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Abstract The topography of orogenic belts responds to several contributions operating at short and

long temporal and spatial (i.e., wavelengths) scales, from the surface to the deep mantle. Here, we aim to
investigate the connection between morphometric characteristics, exhumation, and crustal deformation along
and across the Italian Apennines, by comparing superficial with deeper data. Specifically, we present four
sets of observations that are constructed by gathering previous data and adding new analyses and inferences,
that include: (a) a new geomorphological set of analyses; (b) a database of available low temperature
thermochronological cooling ages; (c) a reconstruction of drainage divide evolution in time and space based
on the age of the youngest lacustrine deposits within each extensional basin; (d) Moho depth from receiver
functions, gathering previous estimates and 13 new ones. From these sets of data, it emerges that across the
main drainage divide of the Apennines, the morphological characteristics, the style of deformation and the
spatial distribution of exhumation correlate with the geometries of the Moho and are associated with a strong
asymmetry in the Northern-Apennines and a clear symmetry in the Central-Apennines. We interpret these
results as evidence of a strong coupling between shallower and deeper geometries, that are most likely related to
complex along-strike variations in the Apennines geodynamic setting.

1. Introduction

Mountain belts result from the interaction between surface, crustal, and deep mantle processes (e.g., Faccenna
et al., 2014). The Apennines of Italy represents an ideal setting to investigate the possible linkage and feedback
reactions between these processes. Several studies attempted to decipher these interactions by comparing the
topographic elevation and the position of the orogenic drainage divide with the crustal thickness, the tectonic
regime (e.g., compression and extension), the temperature at the Moho depth and the short-term vertical and
horizontal motions (i.e., GPS; Diaferia et al., 2019; Faccenna et al., 2014; Faccenna & Becker, 2020; Gvirtzman
& Nur, 2001; Miller & Piana Agostinetti, 2012; Piana Agostinetti & Faccenna, 2018; Rosenbaum & Piana
Agostinetti, 2015; Savastano & Piana Agostinetti, 2019; Wortel & Spakman, 2000; Carminati & Doglioni, 2012;
D’Agostino et al., 2001; Piana Agostinetti & Faccenna, 2018; Rosenbaum & Piana Agostinetti, 2015). Some
of these works showed that the northern Apennines and the Calabrian arc, where subduction processes are still
active, are characterized by a dynamically depressed topography due to downward pull (Figure 1, Carminati
et al., 2005, 2010; Diaferia et al., 2019; Faccenna et al., 2014; Faccenna & Becker, 2020). There, the verti-
cal motion estimated by GPS, integrated over a broad region, indicates subsidence (see Carminati et al., 2005;
Faccenna et al., 2014). Moreover, in the northern Apennines, the topographic crest coincides with the orogenic
drainage divide, which in turn overlaps with the transition between the western retro-wedge dominated by normal
faulting, and the eastern pro-wedge characterized by thrust faulting (e.g., Carminati & Doglioni, 2012; D’Agostino
et al., 2001). Conversely, in the Central and Southern Apennines, where subduction processes are inactive and
slab break-off is thought to have occurred during the last 2.5 Ma, the high topography is not entirely compensated
at depth by a crustal root, resulting in a positive residual topography. There, ongoing uplift is also demonstrated
by vertical movements estimated by GPS (Figure 1; Serpelloni et al., 2013; Faccenna et al., 2014; Faccenna
& Becker, 2020). This topographic signal is also accompanied by a positive thermal anomaly at Moho depth,
showing higher temperatures beneath the wedge compared to the surroundings sections of the Apennines (e.g.,
Chiarabba & Chiodini, 2013; Diaferia et al., 2019 and reference therein). Moreover, in the Central Apennines,
the orogenic drainage divide is shifted westward with respect to the highest topographic elevation and does not
overlap with the transition between the extensional western retro-wedge and the contractional eastern pro-wedge
as observed for the Northern Apennines (Bartolini et al., 2003; D’Agostino et al., 2001).
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Figure 1. (a) topographic map of the Italian Peninsula. Earthquake focal mechanism from Montone et al. (1999), (2004), and (2012) and reference therein; (b) Crustal

thickness (data from Faccenna & Becker, 2020); (c) residual topography (data from Faccenna & Becker, 2020); (d) Dynamic topography (data from Faccenna &

Becker, 2020). For each map the traces of the main thrust and normal faults are drawn together with the orogenic drainage divide.

LANARI ET AL.

2 of 28

858017 SUOWIWOD SAIEa.D 3|edl|dde auy Aq pausenob aJe S9joiie VO ‘88N JO S3IN1 10} ARIq1T 8UIUO A8]IA UO (SUO R IPUOD-pUe-SWLBH W00 A3 1M ARRIq 1 U1 |UO//SONY) SUORIPUOD PUe SWie | 83U} 89S *[£202/20/ST] U0 A%iqiTauliuo AB|IM ‘Z49 Wepsiod wniuez-zioyweH Aq T9%200012202/620T 0T/I0p/wod A8 Are.q put|uo'sgndnBe//sdny wouy papeojumoq ‘€ ‘€202 ‘6TerreT



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007461

These works highlight the occurrence of a significant along-strike variability in geomorphologic and topographic
characteristics, style of tectonic deformation, crustal architecture and mantle structure and raise major research
questions: does such a variability correlate with different crustal and deeper processes or does it reflect litholog-
ical variations and/or major differences in rock erodibility and/or surface processes? How do crustal or mantle
processes affect the tectonic regime and in turn the morphometry of the orogen? If crustal or mantle processes
exert a major control on the surface characteristics of the orogen, can we potentially invert topography for under-
standing deeper structures?

To answer these questions, we combined available information with new data to obtain four independent datasets
that provide new insights into the surface morphology, the magnitude and timing of exhumation, the Moho geom-
etry, and the evolution of the orogenic drainage divide through time. Specifically, we present:

1. A new set of geomorphological analyses at the orogenic scale including topographic swath profiles, k , and
x maps. We use such analyses to describe the shape of the orogen and to qualitatively infer the across-divide
pattern of uplift.

2. A database of available apatite fission tracks (AFT) and apatite (U-Th-Sm)/He (AHe) cooling ages covering
the entire Apennines. We used low temperature thermochronology data to deduce the across-divide magnitude
and spatio-temporal pattern of exhumation.

3. A new compilation of the ages of the youngest lacustrine deposits within the extensional basins along the
Apennines. Such deposits, that indicate a low energy environment, are generally used to constraints the timing
of the last internal drainage episode of the basin. Such an assumption allows us to restore a potential orogenic
drainage divide back in time.

4. A compilation of the Moho depth estimates from receiver functions, gathering previous data and 13 new
estimates beneath the Central Apennines. We used receiver function to describe the geometry of the crust.

Our analyses show that the topography, style of deformation, and pattern of exhumation across the Apennines
systematically correlates with the geometry of the Moho. This allows recognizing a general asymmetry in the
Northern Apennines and a symmetry in the Central Apennines from the surface (i.e., the topographic shape)
to the Moho (i.e., depth and geometry). In addition, our findings suggest that in the Northern Apennines, local
faulting and crustal isostasy exert a primary control on the topography, morphology of the landscape and position
of the orogenic drainage divide. Conversely, in the Central Apennines, the topography and the drainage divide
evolution appear to be mainly governed by mantle dynamics.

