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ABSTRACT

Stratigraphic and thermochronologic data 
are used to study the processes that shaped 
the topography of the central Apennines of 
Italy. These are part of a major, active moun-
tain belt in the center of the Mediterranean 
area, where several subduction zones control 
a complex topography. The Apennines were 
shaped by contraction at the front of the 
accretionary wedge overlying the subducting 
Adria microplate followed by extension at the 
wedge rear in response to eastward slab roll-
back. In the central Apennines, intermontane 
extensional basins on the western flank rise 
eastward toward the summit. We contribute 
with new data consisting of 28 (U-Th-Sm)/
He and 10 fission track ages on apatites to 
resolve a complex pattern of thermal histo-
ries in time and space, which we interpret as 
reflecting the transitional state of the orogen, 
undergoing a two-phase evolution related to 
initial slab retreat, followed by slab detach-
ment. Along the Tyrrhenian coast, we docu-
ment cooling from depths ≥3–4 km occurring 
between 8 and 5 Ma and related to the open-
ing of marine extensional basins. Post–5 Ma, 
a broader region of the central Apennines 
exhibits cooling from variable depths, 
between <2 km in most areas and ≥3–4 km in 
the northeast, and with different onset times: 
at ca. 4 Ma in the west, at ca. 2.5 Ma in the 
center and northeast, and at ca. 1 Ma in the 
southeast. Between 5 and 2.5 Ma, exhuma-
tion is associated with modest topographic 
growth during the late stages of thrusting. 
Since 2.5 Ma, exhumation has concurred 
with the opening of intermontane basins in 

the west and in the east, with regional topo-
graphic growth and erosion, that we inter-
pret to be associated with the locally detach-
ing slab.

1. INTRODUCTION

The elevated surface topography of mountain 
belts impacts the local and global climate and 
hosts biodiversity hotspots. Important clues to 
the dynamics of these systems could come from 
the study of the surface evolution of orogens. 
Yet, the erosive nature of mountainous land-
scapes makes it challenging to find markers of 
the uplift process of an orogen. Here we study 
the case of the central Apennines of Italy, one 
of the most elevated topographic barriers in the 
Mediterranean area, where surface topography is 
controlled tectonically by an intricate system of 
multiple subduction zones.

The Apennine Mountains of Italy are an active 
orogenic belt overlying the subducting Adria 
microplate (Fig. 1). The highest ranges of the 
Apennines are in their central region, where the 
western flank, dissected by active normal faults 
(e.g., Pondrelli et al., 2006), rises gently from 
the backarc basin for over a 100 km reaching up 
to ∼3000 m above sea level (a.s.l.) whereas the 
eastern flank slopes toward the submerged fore-
land over less than 50 km. For a long time, from 
the late Oligocene to the late Miocene, while the 
Adriatic slab retreated eastward for hundreds of 
kilometers, on the western side of the Apennines 
normal faulting typically overprinted compres-
sive structures, depressed and subsided the sur-
face topography toward the back-arc rift, i.e., the 
Tyrrhenian Basin, resulting in limited denuda-
tion (Malinverno and Ryan, 1986; Royden et al., 
1987; Royden, 1993; Royden and Faccenna, 
2018). Since the Pliocene, surface topography 
above sea level and denudation have become 
significant (e.g., Fellin et al., 2007; Thomson), 

and extensional deformation has extended on 
land with the formation of intermontane basins 
(e.g., Patacca et al., 1990; Boccaletti et al., 1990; 
Cipollari and Cosentino, 1995a, 1995b; Cosen-
tino et  al., 2010). This pulse of surface uplift 
above sea level at the same time with the forma-
tion of extensional intermontane basins has been 
interpreted as indicative of a change in the oro-
genic dynamics. The various mechanism called 
upon to explain the recent uplift above sea level 
all postulate a change in the subduction dynamic 
as for instance: slab break-off (Wortel and Spak-
man, 2000; Gvirtzman and Nur, 2001; Faccenna 
et al., 2014; Faure Walker et al., 2012), mantle 
upwelling (D’Agostino et al., 2001), or crustal 
delamination (Cavinato and DeCelles, 1999). As 
for slab-roll back, the underlying commonality 
among these different processes is the influence 
of subduction and the related mantle dynamics 
on the upper plate. Subduction can affect upper 
plate topography in a variety of ways: the pull 
exerted by the subducting slab and the induced 
return flow can depress the forearc regions by 
some hundreds of meters (Zhong and Gurnis, 
1994), whereas the upwelling associated with 
return flow or small-scale convection can induce 
a positive signal in the backarc regions (Zhong 
and Gurnis,1994; Hyndman and Currie, 2011; 
Crameri et  al., 2017; Faccenna and Becker, 
2020). This scenario can change with a decrease 
in subduction pull and subduction rate as in, for 
example, the case of slab break-off (e.g., Duretz 
and Gerya, 2013). However, other processes 
can control the upper plate topography as, for 
instance, the accretion of crustal material from 
the down-going plate that can counter the upper 
plate subsidence. In particular, if continental 
crustal material is brought into the subduction 
zone, detached from the lithosphere and accreted 
into the upper plate crust, its buoyancy can lead 
to surface uplift (Göğüş et  al., 2017). Thus, 
the spatial and temporal patterns of uplift in a 
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Figure 1. Inset: map of Italy. Thick black lines indicate the surface and subsurface main thrusts of the Apennines. Red box in center outlines 
the location of the geologic map in the main panel. Main panel: simplified geologic map of the central Apennines with sample locations 
indicated by Arabic numerals from 1 to 28. A and B indicate the traces of the geologic cross-sections shown in the lower panel. TP is the 
trace of topographic swath profile and of the sample projection shown in Figure 5. Roman numerals indicate the location of coastal and 
interapenninic basins, whose stratigraphic record is schematically shown in Figure 2. Topographic names refer to main mountain ranges 
or regions that correspond to structural-kinematic units whose stratigraphic record is also schematically shown in Figure 2. Lower panel: 
simplified geologic sections across the central Apennines with projected cooling ages: the location of the sections is indicated in the main 
panel. The vertical and horizontal scales are the same. m.a.s.l.—meters above sea level; AFT—apatite fission-track; AHe—(U-Th-Sm)/He 
ages; SN—sample number.
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 subduction forearc can be complex due to the 
interaction of these processes.

In the central Apennines, origin and mecha-
nism of surface uplift remain unclear: did the 
central Apennines started to emerge when crustal 
thickening outpaced the depression induced by the 
slab pull? Or did they emerge in the extensional 
“back-arc” due to the positive signal induced by 
mantle upwelling? Or are they a late-orogenic 
transient, related to slab break-off? The transi-
tion in time and space between end of contrac-
tion, surface uplift above sea level, and onset of 
on-land extension are keys to address these ques-
tions. So far, it has been proposed that between the 
late Miocene and the present, surface uplift may 
have migrated eastward following contraction and 
extension (e.g., Cavinato and DeCelles, 1999), or 
that it may have resulted from a regional doming 
with only minor local uplift related to extension 
and/or contraction (e.g., D’Agostino et al., 2001). 
Recent paleo-elevation data based on stable iso-
topes indicate 1–2 km of surface uplift initiating 
in the late Pliocene (San Jose et al., 2020) and 
stratigraphic data suggest that both in the west-
ern and in the eastern intermontane basins of the 
central Apennines deposition may have started at 
the same time, during the late Pliocene (Cosentino 
et al., 2009, 2017).

