rates through time

and how exhumation processes evolved through time (see § 5).
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8. Discussion and conclusive remarks

The investigation of the middle Miocene to Recent tectonic evolution of the western
Northern Apennines revealed the existence of two main evolutionary stages (~10-6 and ~6-0 Ma)
characterized by relatively shallow extensional tectonics related to deep compressional tectonics
affecting the whole Apennine orogenic wedge; these two stages have been revealed by
investigating the Apennines far travelled/allochthonous LSU and the underlying foredeep deposits
through an integrated study which took into account surface and subsurface geological data,
paleothermal and thermochronological analyses (§ 3-5).

The first stage (~10-6 Ma) was characterized by folding and thrusting and subsequent uplift
and denudation of the upper Oligocene Tuscan units (Macigno foredeep unit). These processes
contributed to the formation of gravitational instabilities inside the orogenic wedge and
consequent activation of shallow low angle extensional tectonics, responsible for the tectonic
elision and deep reshaping of the LSU. Further field studies might be needed to better characterize
and define the entity and relevance of the evidenced low angle normal faults at a regional scale
(fig. 3.1).

During the younger stage (~6-0 Ma) the continuous compressional tectonic regime
produced further uplift and denudation of the foredeep units at the main ridge of the chain. These
events, responsible for the onset of new gravitational instabilities, were accommodated mainly by
high angle extensional tectonics and possibly also ongoing of the low angle one. During this
second stage, the contribution of tectonic versus erosional denudation is difficult to unravel; in
fact, surface erosion processes, which more and more intensively shaped the emerging Apennine
chain since ~5 Ma, are poorly constrained. In the present study, the contribution of surface
erosion has been quantitatively estimated through the numerical modelling of the AFT data and
the results (average 0.64 km/My over the last 5.35 My, § 7), fully consistent with previously
published erosion rates estimates, allowed to infer a total amount of ~3.2 km thickness removed
exclusively by surface erosion. This result confirms that: a) surface erosion processes alone were
not enough to remove the whole thickness of the far travelled/allochthonous LSU, constituting the
burial of foredeep units at the main ridge of the Northern Apennines (4-6 km, see § 5); b) the
tectonic elision of the LSU had to play an important role in exhumation/denudation of the Tuscan

foredeep units.
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The AFT data modelling, however, is not strongly constrained in the most recent phases
(i.e. younger than ~4 Ma, §7), but the present study revealed data suggesting that the Apennine
deep compressional structures might have been activated or reactivated in Recent times, in
particular:
- scattered AFT ages younger than 3.0 Ma (e.g., Gova tectonic window, fig. 5.6c, § 5);
- strong spatial and possible genetic relationships between some of the deep-seated
Apennine thrust faults, late orogenic antiforms (i.e., related to the neotectonic
evolution of the chain) and Holocene surface gravitational processes and DSGSDs (§ 6).
Previously published works had already highlighted the Pliocene to Recent activity of the
Macigno main thrust (marked as thrust “A” in § 6), the Apennine-Po Plain frontal thrust and the
Emilia-Ferrara arcuate thrust systems buried under the Po Plain (Boccaletti et al., 2011 and
references therein; Picotti and Pazzaglia, 2008; Toscani et al., 2009; Wilson et al., 2009). Even
though in a preliminary way, the new data and results not only reinforce these latter observations,
but also suggest that many other deep-seated compressive structures of the western Northern
Apennines might have been locally reactivated during finite amounts of time during the latest and

most recent collisional phases of the Apennines.

In a more regional perspective the new AFT data extended towards west the previously
published thermochronological dataset (cfr. figs. 4.9 and 4.10), and allowed to shed new lights and
raise new questions about the complex and laterally varying geodynamic evolution of the
Northern Apennines orogenic wedge. As already highlighted by previous authors, a single model
for the geodynamic evolution of the Apenninic chain is inappropriate and inconsistent with the
along-strike variations observed in surface and subsurface geological data, thermochronological
and GPS data (Bennet et al. 2012; Thomson et al., 2010). While subsurface and field geological
data heterogeneity across the Northern Apennines have already been discussed in previous
chapters (see § 5), recent published thermochronological and GPS data highlighted the presence
of two clearly distinguished sectors within the chain, separated by a long recognized regional scale
transverse feature (the “Livorno-Sillaro Line”, Ghelardoni, 1965; Bortolotti, 1966; Nirta et al., 2007,
fig. 2.1): a) an eastern sector, characterized by SW-directed horizontal motion of material through
the orogenic wedge; b) a western sector (constituting part of our investigated area) dominated by
overall vertical motion. Even if the interpretation of all these data is not yet completely clear, the

changes across the Apennine chain have to be related to lithospheric-scale processes, since they

86



have been highlighted also by seismic tomographic data (Piromallo and Morelli, 2003 and
references therein; Vignaroli et al., 2008) and gravity anomaly maps (APAT, 2005). The cited GPS
and thermochronological data patterns have been used, therefore, to produce dynamic models in
which basically a general compressive context created an eastern Apenninic sector dominated,
since post-late Miocene times, by slab retreat and consequent NE-younging frontal accretion, and

a western sector dominated by underplating and/or slab retreating slowdown and cessation.

Inside this framework, the new data and results of this study have been helpful in further
constraining the timing and mechanisms affecting the western Northern Apennines. Specifically,
since at least the middle Miocene, the investigated area was characterized by two major episodes
of vertical material motion and both episodes are underlined by the recognition of important
uplift processes, orogenic wedge overthickening and subsequent reequilibration to a stable
orogenic wedge conditions through shallow extensional tectonics (first stage) and surface
erosional processes (probably predominant in the second stage) (see § 5, 6). Nonetheless, the new
thermochronological ages also highlight a NE-directed younging trend which reflects the evolution
and migration through time in the orogenic processes; these processes would have been active,
thus, also to the west of the Sillaro Line, implying that not precisely constrained episodes of
orogenic frontal accretion, horizontal material motion and, possible slab retreat (as interpreted in
the Eastern Northern Apennine) had to occur in the last ~10 My also in the Wetsern portion of the
Northern Apennines. These observations shed a new light on the middle Miocene to Recent
evolution of the western Northern Apennines, depicting this sector of the chain as affected by a
complex sequence of deep underplating (vertical motion) and frontal accretion (horizontal
motion) events, acting inside an overall compressional regime which enhanced episodes of

shallow (<10 kilometres) extensional tectonics.
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