2. Structural and Geodynamic Setting of the Apennines

The Apennines evolution is related to the subduction of dense oceanic and continental lithosphere. The subduc-
tion kinematics resulted in the migration of the trench-arc-back arc system across the western and central Medi-
terranean. Specifically, from 30 to 15 Ma, the Western Mediterranean subduction system migrated southward
leading to slab roll-back (Dewey et al., 1973, 1989; Faccenna et al., 1997, 2007; Gueguen et al., 1998; Malinverno
& Ryan, 1986; Patacca et al., 1993; Royden, 1993; Wortel & Spakman, 2000). This triggered compression in
the pro-wedge and extension in the retro-wedge, that is to say in the eastern and western flanks of the Apen-
nines, respectively (Bennett et al., 2012; Chiarabba et al., 2005; Doglioni et al., 1999; Gutscher et al., 2006;
Minelli & Faccenna, 2010). The retro-wedge extension led to the development of east- and west-dipping normal
faults, which created marine and terrestrial intermontane basins (e.g., Angelica et al., 2013; Bennett et al., 2012;
Cavinato & Celles, 1999; D’Agostino et al., 2001, 2011). These retro-wedge normal faults and extensional basins
present an overall younging eastward trend from offshore to the inland sectors of the Italian peninsula (Carminati
et al., 2004; Collettini & Barchi, 2004; Collettini et al., 2006; Cosentino et al., 2010; Papani et al., 2002; Patacca
et al., 1993). The exception to this pattern is represented by the Central Apennines where inland normal faults
do not record such an eastward rejuvenation, but rather a synchronous initiation at about 2.5 Ma (Cosentino
et al., 2017).

Today, the slab that formed the Apennines accretionary wedge can be traced beneath most of the western Medi-
terranean region because it is marked by a horizontal high-P-wave speed layer in the mantle transition zone
(MTZ) (Faccenna et al., 2014; Panza et al., 2007; Piromallo & Morelli, 2003; Wortel & Spakman, 2000; Zhu
et al., 2012). However, due to the limited resolution and the relevant smearing effects on images obtained with
seismic tomography at such a regional scale, the Apennines slab can be robustly imaged at depth up to ~300 km
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Figure 2. Topographic map of the Italian peninsula with river network in blue. Dashes black lines are the river catchments analyzed in this work while the thicker solid
line is the orogenic drainage divide. White transparent boxes are swath profiles shown in Figures 9—13 (exception is from the Calabria Profile which is in Figure S1
in Supporting Information S1). In the lower part a topographic swath profile along the orogenic drainage divide with a schematic bar where the main lithology is shown.

(Benoit et al., 2011). The presence of a stagnant slab at the MTZ could be clearly inferred only for the Southern
Tyrrhenian subduction zone (i.e., in front of the Calabrian arc) from the presence of deep earthquakes (focal
depths larger than 300 km, Chiarabba et al., 2005). The continuity of the slab at depth in other portions of the
Apennines subduction zone is more speculative. The absence of deep seismicity beneath the Northern Apennines
(De Luca et al., 2009) is strong evidence against such a continuity. Moreover, beneath the Central and South-
ern Apennines, intermediate-depth seismicity, that is, with focal depth between 30 and 100 km, is also absent
(Cimini & Marchetti, 2006), supporting the hypothesis of the presence of a 300-km-wide slab window. Such a
slab window develops between depths of ~70-~100 km, suggesting an early stage of slab break-off (Faccenna
et al., 2014; Gvirtzman & Nur, 1999, 2001; Wortel & Spakman, 2000), and further documents the heterogeneity
of the Apennines subduction zone. The presence of a break in the slab is supported by: (a) the occurrence of a
shallow slab gap as documented by seismic tomography; (b) the lack of deep seismicity (>30 km) (Chiarabba
et al., 2005; Serpelloni et al., 2013); (c) the absence of active compressional deformation, as documented by
Lower Pleistocene deposits sealing the frontal thrust faults (Casero, 2004; Chiarabba et al., 2005, 2010, 2014;
Faccenna et al., 2014; Giacomuzzi et al., 2012; Gvirtzman & Nur, 2001; Lucente et al., 1999; Piromallo &
Morelli, 2003; Wortel & Spakman, 2000); (d) the absence of earthquakes with compressional focal mechanisms
(Figure 1a, blue dots; Montone et al., 1999, 2004, 2012). Thus, the Apennines can be subdivided along strike
into three main domains: (a) the active northern Apennines, where continental subduction is taking place; (b) the
active Calabrian subduction zone, where the Ionian Oceanic lithosphere sinks beneath Eurasia; (c) the inactive
Central/Southern Apennines where slab break-off suppressed subduction processes.

1. The Northern Apennines show a mean moderate/low topographic elevation (Figure 2; <1 km) with a slightly
negative residual topography of —200/—300 m and a relevant crustal thickness of up to 40 km (Figure 1; e.g.,
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Di Stefano et al., 2011; Panza et al., 2007; Piana Agostinetti & Faccenna, 2018). Positive residual topographic
anomaly is only recognized in the western back-arc regions (Faccenna & Becker, 2020; Figure 1).

2. The Calabrian arc presents a mean low topographic elevation (Figure 2; <1 km) with a slightly negative
residual topography of —200/—300 m, a negative dynamic topography (Faccenna & Becker, 2020; Faccenna
et al., 2014), and a crustal thickness of up to 50 km (e.g., Agostinetti et al., 2009; Piana Agostinetti &
Amato, 2009). Shallow crustal thickness and slightly positive residual topography is only present in the active
volcanic arc, onshore Calabria in the Tyrrhenian Sea (Figure 1).

3. The Central Apennines show the highest topography (Figure 2; >1 km) and a shallower Moho (up to ~35 km)
(Miller & Piana Agostinetti, 2012). This configuration results in a positive residual topography of ~400 m,
and a positive dynamic topography of almost the same amplitude (Faccenna et al., 2014; Faccenna &
Becker, 2020; Figure 1).

3. Topographic Setting of the Apennines

The Italian Apennines and the Calabria arc show elevation up to 3 km (Central Apennines). On a 50 km wide
swath profile (Figure 2), running across the orogenic drainage divide, the Apennines can be classified into five
distinct sectors according to the distribution of the maximum elevations and the topographic characteristics
(Figure 2). These sectors have been named as: Northern Apennines 1, Northern Apennines 2, Central Apennines,
Southern Apennines, and Calabria. The “Northern Apennines 1”” have a mean elevation of up to 900 m with a few
mountain peaks higher than ~2 km, and a topographic relief up to ~1.8 km (Figure 2). The “Northern Apennines
2” have a mean elevation up to 700 m, with maximum peaks of ~1.5 km, and a topographic relief up to ~1.3 km.
The “Central Apennines” have the highest mean elevation of the whole Apennines (up to 1.2 km) with several
mountaintops over 2 km (and two summits of ~3 km) and a topographic relief up to ~2 km. The “Southern
Apennines” present a gradual southward increase in the mean topographic elevation (from ~500 to ~800 m), in
the elevation of the highest peaks (from ~1 km to more than ~2 km), and in the topographic relief (from less than
~700 m to almost 2 km). Finally, the Calabrian arc comprises only the Calabria region and has a narrow width
that locally is lower than the size of the swath profile of 50 km.