In this study, we combine new thermochronol-
ogy data and a revised stratigraphic assessment 
of syn-tectonic basins in the central Apennines to 
track the vertical crustal motions during the late 
stage of subduction orogeny. Low-temperature 
thermochronology is sensitive to surface and 
crustal processes at shallow depths and tracks 
the rocks toward the surface along their exhu-
mation path. In particular, it is very effective 
at detecting rapid cooling related to the activ-
ity of normal faults and therefore it can provide 
new constraints on the timing of the extensional 
activity. We use the stratigraphic record to time 
the transition from marine to terrestrial condi-
tions that generally corresponds to the transi-
tion from a non-erosive to erosive condition. 
The timing of this transition can correspond to 
the onset of cooling if exhumation is driven by 
erosive surface processes. Based on the tectono-
stratigraphic record, it is also possible to recon-
struct when—within the sedimentary basins—
contractional or extensional deformation was 
active. Our data support the idea that a change in 
subduction dynamics, from trench retreat to slab 
break-off occurred in this area around the early 
Pleistocene, perturbing the topography, tecton-
ics, and sedimentation pattern of the orogen.

2. GEOLOGICAL BACKGROUND

The Apennines of Italy originated as a Neo-
gene fold-and-thrust belt during the west-verging 

subduction of the Adria micro-plate (Malinverno 
and Ryan, 1986; Royden et al., 1987; Patacca 
et al., 1990; Royden and Faccenna, 2018). The 
roll back of the Adria-Ionian subduction system 
resulted in progressive north-eastward migration 
of the foreland basin system, extension at the 
back of the growing wedge and backarc rifting 
that led to the opening of the Tyrrhenian Basin 
since the late Serravallian (Mattei et al., 2002). 
Subduction of Adria in the central Apennines 
involved the accretion of a sequence of Jurassic 
to Miocene limestones, deposited as carbonate 
shelf platforms and/or slope-to-basin sediments 
along the Adria passive margin (e.g., Cosentino 
et al., 2010). With the passive margin entering 
the foreland, the platforms drowned and became 
the bedrock for clastic turbiditic sediments that 
until the late Miocene were fed predominantly 
from the Alps (e.g., Stalder et al., 2018 and ref-
erences therein). As the wedge migrated north-
east, the foreland system evolved into thrust-
top basins and then it was rapidly incorporated 
into the wedge (Boccaletti et al., 1990; Cipol-
lari and Cosentino, 1992, 1995a; Fig. 2). With 
crustal shortening moving toward more exter-
nal domains, the Tyrrhenian Basin expanded 
eastward and extensional faults dissected the 
emerging inner portion of the accretionary 
wedge. These faults are seismically active (Pon-
drelli et al., 2006; Chiarabba et al., 2005) and 
bound intermontane basins and front-parallel 
valleys that accumulated terrestrial and marine 
sediments since at least the latest Pliocene (Cavi-
nato et al., 1994; Cavinato and DeCelles, 1999; 
Cosentino et  al., 2017; Figs.  1 and 2). Based 
on unconformably overlying sediments in the 
Adriatic foredeep (Casero, 2004), compression 
in the central Apennines may have ceased in 
the late Pliocene (Bigi et al., 2013). During the 
Pliocene–Pleistocene, igneous activity devel-
oped along the Tyrrhenian side of the central 
Apennines (Conticelli and Peccerillo, 1992), 
where a high heat flux (>100 mW m−2; Cataldi 
et al., 1995) persists today over a shallow and 
anomalously hot Moho (Diaferia et al., 2019) 
and over a low velocity anomaly in the upper 
mantle (Wortel and Spakman, 2000; Piromallo 
and Morelli, 2003). The central and Adriatic 
sides of the central Apennines are characterized 
by a colder thermal regime (heat flux <50 mW 
m−2) at shallow crustal levels and by a deep 
hot thermal regime (>300 mW m−2; Chiodini 
et al., 2013).

2.2. Compression and Extension in the 
Central Apennines

The marine successions of the Apennine fore-
land basin system and the marine-to-continental 
successions of the intermontane basins provide 

constraints on the chronology of vertical motions 
in the Apennines. Syn-tectonic basins are asso-
ciated with both contractional and extensional 
deformation, forming as foredeeps, wedge-top 
basins or extensional grabens and tilt-block 
half-grabens. Along a stratigraphic section, the 
transition of the depositional environment from 
marine foredeep to wedge-top basin and finally 
to terrestrial extensional basin provides con-
straints on the surface vertical motion, with high 
resolution in space and time. The most unam-
biguous constraint is provided by the transition 
from marine to terrestrial facies, which marks 
passage through sea level. We have compiled 
stratigraphic data from the central Apennines 
and constructed 22 stratigraphic sections whose 
location and sedimentary successions are shown 
in Figures 1 and 2, respectively, where they are 
indicated with roman numbers.

2.2.1. Foreland Successions
In the western sector of the study area, along 

the Tyrrhenian coast, limited rock exposures of 
foredeep siliciclastic sandstones attributed to 
the Aquitanian are in the south (near sample 2, 
Fig. 1; CGI Terracina, 1960). These sandstones 
in cores along the Tyrrhenian coast are over-
lain by Neogene deposits, mainly consisting of 
upper Messinian gypsum deposits and Lago-
Mare conglomerates and sandstones deposited 
in extensional basins. Plio-Pleistocene clays and 
sands are locally interlayered with Pleistocene 
volcanic rocks (e.g., I: Tolfa, De Rita et  al., 
1997; Cipollari et al., 1999b; II: Ardea and For-
mia basins, Faccenna et al., 1994; III: Garigliano 
Basin, Cosentino et al., 2006). Inland, the Meso-
zoic–Miocene carbonate rocks in the Volsci and 
Simbruini-Ernici ranges are thrust over the 
Latina and Roveto valleys (VI and VIII), respec-
tively, that are filled with foredeep siliciclastic 
sediments. Autochthonous Serravallian marls 
mark the flexure of the foreland domain in the 
Volsci range that likely was already in a wedge-
top position during the late Tortonian (Cosen-
tino et al., 2003). The Latina valley (VI) was a 
foredeep basin that received up to 2 km of upper 
Tortonian sands (Frosinone unit) and locally 
preserves unconformable lower Messinian sand-
stones related to an early Messinian thrust-top 
basin (e.g., Torrice Sandstones, Cipollari and 
Cosentino, 1993, 1995a, 1995b; Cosentino et al., 
2002, 2003; Centamore and Rossi, 2009). In the 
Simbruini-Ernici range and the Roveto valley 
(VIII), onset and end of deposition in the cen-
tral Apennine foreland basin system are timed 
by upper Tortonian foreland marls, lower Mes-
sinian siliciclastic foredeep sandstones and two 
cycles of wedge-top sediments, extending to the 
uppermost Messinian–lower Zanclean (Cosen-
tino et al., 2003).
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Figure 2. Comparison between 
fully reset cooling ages from 
this study and the foreland and 
intermontane stratigraphic 
record from previous stud-
ies in the central Apennines, 
Italy. The stratigraphic record 
is shown as a west-to-east and 
north-to-south schematic sum-
mary of the stratigraphic suc-
cessions in the main ranges 
and basins of the central Apen-
nines; references are reported 
in the main text (section 2). 
Arabic numerals refer to the 
coastal and intermontane ba-
sins whose locations are shown 
in Figure  1. The foreland suc-
cessions exposed in the Molise 
region are split in two columns: 
one labeled Centre that shows 
older, internal units and one la-
beled East that shows younger, 
more external units. No inter-
montane basin is present in 
Molise. The inset above the fig-
ure shows the legend together 
with a conceptual scheme that 
represents the main features of 
the Apenninic orogenic wedge 
since the Pliocene, which are: 
the Tyrrhenian rift basin on 
the west, the intermontane 
extensional basins on the top, 
the piedmont slope and the 
foreland basin on the east. 
The foreland basin system 
successions consist of marine 
(blue) terrigenous sediments 
deposited in different basins 
and settings (ramp, foredeep 
and wedge-top) within the 
east-ward migrating and con-
tractionally (black outline) 
deforming foreland system. 
The only non-marine terrig-
enous foreland sediments are 
exposed at present along the 
Adriatic piedmont. The fore-
land sediments overlie marine 
carbonate sediments that are 
not indicated in the figure. No 
marine carbonate sediments lie 