4. Methods
4.1. Morphometric Analysis

Morphometric analyses are extensively used as a proxy to infer the short-term landscape evolution and to
detect variations in uplift rates or climatic conditions through time (e.g., D’Alessandro et al., 2003; Ferrarini
et al., 2021; Lanari et al., 2022; Pazzaglia & Fisher, 2022; Piacentini & Miccadei, 2014; Picotti et al., 2009;
Reitano et al., 2022). The relationship between the slope of a river and its drainage area is usually expressed by a
power-law formulation known as Flint's law

S =k;A™? (1)

where S is the topographic slope, A is the upstream drainage area, k_ is the steepness index, and 0 is the concav-
ity index (Flint, 1974). Since k_ and 6 are correlated, k, is usually normalized (k) using a reference concavity
index (6,,). Similarly, for fluvial networks that show exposed bedrock at the base, the erosion rate is commonly
expressed as a detachment-limited stream power law (e.g., Whipple & Tucker, 1999)

E=KS"A" 2)

where K is the bedrock erodibility that depends on the climatic condition, lithology, and channel geometry, and
m and n are positive exponents (e.g., Goren et al., 2014). In the assumption of steady state conditions between
erosion rate and uplift rate (£ = U, Willett & Brandon, 2002), the elevation variability of a point of the Earth
surface in time is zero: % = U — E = 0. Since E can be expressed as in Equation 2, we obtain

U-KS"A"=0 3)
Solving for the slope we obtain

1
m

seo = ); AGx) )

1S
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1
Comparing this equation, with Equation 1, we note that k; ~ % "and 6 ~ % We can correct the rivers longi-
tudinal profiles for the area distribution, obtaining straight line instead of concave shapes, to highlight features
such as structural of lithological variations in the river profiles. To do so, it is possible to integrate the previous
equation over x (Willett et al., 2014), obtaining

m

1
B U \» [*( A\~ 5)
z(x)—z(xb)+<K'Agl> /Xb (A(x)> dx

This latter equation can be treated as a straight line, since z(xb) = ¢q, kg ~ < KL,IA’” > "= m, and
“o
y=yx) = f:; (%) " dx = x.Elevation zis now a function of x above the sea level z(xb) and of areference drain-
age area %, and river profiles are transformed into straight line using the integral term y = y(x) = f ’; (% ) "dx
0 x X
From Equation 4, it follows that for the same bedrock erodibility, higher k, values indicate higher uplift rates,
while assuming for the same uplift rate, higher k values indicate higher bedrock erodibility (e.g., Kirby &
Whipple, 2012). In turn, since kg, is the slope of the z-y straight line, assuming the same K, steeper y plots indi-
cates higher uplift rates (Perron & Royden, 2013). As k_, y is also extracted with a normalized concavity index
(0), that we impose equal to 0.45 (Wobus et al., 2006). For ksn;(

10 km?, respectively. To exclude the role of ancient upstream flat surfaces not yet readjusted to the most recent

and y calculation we use a critical area of 1 and

uplift rate, we provide the most representative k, value for each drainage basin by calculating the peak of the
distribution rather than the average.

We describe the large-scale morphometry of the Apennines, both along and across strike, by performing a new
morphometrics analyses that includes normalized steepness index (k,,), drainage areas, longitudinal river profiles
and y plots from multiple river catchments (Kirby & Ouimet, 2011; Perron & Royden, 2013; Snyder et al., 2000;
Willett et al., 2014; Wobus et al., 2006, 2010). River catchments were extracted from SRTM digital elevation
models with 90 m resolution (downloaded from “https://srtm.csi.cgiar.org/srtmdata/””). This resolution can
be considered acceptable given the large spatial scale of the work. Our analysis accounts only for catchments
respecting the following conditions: (a) that base level is fixed at 100 m a.s.l.; (b) the orogenic drainage divide is
included in each basin divide. River analyses are sensitive to the selection of the base level that frequently corre-
sponds to the sea level, or the elevation of a lake or major trunk rivers, or the transition between the foreland basin
band the orogenic wedge (see Forte & Whipple, 2018). For the Apennines wedge, we choose a uniform base level
at an elevation of 100 m because, for most of the catchments, this elevation represents the transition between the
foreland and the orogenic wedge. Different drainage areas across the same portion of the Apennines that share
the same orogenic divide and the same base level elevation, can be then used as a proxy, together with the swath
profiles to describe the shape and morphology. It follows that, across the same portion of the drainage divide,
smaller fluvial catchments A respect to the other side of the wedge, would automatically imply a steeper topo-
graphic flank, because of Equation 1.

We analyze 78 basins draining the (western) retro-wedge up to the Tyrrhenian Sea and 65 basins draining the
(eastern) pro-wedge up to the Adriatic and the Ionian Seas (Figures 3 and 4).

4.2. Low-Temperature-Thermochronology Database

Low-temperature thermochronology is a powerful tool to untangle exhumation histories of crustal blocks and
thrust sheets. In this paper, we aim to illustrate the exhumational pattern, gathering the available cooling ages for
the entire Apennines into a new compilation. A similar approach has been already proposed in other orogenic
wedges, where it has provided insights into the spatial-temporal pattern of exhumation (e.g., High Atlas of
Morocco, Lanari, Faccenna, et al., 2020; Lanari, Fellin, et al., 2020; Eastern Cordillera of Colombia, Siravo
et al., 2018; Alborz of Northern Iran, Ballato et al., 2015; Apennines Abbate et al., 1994; Erlanger et al., 2022;
Thomson et al., 2010; or at the scale of the Mediterranean Lanari et al., 2023). The Apennines are a relatively
young orogen, where suitable lithotype rocks for this technique are mostly represented by Miocene siliciclastic
turbidites (flysch). These deposits are generally a few km thick so that (U-Th)/He on zircons (ZHe), one of
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Figure 3. Hill-shade of the Italian peninsula where each river catchment (see Figure 2 for details) is labeled within discrete drainage area interval. In the lower part,
the schematic bar where the main lithology is shown together with the histogram of the absolute drainage area value for each catchment, including the percentage of
the cumulative drainage area for each region: NA1 (Northern Apennines 1), NA2 (Northern Apennines 2), CA (Central Apennines), SA (Southern Apennines), Cal

(Calabria).

the deepest low-temperature-thermochronological system, is unsuited to detect exhumation processes. A few
exceptions are represented by the Alpi Apuane, in the retro-wedge of the Northern Apennines, where middle
crustal rocks have been exhumed (Balestrieri et al., 2003). Thus, our compilation includes only apatite (U-Th)/He
(AHe; closure temperature of ~60°C; (Farley, 2000)) and apatite fission track (AFT; mean closure temperature of
110 + 10°C; Green et al., 1989) data. The compiled ages with associated information are provided in Supporting
Information S1, while the spatial distributions of the AHe and AFT cooling ages are shown in Figure 5. Following
Thomson et al. (2010), in the Northern Apennines we selected 10 and 8 Ma for the AFT and AHe system, respec-
tively, as a cooling age threshold for discriminating reset from partially to non-reset ages. In the Central/Southern
Apennines, we considered a younger threshold of 6 Ma for both thermochronological systems because the depo-
sitional age of the preserved flysch units is slightly younger than that one of the Northern Apennines. Non-reset
ages are shown in Figure 5 because they provide the maximum magnitude of exhumation (<~2 km and <~4 km
for the AHe and the AFT system, respectively, assuming a geothermal gradient of 25°C/km and a mean surface
temperature of 15°C), although they do not give information on the timing of exhumation and associated rates.