over or alternate with the foreland sediments. The intermontane successions consist of marine, transitional and continental (yellow) sedi-
ments filling intermontane extensional (red outline) basins that develop on the retro side of the orogenic wedge as the compressional front 
migrates eastward. The white diagonal lines over the blue symbol refer to Lago-Mare deposits. The position of the apatite (U-Th-Sm)/He 
(AHe) grain ages and central apatite fission-track (AFT) ages corresponds to the closest structural unit.
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In the central sector of the study area, the Gran 
Sasso and Maiella massifs represent the highest 
and easternmost ranges of the Apennines. Lim-
ited foredeep sediment outcrops are commonly 
lower Messinian in age (X to XIII: Patacca 
et  al., 1992; Cipollari and Cosentino, 1995b) 
but in the east they extend in age to the top of 
the Messinian (XIV: Patacca et al., 1992; Cipol-
lari and Cosentino, 1995b; Centamore et  al., 
2006c). Two cycles of terrigenous Lago-Mare 
and marine conglomeratic wedges (wedge-top 
basins) record thrusting activity until the latest 
Zanclean–earliest Piacenzian (Cipollari et  al., 
1999a; Cosentino et al., 2003; Centamore et al., 
2006a and references therein). In the Maiella, 
an outmost anticlinal tectonic structure (Vezzani 
et al., 2010 and references therein), Messinian 
foreland mudstones and marly clays are cov-
ered by Zanclean conglomerates and turbidites 
(Maiella and Cellino units) and finally by Pia-
cenzian thrust-top clastic deposits (Patacca et al., 
1992, 2008; Cipollari et al., 1999b; Cosentino 
et al., 2005).

The central massifs slope toward the Laga 
Mountains to the north, the Adriatic piedmont 
to the east and the Molise hills to the south. 
The Laga Mountains consist of a ∼4-km-thick 
succession of Messinian turbiditic siliciclastic 
sandstones that filled a foredeep sub-basin where 
drowning started at the transition between mid-
dle and upper Tortonian (Centamore et al., 1992; 
Cosentino et al., 2003) and where syn-deposition 
contraction occurred since the late Messinian, 
leading to eastward migration of the foredeep 
during the Zanclean (Bigi et al., 2011). Along 
the Adriatic Piedmont, north of the study area, 
Piacenzian–Gelasian marine clastic wedges, 
overlying Messinian–lower Zanclean foredeep 
sandstones and in turn overlain by shallowing-
upward, marine-to-continental transitional suc-
cessions, are bound at the top by a polygenic 
erosional unconformity (Cantalamessa and 
Di Celma, 2004; Micarelli and Cantalamessa, 
2009) that has also been traced farther south 
in our study area. There, steeply dipping upper 
Messinian–lower Zanclean foredeep sandstones 
are overlain by Gelasian flat-lying marine littoral 
conglomerates (Pizzi, 2003) that pass to lower-
middle Pleistocene continental sediments. In the 
Molise Hills (Fig. 1), low-competence, non-car-
bonate rocks are part of a far traveled complex 
(Sicilide unit), largely consisting of Cretaceous-
to-middle Miocene shales and clays, which first 
thrust over 2-km-thick, upper Tortonian (?)–
lower Messinian siliciclastic turbidites (Agnone 
Formation) and their substratum (Molise units), 
later over Zanclean clayish deposits (Torrente 
Lajo Flysch) and finally was in turn covered 
unconformably covered by sediments from late 
Messinian–Zanclean thrust-top basins (Festa 

et  al., 2006; Vezzani et  al., 2010; Cosentino 
et al., 2018).

2.2.2. Intermontane Successions
In the Pliocene-to-Holocene extensional inter-

montane basins, the base of the non-marine suc-
cession provides a minimum age for the onset of 
extension but in several basins the base is either 
not exposed (e.g., X: Fucino Basin, Cavinato 
et  al., 1994) or erosive with a large time gap 
following the foreland basin system succession 
(e.g., VII: Tiberino Basin, Mancini et al., 2007; 
Cosentino et al., 2017). The western intermon-
tane basins, north of Rome (VII and IX: Tiberino 
and Rieti basins; Figs. 1 and 2), were filled with 
uppermost Piacenzian–Gelasian, lacustrine con-
tinental fluvial sediments, laid with an angular 
unconformity over the Mesozoic–Cenozoic 
bedrock (Mancini et  al., 2007; Fubelli et  al., 
2014; Cosentino et  al., 2008, 2017). Upper 
Piacenzian-Gelasian to Gelasian sediments 
are also the basal lacustrine and fluvial infill 
of the central intermontane basins (X: Fucino; 
Cavinato et al., 2002; Centamore et al., 2006b; 
Giaccio et al., 2019; Mondati et al., 2021; XI 
and XII: L’Aquila; Cosentino et al., 2017). In the 
other eastern intermontane basins (XI, Leonessa 
Basin; XII: Sulmona Basin; Amatrice Basin in 
the Laga Mountains), the stratigraphic record 
does not go back in time beyond the Calabrian 
(Cavinato et al., 1994; Fubelli et al., 2008; Giac-
cio et al., 2013; Mancini et al., 2020).

The onset of the infill of the intermontane 
basins was followed toward the end of the Gela-
sian by a regional scale event that can be traced 
across the central Apennines. Along the Tyrrhe-
nian coast, a non-depositional hiatus during the 
Gelasian marked by an angular unconformity 
and locally thick conglomerates is recorded 
within the marine successions at several loca-
tions (Cosentino et al., 2006). This unconformity 
has been correlated to: a large angular uncon-
formity and hiatus at two sites near Rome (IV 
and V: Monte Mario and Vallericca; Figs. 1 and 
2) below Calabrian marine littoral sediments 
and above marine bathyal sediments that are 
Zanclean and lower Gelasian in age, respec-
tively (Cosentino et al., 2009); an angular ero-
sional unconformity overlain by Calabrian-to-
Holocene fluvial-lacustrine successions in the 
Tiberino Basin (VII); an abandonment surface 
in the Rieti Basin (IX) and two erosional and 
abandonment surfaces within the L’Aquila Basin 
(XIII: Cosentino et  al., 2017). An erosional 
unconformity in a central intermontane basin (X: 
Fucino) separates the Gelasian lacustrine lower 
unit from the Calabrian to Holocene upper unit 
(Cavinato et al., 2002; Centamore et al., 2006b; 
Giaccio et al., 2019; Mondati et al., 2021). A late 
Gelasian polygenic erosional surface, described 

in section 2.2.1, is also traceable along the Adri-
atic Piedmont.

3. METHODS

3.1. Sample Strategy and Analytical 
Technique

The siliciclastic sediments filling the foreland 
basin systems of the central Apennines were the 
target of our sampling for apatite fission-track 
(AFT) and (U-Th-Sm)/He (AHe) dating of apa-
tites as these deposits are the only apatite-bear-
ing rocks exposed in the central Apennines, due 
to their Alpine provenance (Stalder et al., 2018). 
We used vitrinite reflectance (Ro) data from 
previous studies (Table 1; Corrado, 1995; Cor-
rado et al., 1998, 2005; Rusciadelli et al., 2005; 
Aldega et al., 2007) to identify potential ther-
mochronologic sampling sites where maximum 
burial conditions should have exceeded 40 °C, 
indicated by a Ro ≥ 0.30% as these sites could 
provide thermochronologically reset samples. 
In cases where no vitrinite data is available, we 
sampled the lowermost outcropping unit in the 
sedimentary sequence to maximize burial depth, 
as well as the closest locations to thrust faults 
where the samples might have been subjected 
to tectonic burial prior to exhumation (Fig. 1). 
Moreover, we constructed one age-elevation 
profile by collecting six samples from the foot-
wall of a large extensional fault (Monte Gorzano 
fault, Fig. 1), between 1572 m and 2154 m a.s.l., 
and one sample from its hanging wall.