4.3. Receiver Functions Database

The receiver function method aims to isolate tele seismic P- to S-wave conversions associated with crust and
mantle teleseismic discontinuities close to the receiver (Langston, 1979). Moho depth is computed from the
time-delays of the P-to-s (Ps) converted at the Moho discontinuity and the associated reverberated phases between
the free-surface and the Moho itself (PpPs, PsPs, and PpSs phases). Given an average crustal Vp value, couples
of Moho depth and average crustal Vp/Vs ratio are tested in a grid-search to find the couple that theoretically
produces arrival times of such phases closely matching the observations. This method is a fundamental tool to
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Figure 4. Hill-shade of the Italian peninsula where each river catchment (see Figure 2 for details) is labeled within discrete k, interval. The k , represent the pick of
frequency for each basin (see main text for details). In the lower part, the schematic bar where the main lithology is shown together with the histogram of the absolute

the k, value for each catchment.

estimate the Moho depth with a higher precision respect to any other geophysical investigations such as gravity
surveys (Carannante et al., 2013). Along the Apennines, a large amount of Moho depth estimates was already
published (Di Bona et al., 2018; Miller & Piana Agostinetti, 2012; Piana Agostinetti et al., 2009, 2022; Piana
Agostinetti & Faccenna, 2018; Savastano & Piana Agostinetti, 2019) together with some compilations at the scale
of the entire Apennines (Miller & Piana Agostinetti, 2012; Piana Agostinetti & Amato, 2009). Here, we compile
all of them together with 13 new Moho depth estimates coming from stations located exclusively in the Central
Apennines.

4.4. Lacustrine Deposit Database

A tectonic basin can be either internally drained (endorheic) with a local base level at any elevation, or externally
drained (exorheic) with a base level that is generally the sea or a local base level such as a river that will flow into
a larger water body. The endorheic-exorheic or exorheic-endorheic transition can occur during mountain building
processes and are mainly controlled by the competition between the topographic growth of a divide (which in
tectonically active areas is primarily function of faulting rate) and fluvial headward erosion (which depends on
rock erodibility, precipitation and water discharge; e.g., Clementucci et al., 2022, 2023; Lanari et al., 2021). If the
rate of topographic growth, and consequently the fault slip rate, is greater than the erosion rate, the basin devel-
ops as endorheic (Figure 7). Conversely, if fluvial incision is faster than the fault slip-rate, headward erosion will
integrate the former endorheic systems into a larger, possibly exorheic fluvial systems (Figure 7). The internally
drainage condition, especially for intermontane extensional basins, is generally not permanent and is commonly
interrupted by a new capture from a nearby catchment. Conversely, the externally drainage configuration might
persist for a longer time because once captured, the increased discharge makes the fluvial incision rates much
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Figure 5. Hill-shade of the Italian peninsula with river catchments (see Figure 2 for details) together with (U-Th)/He (AHe) and apatite fission track ages (AFT)

on apatite (see main text and Supporting Information S1 for references). In the map, no-filled symbols are ages that are not reset. Data From (Abbate et al., 1994;
Balestrieri et al., 1996, 2011; Balestrieri & Ventura, 2000; Bonini et al., 2013; Carlini et al., 2013; Corrado et al., 2005; Fellin et al., 2007, 2021; Iannace et al., 2007;
Invernizzi et al., 2008; Malusa & Balestrieri, 2012; Mazzoli et al., 2006, 2008, 2014; Olivetti et al., 2017; Rusciadelli et al., 2005; Thomson, 1994; Thomson

et al., 2010; Ventura et al., 2001; Vignaroli et al., 2012; Zattin et al., 2002).

faster than the vertical movement along the faults (D'Agostino et al., 2001). The stratigraphic characteristics of
the continental deposits filling the endorheic basins are a function of the tectonically generated accommodation
space, the sediment supply and the availability of water, which depends on the ratio between water influx (i.e.,
precipitation and underground water discharge) and evaporation (Carroll & Bohacs, 1999). These characteristics
can be inverted to unravel the dynamic evolution of the basins. Specifically, in case of endorheic systems, low
energy deposits (e.g., shales or clays) are expected to lay in the basin depocenter even at high elevations as docu-
mented for high-altitude endorheic basins of the interior of orogenic plateaus (e.g., Tibet and Puna-Altiplano in
South America). Conversely, when an endorheic basin is captured, fluvial incision and eventually deposition of
coarse-grained deposits (e.g., conglomerates and sandstones) occurs. The time of transition from endorheic to
exorheic conditions is commonly inferred by the age of the youngest lacustrine deposits that should approximate
the last time span of internal drainage (Heidarzadeh et al., 2017).

In this sense, we compiled the youngest ages of the lacustrine deposits of each intermontane extensional basin
along the Apennines to constraint the timing of the last endorheic phase. This timing and approach may encode
information on the orogenic divide evolution (i.e., the hypothetical position back in time; Figure 8), especially
for the basins located in the interior of the orogen, that otherwise are generally inferred by numerical codes
(see He et al., 2021). Similar compilations have been already proposed for smaller spatial scale studies (e.g.,
Bartolini, 2003; Geurts et al., 2018). Our compilation includes 34 basins, that are listed in Supporting Informa-
tion S1 (Table S4).

LANARI ET AL.

9 of 28

858017 SUOWIWOD SAIEa.D 3|edl|dde auy Aq pausenob aJe S9joiie VO ‘88N JO S3IN1 10} ARIq1T 8UIUO A8]IA UO (SUO R IPUOD-pUe-SWLBH W00 A3 1M ARRIq 1 U1 |UO//SONY) SUORIPUOD PUe SWie | 83U} 89S *[£202/20/ST] U0 A%iqiTauliuo AB|IM ‘Z49 Wepsiod wniuez-zioyweH Aq T9%200012202/620T 0T/I0p/wod A8 Are.q put|uo'sgndnBe//sdny wouy papeojumoq ‘€ ‘€202 ‘6TerreT



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007461

It should be noted that we exclude from the compilation older compressional basins (e.g., the Sant’Arcangelo
and Del Taro thrust stop/piggy back basins) and we only account for the extensional ones. Moreover, we do not
consider endorheic basins located at large distance from to the modern orogenic drainage divide, since their
internal drainage conditions are likely supported by other processes (see for instance the Trasimento Lake, which
is controlled by Quaternary topographic swelling due to the volcanic fields emplacement, e.g., the Amiata ridge;
Bolsena volcanic field; e.g., Conticelli et al., 2015; Morroni et al., 2015). For such basins, the transition between
internal and external drainage is not primarily controlled by the competition between faulting and river incision,
as expected for the intermontane basins nearby the orogenic drainage divide.