Coordinates, structural position, depositional 
age, and constraints on burial conditions for all 
samples are summarized in Table 1, where we 
report the sample name together with the sam-
ple number (N) that is used in all the figures. 
Based on their depositional age and structural 
position, from SW (Tyrrhenian) to NE (Adri-
atic), our samples can be divided in five groups 
(Fig.  3) that include: pre-Tortonian samples 
along the Tyrrhenian coast (samples 1 and 2) 
and in the Volsci range (sample 3); upper Torto-
nian samples in the Latina valley (samples 4–7) 
and lower Messinian samples in the Roveto val-
ley (samples 8–11); lower Messinian samples 
in the central valleys (samples 12 and 13 near 
L’Aquila and samples 20–23 to the south); lower 
Messinian samples to the north (samples 14–19 
at Monte Gorzano in the Laga Mountains) and 
to the south (samples 24–28 in Molise) of the 
easternmost massifs.

We collected 3–10 kg of rock per sample, 
which were processed at ETH Zurich, Switzer-
land, according to standard samples preparation 
and analytical techniques that are described in 
detail in the supplemental material. For the AFT 
thermochronometry, we analyzed all countable 
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grains (20–32 per samples) to maximize the total 
number of spontaneous tracks, which largely 
control the AFT analytical error, and to have 
the widest possible distribution of grain ages. 
Measurable horizontal confined track lengths 
were nearly absent and were not measured as 
their number would be largely insufficient for 
any modeling. For AHe thermochronometry, 
we picked up to six single apatite crystals per 
sample, based on the following characteristics 
ranked by priority: grain size >60 μm, no inclu-
sions, simple geometrical form (avoiding broken 
crystals), no coating/surface abrasion. When 
available, we chose the biggest grains with no 
fractures nor inclusions, and perfect bipyra-
midal hexagonal shape. When optimal grains 
were not available, we prioritized: size >60 μm, 
purity (no inclusions), no internal fractures, and 
absence of broken tips. Each apatite was pho-
tographed and measured to calculate the alpha-
ejection factor (Ft).

3.3. Method Principles and Quantification 
of Cooling Histories

For standard apatite composition, the AFT 
and AHe thermochronometers have nominal clo-
sure temperatures in the range of 50–70 °C and 
100–120 °C, respectively, (Reiners and Brandon, 
2006) which assuming a surface temperature of 
10 °C and a steady geothermal gradient of 30 

°C/km in the upper crust, correspond to a clo-
sure depth of ≤2 km for the AHe system and of 
<4 km for the AFT system. In order to fully reset 
the cooling age of detrital apatites by depositional 
or tectonic burial, temperatures higher than those 
of the AHe partial retention zone and of the AFT 
partial annealing zone, respectively, are nec-
essary. The effective closure temperature also 
depends on the duration of burial: to fully reset 
a thermochronometric system, a short duration 
of burial requires higher temperatures. If burial 
conditions are such that no full thermal resetting 
is achieved, apatites retain partially or fully the 
cooling record of their earlier thermal history.

While temperature and time are the primary 
control factor on He retention and diffusion, the 
degree of radiation damage induced by the decay 
process also exerts a considerable control on dif-
fusion kinetics; its effect is nonlinear (Gautheron 
et al., 2009). The radiation damage is primarily a 
function of the U and Th concentrations, of the 
time over which radiation damage is accumu-
lated and of the thermal history of the sample 
as radiation damage can anneal with time. The 
effective U (eU) is commonly used as a proxy to 
account for the radiation damage due to the U 
and Th concentration (Flowers et al., 2009) and 
it is defined as eU = U + 0.235 × Th, where U 
and Th are the concentration in ppm (Gautheron 
et al., 2009). The composition of apatite affects 
the kinetics of fission-track annealing and it also 

affects how apatite responds to the etch proce-
dure such that the diameter of the spontaneous 
tracks after etching (Dpar, see footnote 1) can be 
used to constrain the kinetic parameters of AFT 
annealing (Carlson et al., 1999).

Although it is possible to calculate effective 
closure temperatures for a given set of kinetic 
parameters and for a known cooling rate, this 
involves a number of approximations, includ-
ing the assumption of monotonic cooling at a 
near-constant rate. Where there is the potential 
for a complex cooling history, for example, with 
detrital samples that may not have been fully 
reset, it can be helpful to perform thermal mod-
eling for age prediction. We performed thermal 
modeling using the QTQt code from Gallagher 
(2012), which uses a Markov-Chain Monte-
Carlo method to infer for a collection of grain 
ages with individual kinetic parameters, the 
most-likely time-temperature path that best pre-
dicts the measured data (and kinetic parameters) 
according to the applied diffusion and annealing 
models. For use in this model, age data can be 
treated as co-located, i.e., a single sample with 
multiple grains or can consist of multiple sam-
ples, assumed to have a common exhumation 
history, but separated by elevation, which pro-
vides a time lag based on vertical distance. We 
analyzed three samples and the Monte Gorzano 
age-elevation transect, and obtained temperature 
histories subject to two temperature constraints: 
temperature of ∼40 °C at the depositional age 
of the detrital samples and a present-day tem-
perature of 10 ± 10 °C. For the age-elevation 
transect, we assume an initial geothermal gradi-
ent of 30 °C/km and 5 °C as the modern surface 
temperature difference given a maximum eleva-
tion difference between samples of 600 m. The 
input modeling parameters and data are detailed 
in the supplemental material.

4. RESULTS

4.1. Cooling Ages

Single grain AHe ages and mean sample AHe 
ages are reported in Table S1 in the supplemental 
material1. AFT data are reported in Tables S2 to 
S3 and plotted in Figures S1 to S2 in the supple-
mental material (see footnote 1). Thermal mod-
eling results are shown in Figure 4 and discussed 
in section 5.1.2. The analytical error of our AHe 

1Supplemental Material. Full descriptions of 
the analytical and modelling procedures together 
with tables and figures that report and illustrate the 
data details and the modelling inputs. Please visit 
https://doi .org/10.1130/GSAB.S.16850296 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.

TABLE 1. SAMPLE INFORMATION: COORDINATES, ELEVATION, DEPOSITIONAL 
AGE, CLOSEST VITRINITE DATA (RO), AND GEOLOGIC UNIT

N. Sample 
name

Latitude
(°N)

Longitude
(°W)

Elevation
(m ASL)

Deposition age
(Ma)

Ro
(%)

Geological formation 
name

1 TYR15 42.0479 11.9359 27 94–72 – Pietraforte Formation
2 CIR62 41.2247 13.0901 2 23–20 – San Felice Flysch
3 FAG69 41.5811 13.1082 850 34–23 – Subligurian Unit
4 OLE20 41.8853 13.0494 505 8.4–7.3 0.33 ± 0.05 Frosinone Unit
5 SGU12 41.6638 13.1764 243 8.4–7.3 0.29 ± 0.03 Frosinone Unit
6 GTA05 41.6072 13.3876 232 8.4–7.3 0.31 ± 0.03 Frosinone Unit
7 GTA03 41.2804 13.7274 101 8.4–7.3 0.31 ± 0.03 Frosinone Unit
8 ARS06 42.1324 13.1503 844 7.1–6 0.30 ± 0.06 Argillosa Arenacea Unit
9 ARS07 42.1299 13.0224 577 7.1–6 0.30 ± 0.06 Argillosa Arenacea Unit
10 SOR19 41.8022 13.5384 641 7.1–6 0.31 ± 0.05 Argillosa Arenacea Unit
11 GTA04 41.6477 13.8016 814 7.1–6 0.37 Argillosa Arenacea Unit
12 COL63 42.2955 13.3391 941 7.1–6 0.46 ± 0.01 Argillosa Arenacea Unit
13 LAG42 42.5111 13.1613 811 7.1–6 0.46 ± 0.02 Laga Formation
14 GOR50 42.6286 13.3759 1572 7.1–6 0.46 ± 0.07 Laga Formation
15 GOR51 42.6271 13.3773 1655 7.1–6 0.46 ± 0.07 Laga Formation
16 GOR52 42.6244 13.3771 1812 7.1–6 0.46 ± 0.07 Laga Formation
17 GOR53 42.623 13.3757 1880 7.1–6 0.46 ± 0.07 Laga Formation
18 GOR54 42.6194 13.3788 2099 7.1–6 0.46 ± 0.07 Laga Formation
19 GOR55 42.619 13.3809 2154 7.1–6 0.46 ± 0.07 Laga Formation
20 MAI38 41.7626 13.9829 979 7.1–6 0.37 ± 0.07 Argillosa Arenacea Unit
21 MOL30 41.6222 14.0574 602 7.1–6 0.44 ± 0.11 Agnone Formation
22 MOL23 41.5085 14.3832 672 7.1–6 0.41 ± 0.03 Agnone Formation
23 MOL24 41.5254 14.3922 550 7.1–6 0.41 ± 0.03 Agnone Formation
24 MOL27 41.6803 14.2232 590 7.1–6 0.41 ± 0.03 Agnone Formation
25 MOL28 41.8217 14.1891 823 7.1–6 0.43 ± 0.01 Agnone Formation
26 MOL25 41.5344 14.456 561 7.1–6 0.41 ± 0.03 Agnone Formation
27 AGN31 41.7654 14.4005 598 7.1–6 0.44 ± 0.01 Agnone Formation
28 AGN33 41.8049 14.4188 804 7.1–6 0.44 ± 0.01 Agnone Formation

Notes: N. is the sample number as indicated in Fig. 1; Sample name is the label as given in the field. 
m ASL—meters above sea level.
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Figure 3. Simplified map of the study area in the central Apennines of Italy showing the subdivision of the dated samples in five groups 
based on their position and plot of depositional age versus cooling age of the dated samples. In the depositional age-cooling age plot, the 
vertical bar for each data point represents the analytical uncertainty of apatite (U-Th-Sm)/He (AHe) single grain ages and the standard er-
ror of central apatite fission-track (AFT) ages; the horizontal bar represents the depositional age range. For most samples, the uncertainty 
of the AHe grain ages, which is generally <10%, is smaller than the age symbol and in these cases the age symbol masks the uncertainty. We 
consider as fully reset the cooling ages that are younger than the depositional age range. Samples are plotted here relative to the minimum 
depositional age, which is where the 1:1 line passes through.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/7-8/1916/5643570/b36123.1.pdf
by Universita Roma Tre Roma user
on 01 July 2022



Slab break-off in the central Apennines

 Geological Society of America Bulletin, v. 134, no. 7/8 1923

Figure 4. Thermal modeling results based on QTQt (Gallagher, 2012) for four groups of ages. Each group is referred to a region (west, cen-
ter, east north, east south) within the central Apennines of Italy as defined in Fig. 3. Rs is the equivalent spherical radius of the dated grains 
and eU is the effective Uranium (eU = U + 0.235 × Th that is a proxy for radiation damage; Gautheron et al., 2009). Depos. age indicates the 
age range of the depositional age. Time-temperature plots show the resulting expected time-temperature path (blue line) with its 95% con-
fidence interval (CI) (light-blue area). tT constraint is the input time-temperature constraints that correspond to the depositional age and 
to temperatures below 40 °C. Modeling results are also plotted as observed versus predicted ages. Numbers in bold font are sample number 
and subscript numbers between parenthesis indicate the number of thermochronologic data for each sample. AFT—apatite fission-track; 
AHe—AHe- apatite (U-Th-Sm)/He.
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grain ages is generally <10% with the excep-
tion of 10 grains out of 87 that have very high 
analytical error due to low He yield combined 
with low U and Th concentrations (Table S1). In 
this text, we refer to single grain AHe ages with-
out specifying the analytical uncertainty and, 
instead, we report mean AHe ages with standard 
deviations at 68% confidence level and central 
AFT ages with uncertainty at 95% confidence 
level. Overall, single grain AHe ages range from 
1 to 109 Ma, and AFT central ages range from 
5 ± 1.7 to 25 ± 13 Ma.

To discriminate between reset and non-reset 
samples, we compare their cooling age to their 
depositional age: we define as reset the samples 
whose single grain ages (for AHe) or central age 
(for AFT) are younger than the minimum depo-
sitional age (Table 1; Fig. 3).

We recognize five regions across the study 
area where ages appear to have common char-
acteristics and individual grain ages are com-
piled into these regional groupings in Figure 3. 
Fully reset samples are located close to the 
Tyrrhenian coast, where samples 1 and 2 have 
reset single grain AHe ages in the range between 
6.8 and 4.4 Ma and a reset central AFT age of 
7.6 ± 1.8 Ma. The remaining samples in the 
western sector of the study area (samples 3–11) 
include a non-reset central AFT age and AHe 
grain ages that straddle the depositional age indi-
cating a variable degree of age resetting (Fig. 3).

In the central sector of the study area, three 
AHe samples (samples 13, 20, and 21) are 
potentially fully reset: two samples each have 
four dated grains with mean AHe ages of 
3.7 ± 1.9 Ma and 3.0 ± 1.7 Ma, respectively, 
and one sample has only one 4.4 Ma old AHe 
grain. In sample 13, one AHe grain age is actu-
ally older than the minimum depositional age for 
this sample, which can be estimated as having a 
minimum age of 6 Ma. However, based on the 
stratigraphic position of this sample, its deposi-
tional age is likely closer to 7 Ma than to 6 Ma 
and therefore we consider it as most likely fully 
reset. The remaining samples (12, 22, and 23) 
have AHe ages varying over a wide range from 
older to younger than the depositional age.

In the eastern sector of the study area, among 
the samples from the age-elevation profile at 
Monte Gorzano in the Laga Mountains (sam-
ples 14–19; Figs. S1 and S3 in the supplemen-
tal material), the lowest elevation AFT ages 
(5.0 ± 1.7 Ma and 6.5 ± 2.0 Ma) are partially 
to fully reset, the remaining AFT ages are par-
tially to non-reset, all the AHe grain ages are 
fully reset and range between 4.0 and 1.4 Ma.

In the Molise hills, samples 24 and 25 both 
have potentially fully reset AHe ages although 
only three grains in total could be dated result-
ing in AHe ages between 2.7 and 1.2 Ma. The 

remaining AHe grain ages vary in each sample 
over a relatively wide range indicating variable 
resetting degree and all three AFT ages are non-
reset (Fig. 3).