4.5. Filtered Topography and Synthetic Orogenic Drainage Divides

The admittance analysis confirms the hypothesis that the large wavelength topography in the Apennines is
dynamically supported by mantle (D’Agostino et al., 2001). The long wavelengths topographic signal can be
directly imaged by filtering the topography at different wavelength. This can be done through a “circle average”
consisting in averaging each pixel with circle areas with three different diameters of 50, 100 and 150 km (Figure 9).
From the filtered topography is possible also to extract the synthetic divide, (see also Molin et al. (2012) and
Moodie et al. (2018)). If the large wavelength synthetic drainage divide matches the actual one, it is then possible
to deduce that the actual topography is likely sustained by mantle. On the other hand, if local faulting or crustal
isostasy control the topographic evolution, only short wavelength filtered topography, and its synthetic divide, is
expected to resemble the modern one.

5. Data Analysis
5.1. Topography and Morphometric Characteristic

Figures 3 and 4 show the results of the drainage areas and the normalized steepness index (k) analysis, respec-
tively. River catchments are labeled according to discrete intervals. There, we separated the eastern from the
western basins through a horizontal line, which represents the orogenic drainage divide. The horizontal width
of each box is proportional to the orogenic drainage divide portion bounding each basin, while the height of
the box represents the drainage area of the basin (Figure 3b) and the k_, value (Figure 4b). In this concern, it is
worthwhile to highlight that due to the presence of a large internally drained basin in the Central Apennines (the
Fucino Basin), we added a gap along the western divide which is shorter than the eastern divide (Figures 3 and 4).

The river catchments with the largest drainage area are in the Northern Apennines 2 (up to 5,000 km?), and in
the Central and the Southern Apennines (up to 4,000 km? for both regions), whereas the Calabrian block presents
the smallest fluvial basins (up to 500 km?). The highest k_, values (i.e., the highest peak values for each basin)
are instead in Calabria (up to 200 m®°) and in the Northern Apennines 1 (up to 150 m®°), while the Northern
Apennines 2, the Central and the Southern Apennines exhibit k, never exceeding 80 m®. Specifically, the
Northern Apennines 1 present the smallest basins with the highest k , in the western flank (retro-wedge), whereas
the Northern Apennines 2 exhibit the smallest basins, with the highest k_, in the eastern flank (pro-wedge).
Conversely, the Central and Southern Apennines are rather symmetric with river catchments of similar dimen-
sions and comparable k across the drainage divide. Finally, the southwestern sectors of the Calabrian block are
rather symmetric with small basins and moderate k_, on both flanks, while its northeastern sectors are gently
asymmetric with smaller, basins and higher k , along the western wedge.

5.2. Timing and Rates of Exhumation

In this section, we discuss only fully reset cooling ages of each sector as specified in the methods (Figure 5).
In the Northern Apennines 1, AHe cooling ages vary between 1.2 + 0.7 and 8.1 + 0.5 Ma, while AFT ages
range from 2.6 + 0.5 to 11.2 + 1.3 Ma. In the Northern Apennines 2, AHe cooling ages vary between 2.3 + 0.1
and 9.5 + 0.7 Ma, while AFT cooling ages vary from 3.6 + 0.5 to 11.6 + 1.4 Ma. In the Central Apennines,
single grain AHe ages range from 1 to 109 Ma, and AFT central ages range from 5 + 1.7 to 25 + 13 Ma. In the
Southern Apennines, the great majority of the AFT cooling ages are fully reset and range between 9.2 + 1.0 and
1.5 + 0.8 Ma, while all AHe ages are reset and range from 5.9 + 0.6 to 1.6 + 0.9 Ma. The Calabrian arc presents
the oldest cooling ages of the entire Apennines. Only three AFT cooling age are younger than 12 Ma giving ages
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Figure 6. Hillshade of the Italian peninsula with Moho depth estimation form receiver function data base. Diamonds with black outline are data from literature
(see main text and Supporting Information S1 for references) and diamonds with white outline are new stations. In the lower map is shown the error (2 sd express in
percentage respect to the Moho depth estimation) associated to the single estimation.

of 5.1 £ 1.0 Ma, 7.2 + 1 Ma, 6 9.5 + 1.0 Ma, while only two AHe cooling ages are younger than 12 Ma (3.7 + 0.2
and 9.1 + 0.8 Ma).

5.3. Moho Depth Variations Along Strike

Our new and published receiver functions indicate that the crustal thickness of the Italian peninsula ranges
between ~17 and ~65 km (Figure 6). Overall, we recognize four different domains of similar characteristics
including: (a) the eastern pro-wedge with a ~35 km deep Moho; (b) the western retro-wedge with a shallow
Tyrrhenian Moho that generally does not exceed ~25 km of depth; (c) the axial orogenic sectors of the North-
ern Apennines 1 and 2 and Calabria where the eastern Adriatic/Ionian Moho overlaps with the Tyrrhenian one
reaching values up to 58 km; and (d) the axial orogenic sectors of the Central and Southern Apennines where an
almost flat Moho at a depth of 45 km (just excluding four estimations) can be followed from the Adriatic to the
Tyrrhenian coast.

5.4. Potential Orogenic Drainage Divide Restoration Back in Time

The youngest lacustrine deposits preserved in the extensional sedimentary basins of the Apennines have an age
ranging from 5,000 years to 8 Ma (Figure 8). Overall, these ages become younger at increasing elevation while
approaching the orogenic drainage divide. In the northern Apennines 1 and 2, the transition from endorheic
to exorheic conditions occurred only in the western retro-wedge suggesting that the orogenic divide migrated
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Figure 7. Conceptual model for endorheic-exorheic and exorheic-endorheic transition for small intermontane basins
(modified after Lanari et al., 2021).

only eastward. Moreover, in the Northern Apennines, divide migration processes occurred from the Tortonian
(Volterra Basin) up to early Pleistocene (e.g., Gubbio, San Sepolcro or Mugello basins). Finally, in the Northern
Apennines 1, there no basin was capture after the middle Pleistocene. Conversely, in the interior of the Central
and Southern Apennines, the transition from endorheic to exorheic conditions occurred on both sides of the
orogen suggesting that the drainage divide migrated at the same time eastward and westward toward the axial
zone. Finally, in the Central and Southern Apennines, divide migration has mostly started since the late Pliocene/
early Pleistocene, and hence more recently than in the northern ones.

5.5. Comparison Between Synthetic and Orogenic Divides

Figure 9 shows three different filtered topographic maps at wavelengths of 50, 100 and 150 km together with
the associated synthetic drainage divides and their along-strike distances from the current one. In the northern
Apennines 1, the synthetic divides at increasing wavelengths discords from the current divide, laying further
east, whereas in the Northern Apennines 2 it is located further west. Along these sectors, the modern position
of the orogenic drainage divide only overlaps with the short-wavelength synthetic divide (e.g., 50 km filtering;
Figure 9a blue line). Conversely, in the Central and Southern Apennines, the synthetic divides, at all investigated
wavelengths, generally overlap with the current one.