5. DISCUSSION

5.1. Variability of Results

5.1.1. Age Dispersion and Degree of Resetting
Sources of dispersion and uncertainty of 

AHe ages can be attributed to several factors: 
He-bearing inclusions, possibly overlooked dur-
ing picking that can give old outlier grain ages 
(MOL24a2, MOL30a1, and LAG42a2 in Table 
S1 in the supplemental material); Ft correction, 
that is limited in the case of irregular or broken 
grain shapes as is often the case in sedimentary 
samples; U and Th zoning, that can result in 
older ages in the case of U-rich grain boundaries 
(Hourigan et al., 2005); absent U-rich neighbors, 
that can implant He in U-poor apatites (Spiegel 
et  al., 2009); and partial resetting of detrital 
grains with different pre-depositional ages (Fox 
et  al., 2019). For both AHe and AFT ages, a 
major factor controlling the age dispersion is the 
thermal history of the dated samples, which can 
result in very different grain ages either in the 
case of slow cooling or of cooling from maxi-
mum temperatures close to closure temperature. 
With thermal modeling we can largely account 
for some of these factors like cooling rate and 
partial resetting, but to be most meaningful, 
additional constraints are generally needed. A 
constraint is provided by the depositional age of 
the sampled sediments which indicates that the 
sample was at surface temperatures at that time. 
However, due to the scatter and the uncertainty 
of the cooling ages as well as the uncertainty of 
the depositional age, caution is necessary when 
defining the degree of resetting based on com-
parison to the depositional age, especially when 
only a few grains per sample are available. In 
this case, it is important to use additional prox-
ies for burial conditions as, for instance, Ro data 
that are available in our study area and that are 
discussed below together with modeling results.

5.1.2. Thermal Modeling
Complex thermal histories involving reheat-

ing by burial after a first phase of pre-depo-
sitional cooling and a second phase of post-
depositional exhumational-cooling result in a 
complex relationship between age and closure 
to daughter product loss. The measured age for 
samples that are partially reset may not reflect a 
key time of cooling, but rather reflects continu-
ous, but incomplete He loss at elevated tempera-
tures for extended periods of time. The thermal 
modeling provided by QTQt permits us to incor-

porate the grain-specific retention and anneal-
ing characteristics, as well as complex thermal 
histories, and these histories can be integrated 
to determine the age. It is important to calibrate 
models with independent geological and ther-
mal data to discriminate between scenarios. Ro 
data can be input into QTQt and can be mod-
eled together with the thermochronologic ages. 
However, as our thermochronologic samples 
are not co-located with the Ro data and as their 
exact stratigraphic position relative to the avail-
able Ro data is difficult to reconstruct, we opted 
to use Ro data to validate the thermal modeling 
results rather than to constrain them. Ro data, 
if converted to corresponding temperatures, can 
be compared to the modeled maximum burial 
temperatures derived from cooling ages. For the 
Ro-temperature conversion, we refer to a burial 
study in a similar context that is in the Miocene 
turbiditic deposits of the Northern Apennines, 
where Ro and AFT data have been calibrated 
against each other (Zattin et al., 2002). There, 
Ro values of 0.29% correspond to temperatures 
of 75 °C and Ro values of 0.43%–0.44% to a 
temperature of 95 °C.

There are four groups of ages that we regarded 
as inclusive of sufficient AHe and AFT con-
straints to warrant modeling of non-monotonous 
thermal histories using QTQt (Fig.  4). Three 
groups consist of one sample each that have 
spread in grain ages (sample 23) or have both 
AFT and AHe ages (samples 4 and 27); a fourth 
group comprises six samples along an elevation 
profile. For sample 4, the model indicates burial 
until ca. 6 Ma followed by relatively rapid cool-
ing until 4 Ma to a low temperature (Fig.  4). 
Close to sample 4, Ro values are ∼0.33% and 
the modeled path indicates a maximum tem-
perature close to 100 °C. However, paths to a 
maximum temperature of 80 °C are also likely 
according to the model and therefore the mod-
eled time-temperature path can be considered 
acceptable.

Among the four AHe ages we obtained for 
sample 23, two are younger than the depositional 
age and three show a good correlation between 
age and eU (Fig.  4), which could indicate an 
effect of radiation damage on He diffusion. The 
fourth grain age was large and difficult to fit with 
any thermal model. The modeled path for this 
sample indicates maximum burial temperatures 
of >90 °C between 4 and 6 Ma. Vitrinite data 
close to this sample are 0.41%, which indicate 
temperatures close to 90 °C. Maximum temper-
atures are followed by cooling to temperatures 
below 40 °C after 4 Ma.

The Monte Gorzano age-elevation transect 
includes AFT ages that are clearly unreset, but 
also some individual AFT grain ages that might 
be reset (Figs. S1 and S3 in the supplemental 
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material) as well as reset AHe grains (Fig. 4). 
This combination requires that post-depositional 
heating be rapid and short-lived so as to reset 
the He ages, and not the fission track ages. This 
emerged from the models as rapid heating from 
6 to nearly 2 Ma reaching a peak temperature of 
over 120 °C, followed by rapid cooling to the 
modern surface. Although 120 °C would gener-
ally be regarded as over the AFT closure tem-
perature, the short duration of heating resulted 
in only partially reset AFT ages. The maximum 
temperature of close to 120 °C, is consistent with 
the Ro value of 0.46% and with ∼4 km thick-
ness estimates for the Laga Formation (Milli 
et al., 2013).

Vitrinite reflectance data in proximity of sam-
ple 27 give quite high Ro values of 0.44%. How-
ever, the AFT age of this sample is non-reset and 
some AHe ages of this sample are older than the 
depositional age and they have a clear positive 
correlation between ages and spherical radius 
indicating sensitivity to diffusion properties 
(Fig. 4). The thermal history derived from the 
model indicates maximum temperatures below 
90 °C and within the AHe partial retention zone 
until ca. 2 Ma followed by rapid cooling to sur-
face temperatures.

5.2. Thermotectonic Evolution of the 
Central Apennines

5.2.1. Migrating Cooling From West to East
In the central Apennines, cooling ages 

decrease from west to east (Figs. 3 and 5): the 
youngest AHe grain ages are ≤4 Ma in the 
western sector, close to 2 Ma in the central and 
north-eastern sectors and as young as 1–2 Ma 
in the southeastern region. The cooling paths 
for the modeled partially reset samples (Fig. 4) 
show onset of cooling after 6 Ma for the sample 
in the west, after 4 Ma for the sample in the cen-
ter, after 2.5 Ma in the Laga Mountains and after 
2 Ma in Molise. Fully reset AFT ages are found 
in the west along the Tyrrhenian coast and in the 
northeast in the Laga Mountains indicating that 
exhumation from depth of ≥3 km only occurred 
in these areas.

By combining the time-temperature paths 
inferred by modeling individual grain ages 
with the time-temperature inference from the 
potentially fully reset samples, it is possible to 
illustrate how cooling progressed from west to 
east across the central Apennines (Fig. 5). For 
the fully reset samples, the nominal closure tem-
perature, corrected for the grain size in the case 
of AHe ages, and assuming a cooling rate of 10 
°C/km, provides an estimate of temperature at 
the age. These calculations are summarized by 
showing the temperature at which the samples 
resided at discrete times from 6 Ma to present 

(Fig. 5). This analysis indicates that the samples 
along the Tyrrhenian coast cooled at tempera-
tures below 100 °C prior to 6 Ma, and at 4 Ma 
they were already at temperatures below 60 °C. 
The samples in the east were cooling below 100 
°C (samples 14–19) or 60 °C (samples 13 and 
20–27) only after 2 Ma.

5.2.2. Late Tortonian–Early Pliocene Cooling 
in the West

Along the Tyrrhenian coast, our oldest fully 
reset ages indicate rapid cooling from tempera-
tures of ≥120 °C (AFT nominal closure tem-
perature; depths of ≥3 km) to ∼70 °C in the 
late Tortonian–Messinian (samples 1 and 2; 
Figs. 1, 2, and 5), well before the onset of the 
volcanic activity near Rome. This indicates that 
these ages were not affected by the current high 
heat flux (Chiodini et al., 2013) in this region as 
the sampled rocks were near the surface before 
the increase in heat flux. During the late Torto-
nian, offshore normal faults related to back-arc 
extension were active, the Volsci range was in 
a wedge-top position (Cosentino et  al., 2003, 
2010), the frontal thrust was active at the front 
of this range and therefore the Tyrrhenian coast 
region was internal to the wedge. Normal fault-
ing has been observed close to sample 2, with 
onset during the Tortonian–early Messinian 
and ongoing until the late Messinian (Cipollari 
et al., 1999b). By the late Messinian, extensional 
basins along the shore were actively filling with 
clastic sediments (Faccenna et al., 1994; Cipol-
lari et al., 1999a; Cosentino et al., 2006). Thus, 
the 8–6 Ma exhumation event as recorded by our 
cooling ages along the Tyrrhenian coast can be 
interpreted as related to the onset of extension 
in this region.