6. Discussion

In this work we aim to explore if the surface morphology and the crustal deformation pattern reflect crustal and/
or deeper mantle geometries. To achieve this goal, we: (a) describe the different and independent datasets along
four representative cross sections (Sections 6.1. to 6.4); and (b) attempt to link the surface and crustal processes
with the deep geodynamic mechanisms (Sections 6.5. to 6.6). For each sector we then provide a complete over-
view of the surface morphologies, the crustal exhumation, and the Moho geometry, together with the evolution
of the orogenic drainage divide. Our analyses also include the Calabria sector, but according to the scope of this
paper, it is excluded from the discussion because of its different tectonic setting (i.e., forearc of the Ionian oceanic
subduction system) respect to the Apennines (i.e., accretionary wedge).
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Figure 8. Topographic map of the Italian peninsula with the river network in blue. Thick black solid line is the orogenic drainage divide while thin black solid lines are
the topographic sections which are shown in the lower part of the figure. Dashed colored lines are hypothetical drainage divide position back in time, labeled respect to
the youngest lacustrine age reported for each previous endorheic basin. Solid colored lines are instead confident previous position of the drainage divide (see main text

for details). White circles are extensional basins while gray circles are compressional basins. See main text and Supporting Information S1 for references. Data from

(Amato et al., 2011, 2014; Bartolini, 2003; Basilici, 1997; Benvenuti, 2003; BERTOLDI, 1988; Bossio et al.,
Ferreli et al., 1992; Ficcarelli et al., 1997; Fidolini et al., 2013; GHINASSI et al., 2005; Gioia et al., 2011; Ielpi, 2011; Mancini et al., 2020; Manzi et al., 2010; Martini

et al., 2011; Pennetta et al., 2014; Peretto et al., 2015; Pucci et al., 2003, 2014; Sabato et al., 2005; Villani et al., 2015; Villani & Pierdominici, 2010; Zembo, 2010).

1994, 1995; Di Naccio et al., 2013; Ermolli et al., 2010;
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Figure 9. Three filtered topographic maps with increasing average window. (a) 50 km, (b) 100 km, and (c) 150 km. For each map the synthetic orogenic drainage
divide position is located (see main text for details) together with the current orogenic drainage divide (dashed white line) and normal and thrust faults are shown. White
transparent boxes are the profiles shown in this Figure and Figures 10-13 (exception is from the Calabria Profile which is in Figure S1 in Supporting Information S1).
At the bottom, graphic displaying along divide, the horizontal distance between each synthetic orogenic drainage divide with the current orogenic drainage divide.
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Figure 10. Northern Apennines 1 across-divide differences. Form top: chi and longitudinal river profiles from each basin (see main text for details; in red rivers
draining toward west while in blue rivers draining toward east). Elevation Versus Horizontal distance from divide where cooling ages are plotted and labeled respect to
the age (see main text for references). Topographic swath profiles (50 km of window) with position of the orogenic drainage divide and the main faults: normal in red
and thrust in black. Moho depth Versus distance (see main text for references).

Importantly, we observe a correlation between the orogen along-strike lithological variations, and the morphological
characteristics. However, the across-strike variations in lithology are rather limited and hence to a first approxima-
tion, we can conclude that the retro-wedge and the pro-wedge of each topographic sector have similar lithotypes. In
the Northern Apennines 1 the dominating lithology is represented by well-stratified, coarse- to fine-grained turbid-
ites, while in the Northern Apennines 2 the turbidites are associated with pelagic limestones within a southward
increasing trend. The Central Apennines include shallow-water marine limestones and, to a lesser extent, pelagic
limestones and turbidites, where the latter are mostly exposed within valleys. The Southern Apennines are composed
of marls and shales in the northern part and limestone in the southern one. Finally, Calabria is mainly constituted
by igneous and metamorphic rocks. It is worthwhile to consider that the along-strike lithological variations are not
expected to control the along-strike morphological and structural variations. If this would be the case, across each
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sector, where the lithology is similar (e.g., Northern Apennines 1 and 2), we should expect similar geometry and
features.

6.1. Northern Apennines 1

The Northern Apennines 1 topographic swath profile (Figure 10) shows an asymmetric geometry with respect to
the orogenic drainage divide, with the western side that is much steeper than the eastern one. Such a configuration
is also suggested by the presence of fluvial catchments in the western flank that are smaller than those of the
eastern one (Figure 3). Across the Northern Apennines 1, morphometric features also strongly change from east
to west. Although the western basins have the highest k, the y slope is higher on the eastern side suggesting a
non-uniform uplift rate, with faster uplift along the eastern side (Figure 10; Erlanger et al., 2022). This conclusion
is justified by the occurrence of rocks across the divide with similar erodibility.

The asymmetric geometry at surface is also visible in the crustal structures. As observed by D’Agostino
et al. (2001), the orogenic drainage divide overlaps with the transition between the compression in the eastern
pro-wedge side and the extension in the western retro-wedge side (Figure 10). AFT and AHe cooling ages display
a younging trend with increasing elevation, with the western flank presenting younger ages than the eastern one.
In the pro-wedge, AFT and AHe cooling ages are both reset, suggesting a maximum amount of exhumation
>3-4 km. Moreover, they are significantly younger compared to the western side, indicating faster exhumation
in the pro-wedge (Figure 10; see also the compilation provided in Erlanger et al., 2022). This indicates that
erosional exhumation associated with topographic growth induced by contractional deformation is more efficient
that tectonic denudation driven by normal faulting. The only exception to this trend is in the Alpi Apuane, where
young cooling ages are located at a long distance from the orogenic drainage divide. The interpretation of those
ages is not straightforward although to a first order, exhumation appears to be driven by normal faults (Balestrieri
et al., 2003).

The geometry of the Moho also reveals an asymmetric pattern. Across the Northern Apennines 1, Moho depth
estimates show a gentle west-dipping Adria subducting plate beneath the pro-wedge, whereas to the west the
Moho geometry is shallower and flat from the Tyrrhenian Sea to the Apennine wedge. The transition between
the subducting and overriding plates is marked by a sector where shallow and deep Moho depth estimates coexist
(Figure 10).

6.2. Northern Apennines 2

The Northern Apennines 2 topographic swath profile (Figure 11) shows an asymmetric geometry with respect
to the orogenic drainage divide, with the eastern side being much steeper than the western one. This topographic
asymmetry is also displayed by the morphometric parameters with smaller fluvial catchments (Figure 3), higher
k,, (Figure 3) and y values along the eastern flank. Given the occurrence of similar lithologies on both orogenic
sides, this configuration suggests that uplift is faster in the eastern flank (pro-wedge).

The asymmetry on the surface is also visible in the crustal structure with the orogenic drainage divide, coinciding
with the transition between the compressional pro-wedge side to the east, and the extensional retro-wedge side to
the west (Figure 11; D’Agostino et al., 2001). AFT and AHe cooling ages become younger at increasing elevation
but considering the same altitude and distance from the orogenic divide, the ages differ between the pro-wedge
and the retro-wedge. In the pro wedge of the Northern Apennines 2, at long distance from the divide, AFT are
rarely reset, suggesting a maximum amount of exhumation <3/4 km, and are partially reset westward, approach-
ing the orogenic divide. AHe are instead significantly young at short distance from the orogenic divide, suggest-
ing fast exhumation rates during the last 2 Ma (Figure 11). Conversely, on the western side of the wedge, AFT
cooling ages are reset, while the AHe tend to be 2 Myr older than those of the eastern flank. This indicates that
there must have been a shift in the locus of faster exhumation. Prior to 2 Ma, exhumation was focused on the
western flank where extensional tectonics dominates. From 2 Ma exhumation became more localized on the
pro-wedge where contractional deformation and erosional unroofing prevails. This configuration is corroborated
by the geomorphic parameters, which indicate faster uplift rates in the pro-wedge.

The geometry of the Moho also reveals a sharp asymmetry. Beneath the pro-wedge of the Northern Apennines
2, the Moho shows a steep west-dipping geometry related to the Adria subducting plate. Conversely, to the west,
the Moho geometry is rather flat from the wedge to the Tyrrhenian Sea. As also noted beneath the Northern
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Figure 11. Northern Apennines 2 across-divide differences. Form top: chi and longitudinal river profiles from each basin (see main text for details; in red rivers
draining toward west while in blue rivers draining toward east). Elevation Versus Horizontal distance from divide where cooling ages are plotted and labeled respect to
the age (see main text for references). Topographic swath profiles (50 km of window) with position of the orogenic drainage divide and the main faults: normal in red
and thrust in black. Moho depth Versus distance (see main text for references).

Apennines 1, the transition between the subducting and the overriding plates in the Northern Apennines 2 is
marked by an area, where the shallow Tyrrhenian Moho overlaps with the deeper Adrian one.

6.3. Central Apennines

The Central Apennines topographic swath profile (Figure 12) shows an overall symmetric geometry with
respect to the orogenic drainage divide, with the eastern and western flanks sharing a similar slope. The topo-
graphic symmetry is also displayed by the similar size of the fluvial catchments (Figure 3) and the topographic
metrics with comparable k , and y values (Figure 4) across the divide, indicating rather uniform uplift rates
along both sides of the wedge. Again, this conclusion is supported by the presence of similar lithotypes across
the divide.
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Figure 12. Central Apennines across-divide differences. Form top: chi and longitudinal river profiles from each basin (see main text for details; in red rivers draining
toward west while in blue rivers draining toward east). Elevation Versus Horizontal distance from divide where cooling ages are plotted and labeled respect to the age
(see main text for references). Topographic swath profiles (50 km of window) with position of the orogenic drainage divide and the main faults: normal in red and thrust
in black. Moho depth Versus distance (see main text for references).

As mentioned in the background section (Section 2), in the Central Apennines compression likely vanished in

the early Pleistocene (Casero, 2004; Cosentino et al., 2017). In the Central Apennines the orogenic drainage

divide is located within the extensional domain of the axial zone, but normal faults occur in both, the western and

eastern flanks (D’Agostino et al., 2001). AFT and AHe cooling ages are not abundant to appreciate age-elevation

patterns because limestones represent the dominant lithology. Nevertheless, considering the elevation and the
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Figure 13. Southern Apennines 1 across-divide differences. Form top: chi and longitudinal river profiles from each basin (see main text for details; in red rivers
draining toward west while in blue rivers draining toward east). Elevation Versus Horizontal distance from divide where cooling ages are plotted and labeled respect to
the age (see main text for references). Topographic swath profiles (50 km of window) with position of the orogenic drainage divide and the main faults: normal in red
and thrust in black. Moho depth Versus distance (see main text for references).

distance from the drainage divide the few data points on both flanks present similar ages. AFT ages are rarely
reset, suggesting a maximum amount of exhumation lower than 3-4 km, while AHe are generally partially
reset, suggesting <2 km of exhumation. The only exception to this pattern is in the eastern side of the wedge,
and is related to the Monte Gorzano vertical profile that shows young ages (<4 Ma) at high elevation (Fellin
etal., 2021).
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Beneath the Central Apennines, the Moho appears to gently slope down into the mantle with a symmetric geom-
etry (e.g., Miller & Piana Agostinetti, 2012; Piana Agostinetti & Amato, 2009; Piana Agostinetti et al., 2022).

6.4. Southern Apennines

In the Southern Apennines (Figure 13) the topography has a complex shape given the occurrence of the high-relief
ridge (Cilento high) in proximity of the Tyrrhenian coast. Nevertheless, the mean topography shows an overall
symmetric geometry (but not as evident as the Central Apennines) with respect to the orogenic drainage divide,
with the eastern and western sides sharing a similar slope. Such a topographic symmetry is also evident in the
size of the fluvial catchments (Figure 3), the topographic metrics k , (Figure 4) and the y slope, which values are
comparable for both flanks of the wedge suggesting uniform uplift rates across the orogenic divide (given the
rather uniform, across-strike lithology).

This symmetric surface geometry mimics the pattern of the Moho. The Southern Apennines orogenic drainage
divide is located within the region under extension with normal faults on both the western and the eastern flank.
The density of AFT and AHe cooling ages is not sufficient to appreciate age-elevation patterns, although across
divide they are comparable. AFT ages are reset suggesting a maximum amount of exhumation >3-4 km. AHe
ages vary along strike with ages that are generally partially reset in the southern sector, suggesting moderate
exhumation (<2 km), while they are non-reset in the northern sectors. The youngest cooling ages are from
Monte Alpi and thermal modeling (Mazzoli et al., 2014), and indicate higher exhumation rates during the
Pliocene-late Pleistocene.

Across the Southern Apennines, the geometry of the Moho is not easy to define but to a first approximation it
reveals an overall symmetric pattern. It appears to be at the similar depths on both sides of the orogen (Savastano
& Piana Agostinetti, 2019) with both sides gently sloping down into the mantle.

6.5. Coupling Between Surface and Deeper Processes

Our revised geophysical (Moho depth estimates) data, thermochronological (AFT and AHe ages) compilation,
and morphometric (longitudinal river profiles, y and K plots) analyses reveal differences across and along
the Apennine orogenic wedge. The cross sections in Figures 10 and 11 illustrate that in the Northern Apen-
nines 1 and 2 the topography across-divide, together with trends in uplift rates and magnitude of exhumation,
are consistent with the structural variations expected for a retro- and pro-wedge. Specifically, in the pro-wedge
active thrusting drives topographic growth through crustal thickening at rates that are faster than those observed
in the retro-wedge. Although higher uplift rates are expected to promote faster surface erosion as observed
across the Northern Apennines 1, in the Northern Apennines 2 the long-term exhumation rates in the eastern
pro-wedge are lower than in the western retro-wedge (compare AFT and AHe data of Figures 10 and 11). This
pattern is most likely a result of tectonic denudation driven by normal faulting (e.g., Balestrieri et al., 2003;
Thomson et al., 2010). Moreover, the reconstruction of the orogenic divide back in time documents an overall
eastward divide migration. This is consistent with the ages of the opening of the endorheic extensional basins that
rejuvenate eastward following the onset of extension (e.g., Bossio et al., 1995; Collettini et al., 2006). All these
observations suggest that crustal processes (i.e., pro-wedge shortening vs. retro-wedge extension) may control the
geometry of topography (Figures 10 and 11) in the Northern Apennines. Such an inference could be also deduced
from the filtered topographies. Across the Northern Apennines 1 and 2, the short wavelength topography (e.g.,
50 km, blue line Figures 10 and 11) strongly resembles the modern ones, while there are not similarities with the
larger wavelength filtered topographies (e.g., 100 and 150 km, purple and green lines Figures 10 and 11).