Samples from the upper Tortonian foredeep 
basin (samples 4–7) and from the most inter-
nal lower Messinian foredeep basin (samples 
8–11) indicate cooling to temperatures below 
80–60 °C no later than 4 Ma (Fig. 4). The onset 
time of cooling is not resolved by the cooling 
ages and it is constrained only by the minimum 
depositional age for these samples, which is 
7.3 Ma and 6 Ma for the upper Tortonian and 
lower Messinian samples, respectively. The time 
interval between 7.3 and 4 Ma overlaps with the 
last phases of thrusting recorded in the region 
from the Volsci to the Simbruini-Ernici ranges 
(Fig. 2). The low resetting degree of the samples 
from these units can be related to the combined 
effect of little burial and short residence time at 
depth. Estimates for the maximum thickness of 
the foredeep sandstones in the Latina and Roveto 
valleys do not exceed 2 km (Cosentino et  al., 
2003) and burial may have lasted ≤1 m.y. if the 
onset time for cooling is close to the minimum 
depositional age.

In summary, cooling during the late Tor-
tonian–Messinian is recorded along the Tyr-
rhenian coast in relation to the opening of the 
extensional basin that caused exhumation from 
depths of ≥3 km. Inland, in the western sector 
of the central Apennines, Messinian–earliest 
Pliocene cooling from very shallow depths may 
have occurred in relation to the latest phases of 
thrusting, when sections of the foredeep shifted 
to a wedge-top position with local exposure and 
erosion of the thrust hanging walls.

5.2.3. Pliocene-to-Pleistocene Cooling in the 
Center and East

Samples from the central sector of the study 
area (samples 12, 13, and 20–23) are from the 
early Messinian foredeep and show a large frac-
tion of reset AHe ages (Fig. 3). Thermal model-
ing of one of the partially reset samples (sample 
23, Fig. 4) indicates that cooling occurred after 
4 Ma. This suggests that at least locally cooling 
may have started during the last phases of Plio-
cene thrusting (Fig. 2). However, the fact that 
a large fraction of AHe grain ages occur at ca. 
2 Ma suggests that cooling from ∼2 km depth 
continued with the onset of the extensional 
deformation as inferred from the stratigraphic 
record of the intermontane basins of this region 
(Figs. 2 and 5).

In the Laga Mountains, the Monte Gorzano 
age-elevation transect (samples 14–19; Fig. S1 
in the supplemental material) is in the footwall 
of an active normal fault (Porreca et al., 2018; 
Fig. 1). The AFT ages on the elevation traverse 
contributed little to the thermal history determi-
nation, given that they were non-reset or partially 
reset. The fully reset AHe ages center at ca. 2 Ma 
and thermal modeling indicates that cooling 
from temperatures of ≥120 °C did not start until 
ca. 2.5 Ma.

In Molise, partially to fully reset ages as young 
as ≥1 Ma are from lower Messinian sediments 
that were over-thrust by the far-traveled Sicilide 
units, which represent upper Messinian–lower 
Pliocene wedge-top basins (Cosentino et  al., 
2018). In this region, intermontane basin are not 
present and cooling might have started during 
the Pleistocene, as indicated by the thermal mod-
eling of one of the partially reset samples.

5.3. Implications for Timing and 
Mechanisms of Orogenic Topography

The rock cooling histories derived from ther-
mochronometry combined with the stratigraphic 
information from the Apenninic tectonic basins 
provide an integrated picture of orogenesis, top-
ographic uplift, and exhumation. The underlying 
process is subduction and trench retreat leading 
to an eastward migrating wave of contractional 

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/7-8/1916/5643570/b36123.1.pdf
by Universita Roma Tre Roma user
on 01 July 2022



Fellin et al.

1926 Geological Society of America Bulletin, v. 134, no. 7/8

Figure 5. Above: topographic 
swath profiles across the cen-
tral Apennines of Italy with 
mean elevation indicated by 
a red line within a gray enve-
lope representing minimum 
and maximum elevation. The 
location of the profile trace 
is shown in Figure  1 (TP). 
Middle: cooling ages from this 
study projected along the trace 
of the topographic profile. Be-
low: temperature at different 
times for the modeled samples 
shown in Figure  6 (samples 4, 
14–19, 23, and 27) and for the 
fully reset samples (samples 1, 
2, 13, 20, 21, 24, and 25). The 
temperature range box for the 
past times represents the tem-
perature ±7.5 °C derived from 
the cooling rate as in the ther-
mal models of Figure 6 or from 
the nominal closure tempera-
tures for the fully reset samples. 
For the apatite (U-Th-Sm)/He 
grain ages, the nominal closure 
temperature was corrected for 
grain size and averaged within 
each sample. The temperature 
range box for the Present is the 
modern surface temperature at 
the sample elevation ±5 °C de-
rived from a lapse rate of 5 °C/
km and a surface temperature 
at sea level of 15 °C. AHe—
apatite (U-Th-Sm)/He; AFT— 
apatite fission-track.
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deformation followed by a later phase of exten-
sional deformation. The onset of contractional 
deformation propagated from the Tyrrhenian 
coast to the Adriatic piedmont from ca. 9 Ma to 
ca. 3.5 Ma (Fig. 2). Contractional deformation 
in the west is documented in marine basins, but 
cooling prior to 5 Ma indicates local erosion and 
exhumation during contraction. The transition 
from marine to exclusively terrestrial deposition 
marking widespread surface uplift occurred later 
(ca. 3 Ma), is nearly contemporaneously across 
the central Apennines, and is associated with the 
onset of extensional deformation (Fig. 2). Our 
results from the central and eastern regions do 
not resolve early cooling, but show rapid cool-
ing, initiating at or just prior to 3 Ma (Figs. 4 
and 5), contemporaneous with the formation of 
extensional basins (Fig. 2). By the late Pliocene–
early Pleistocene, the topography of the central 
Apennines started to increase significantly at 
the long-wavelength (San Jose et al., 2020), and 

extensional faults were actively bounding con-
tinental, intermontane basins (Cavinato et  al., 
1994; Cosentino et al., 2009, 2017). In the north-
east of the study area (Laga Mountains), ther-
mochronologic data resolve the onset of fast and 
significant extensional exhumation in the order 
of ∼4 km at the footwall of normal faults that are 
still active today (Porreca et al., 2018; Figs. 1 and 
4). In the late Gelasian, at ca. 2 Ma, widespread 
cooling is resolved throughout the central Apen-
nines (Figs. 2, 3, and 5) with additional evidence 
of erosion provided by large angular unconfor-
mities and abandonment surfaces formed from 
Rome to L’Aquila (Cosentino et al., 2017). Thus, 
from our reconstructions it is evident that dur-
ing the Plio-Pleistocene, eastward propagation 
of extensional deformation and associated uplift 
and exhumation was not at a steady rate.

These observations altogether call for a 
change in the subduction dynamics between the 
late Miocene to the modern. Until the latest Mio-

cene or Pliocene, the subducting plate was con-
tinuous and its retreat drove the eastward propa-
gation of both frontal contraction and upper plate 
extension (Fig. 6). In the late Pliocene and Pleis-
tocene, we see widespread surface uplift of the 
central Apennines, with accelerated erosion and 
exhumation, all associated with extensional tec-
tonics (Fig. 6). Indeed, in the late Pliocene and 
Pleistocene, extension did not migrate eastward 
following contraction as when slab roll back was 
active and, paradoxically, it occurred at the same 
time as the rise of surface topography rather 
than with its subsidence as previously proposed 
(Cavinato and DeCelles, 1999). The western 
regions of the central Apennines preserve a Pleis-
tocene paleoshoreline, 10–100 km long (VII: 
Tiberino Basin, Figs. 1 and 2; Mancini et al., 
2007; Cosentino et al., 2017), which is almost 
unperturbed by extensional faults (D’Agostino 
et al., 2001). However, in the eastern regions, we 
document since the Piacenzian ∼4 km of exhu-

Figure 6. Two stage interpretative scenario for the evolution of the central Apennines of Italy showing the relation between deformation and 
surface uplift within the orogenic wedge and the dynamic of the subduction system: from the late Tortonian to the Piacenzian the continu-
ous slab-roll back caused forelandward migration of the wedge contracting at the front and extending at the rear with limited topographic 
growth; from the Piacenzian to the present, local slab detachment caused the opening of extensional intermontane across the central Apen-
nines from the west to the east, exhumation from depths of >3–4 km in the north east and prominent topographic growth. The 3D scheme of 
the Apenninic subduction system is modified from Faccenna et al. (2014). Red arrows indicate the direction of surface motion. White arrows 
indicate the motion of the subducting plate and of mantle flows. The cross-section across the central Apennines is adapted from Cosentino 
et al. (2010).
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mation at the footwall of a normal fault that gen-
erated significant local surface uplift (∼1.5 km 
high relief; Fig. 1, section A). Thus, during the 
Plio-Pleistocene although some contraction 
has continued in the Adriatic (e.g., Patacca and 
Scandone, 1989), in the central Apennines the 
pattern of deformation associated with retreat-
ing subduction was disrupted and replaced by 
one of uplift and widespread extension. Among 
the mechanisms so far proposed as controlling 
the upper plate dynamics of the central Apen-
nines since the late Pliocene, only a local slab 
detachment is consistent with geophysical data 
and can sustain both extension and large scale 
1–2 km high, regional surface uplift (e.g.,Wortel 
and Spakman, 2000; Gvirtzman and Nur, 2001; 
Faure Walker et al., 2012; Faccenna et al., 2014).

5.4. Surface Uplift and Extension in the 
Central and Northern Apennines

Northern and central Apennines share many 
similarities in terms of tectonic history. Some of 
the most striking similarities are the timing of 
exhumation and its pattern across the strike of 
the orogen, from SW to NE. In fact, between 7 
and 4 Ma, a major phase of extensional exhuma-
tion affects the Tyrrhenian regions of both the 
Northern (e.g., Fellin et al., 2007) and the cen-
tral Apennines (Figs. 2 and 5). Moreover, also 
in the Northern Apennines, the youngest ages 
are on the Adriatic side of the orogen, where 
they are typically close to 2–1 Ma, and exhuma-
tion migrated from west to east (e.g., Thomson 
et al., 2010). However, in the Northern Apen-
nines, young cooling ages (1–2 Ma), close to the 
main drainage divide are related to exhumation 
along normal faults but farther to the east, they 
are related to frontal accretion and possibly also 
to underplating of foreland sediments and not to 
extensional deformation (Thomson et al., 2010). 
In the central Apennines, the youngest and east-
ernmost cooling ages are: (a) in the Laga Moun-
tains, where extension is still active today and 
where they are clearly associated with exhuma-
tion of a normal fault footwall, and (b) in the 
Molise hills, where there is no clear record of 
extension and where the 1–2 Ma cooling ages 
could be associated with surface uplift either at 
the regional scale, as along the Adriatic Pied-
mont east of Gran Sasso (XVI, Figs. 1 and 2), or 
to late Pliocene–early Pleistocene contractional 
deformation (Vezzani et al., 2010). However, a 
major difference between the Northern and cen-
tral Apennines is in the time of uplift above sea 
level. In the Northern Apennines, despite a rather 
complex paleogeographic scenario at the transi-
tion between Messinian and Pliocene, the first 
non-marine sediments in intermontane, post-rift, 
extensional basins date back to the lower Plio-

cene in the west and to the upper Pliocene in 
the east (e.g., Conti et al., 2020 and references 
therein). Cooling ages in the Northern Apen-
nines are consistent with eastward migration of 
exhumation associated with extensional faults 
between the late Miocene and the Pliocene–
early Pleistocene (Thomson et al., 2010). This 
suggests that, differently from what we observe 
in the central Apennines, in the Northern Apen-
nines, extension and uplift above sea level did 
not occur at the same time in the west and in the 
east but they migrated eastward at least through 
the Pliocene–early Pleistocene. Thus, the con-
currence of the onset of extension and of surface 
uplift above sea level during the late Pliocene 
across the central Apennines, in the west and in 
the east, is a unique feature of this region that it is 
not observed in the Northern Apennines.

The central and Northern Apennines differ 
fundamentally in their present state: whereas 
in the Northern Apennines, subduction is still 
active and the stress regime at the front is clearly 
compressive, in the central Apennines there is no 
clear evidence of either active subduction or com-
pressive stress regime (Montone et al., 2004; Fac-
cenna et al., 2014 and reference there in). Finally, 
in the Northern Apennines several lines of evi-
dence indicate the Pleistocene–Quaternary as a 
time when a pulse of surface uplift might have 
occurred at the regional scale (e.g., Argnani et al., 
2003). However, along the front of the Northern 
Apennines, well-dated fluvial sediments indicate 
that the Pleistocene–Quaternary surface uplift is 
related to active blind thrust buried in the Po Plain 
(Picotti and Pazzaglia, 2008). Moreover, in the 
Northern Apennines the Pleistocene–Quaternary 
pulse of uplift would have occurred after the first 
pulse of eastward-migrating surface uplift and 
after the onset of extension and wide surface 
uplift observed in the central Apennines. Conclu-
sively, although slab-break off has been proposed 
as a possible mechanism to explain a pulse of 
rapid surface uplift in the Northern Apennines 
(Carminati et  al., 1999; Argnani et  al., 2003), 
recent geophysical data support the idea that slab 
break off is localized rather beneath the central 
Apennines (e.g., Wortel and Spakman, 2000; 
Gvirtzman and Nur, 2001; Faure Walker et al., 
2012; Faccenna et al., 2014) and our data support 
the view that the Adriatic slab detached beneath 
this area in the late Pliocene.

6. CONCLUSIONS

In the central Apennines, new thermochro-
nologic data, including 28 apatite (U-Th)/He 
and 10 apatite fission track ages, combined 
with stratigraphic data constraining syn-tectonic 
deformation and surface uplift, leads to the fol-
lowing conclusions:

- at ca. 8 and 5 Ma, along the Tyrrhenian 
coast, moderate topographic growth concurred 
with post-contractional cooling from depths of 
≥3–4 km in response to extensional deformation 
that led to the opening of marine rift basins;

- after 5 Ma, moderate topographic growth 
continued together with diachronous cooling 
from shallow depths of ≤2 km, between ≤4 Ma 
in the west and ≤1 Ma in the southeast, which 
occurred simultaneously with the late stages 
of foreland basin system deposition and thrust 
deformation, associated with subduction of the 
Adriatic plate;

- from ca. 2.5 Ma to the present, throughout 
the central Apennines, large regional topographic 
growth occurred simultaneously with the open-
ing of extensional intermontane basins and with 
erosion and cooling from ≤2 km depths in the 
central region and from ≥3–4 km depths in the 
northeastern region (Laga Mountains);

- these observations are consistent with 
detachment of the Adriatic slab beneath the 
central Apennines in the late Pliocene or early 
Pleistocene.
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