Conversely, Figures 12 and 13 illustrate that across the Central and Southern Apennines there is an overall
symmetrical distribution of topography, uplift and magnitude of exhumation. Even if it is unclear if compres-
sion along the frontal structures is still ongoing, the extensional domain is located further east with respect to
the position of the orogenic drainage divide (i.e., in the pro-wedge). The orogenic divide reconstruction back
in time reveals fluvial capture on both sides of the wedge, suggesting a bi-directional divide migration while,
thermochronological cooling ages do not show variations across the Central Apennines indicating limited and
slow exhumation on both sides of the wedge. Moreover, extension across the Central Apennines started almost
simultaneously at about 2.5 Ma (Cosentino et al., 2017; Fisher et al., 2022). This implies that the Central Apen-
nines and Southern Apennines do not show the eastward migration of the extensional domain as observed in
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the Northern Apennines 2, at least over the Pleistocene. All these observations suggest that short wavelength
processes (crustal processes-normal faulting) are not primarily affecting the exhumation pattern and in turn the
geometry of the topography and the position of the orogenic drainage divide. We then suggest that a differ-
ent process, which is likely deeper and with a larger wavelength with respect to the Northern Apennines, is
controlling the geometry of topography across the Central and Southern Apennines. This inference is corrobo-
rated by the similarity between the across-divide profiles of the short and long wavelength topographies (e.g., 50,
100, and 150 km; Figures 12 and 13), that also resemble the profile of the present topography.

These observations and conclusions agree with those one from Pazzaglia and Fisher (2022) which derived the
uplift history from fluvial catchments along the entire Apennines through the linear inversion of longitudinal river
profiles. According to the pattern and rates of uplift, they suggest that an isostatically-driven uplift, in response to
wedge shortening and thickening, controls uplift processes in the northern Apennine while in the Central Apen-
nines uplift is most likely associated with a mantle-driven dynamics. In conclusion, our study supports previous
observations, and their implications, concerning the position of the orogenic drainage divide, the topographic
elevation peak, and the transition from retro-wedge extension to pro-wedge compression (D’Agostino et al., 2001;
Carminati & Doglioni, 2012). Such a transition in the Northern Apennines overlaps with the orogenic drainage
divide, while in the Central and Southern Apennines the transition is shifted eastward respect to the topographic
crest (e.g., D’Agostino et al., 2001). In this context, our work provides a further observation, showing that in the
Northern Apennines 1 and 2 the coincidence between the drainage divide, and the shift to the extensional domain
is located above a region where the eastern plate subducts below the western one. Conversely, in the Central and
Southern Apennines our Moho depth estimates confirm that there is no ongoing subduction and that the Adria
and the Tyrrhenian plates gently and symmetrically flex down, beneath the topographic crest. Such an observa-
tion has a crucial implication because it indicates that the topography closely reflects the crustal geometry and its
variation along strike from the Northern Apennines to Central-Southern Apennines.

6.6. Slab Roll-Back Versus Slab Break-Off: Effect on Crust and Topography

Here, we reconstruct the long-term surface and crustal evolution of two transects (Figure 14; Northern Apennines
2 and Central Apennines) according to the along-strike variation in geodynamic processes, from active subduc-
tion, in the Northern Apennines, to slab break-off in the Central Apennines. To reconstruct the hypothetical
evolution of the Apennines, we combine the modern configuration of the wedge and the coupling between topog-
raphy, and Moho position, together with the reconstruction of the divide migration and deformation back in time.

Across the Northern Apennines, both thrust fronts in pro-wedge and normal faults in the retro-wedge become
younger eastward (e.g., Collettini et al., 2006; Coward et al., 1999). The eastward trend of normal faulting rejuve-
nation likely drops the slip rates of older normal faults, favoring river incision and basin integration and promot-
ing the eastward migration of the orogenic divide (see also Section 4.4). This pattern is consistent with the
eastward slab roll-back that enhance the outward (eastward) propagation of compression and extension. The
present-day configuration with a strong coupling between surface, crust and Moho allow us to reasonably infer
that in a previous stage of the evolution, the Northern Apennines should have been characterized by similar
remarkably asymmetric patterns likewise the modern (Figure 14-stage 1). It is worthwhile to note that the veloc-
ity of slab roll-back significantly affects the geometry of the belt, which remains asymmetric. This is the case for
the Northern Apennines 2 that differs from Northern Apennines 1 by a faster slab retreat velocity (Malinverno
& Ryan, 1986; Royden & Faccenna, 2018). If the slab migration is faster, the retro wedge extension and asso-
ciated crustal thinning will be much more developed with crucial effects on both topography and exhumation.
The former will be lowered by normal faulting resulting in a gentle topographic flank in the retro-wedge, while
the latter will be more impacted by tectonic denudation. This may explain why the retro wedge of the Northern
Apennines 1 is steeper and has older cooling ages than the Northern Apennines 2.

Conversely, across the Central Apennines, thrust fronts in the pro-wedge are inactive and the onset of recent normal
faulting is contemporaneous (Cosentino et al., 2017) while the fluvial capture and the integration of the intermontane
basins into external drainage systems occurred from both side of the wedge. The patterns of normal faulting initia-
tion and divide migration are inconsistent with an eastward slab roll back, as observed in the Northern Apennines.
Nevertheless, these patterns could be also explained through a large wavelength uplift. The causes of a such diffuse
uplift, large-scale, are still unclear but are compatible with a break in the slab with a consequent cessation of slab-pull
force (Faccenna et al., 2014; Ferndndez-Garcia et al., 2019; Gvirtzman & Nur, 1999; Magni et al., 2013, 2017; van
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Figure 14. Conceptual model.

Hunen and Allen, 2011; Wortel & Spakman, 2000) (Figure 14). The following lithospheric readjustment and uplift
are expected to be quasi-symmetric and centered with respect to the entire width of the wedge. Furthermore, if a
break in the slab occurred, it would be expected to be at ca 2.5 Ma, as constrained by the onset of extension, uplift and
exhumation (Cosentino et al., 2017; Fellin et al., 2021; San Jose et al., 2020). We then suggest that before the occur-
rence of slab break-off, the Central Apennines was expected to be structured like the Northern Apennines. After this
event, the compression vanished and a large wavelength uplift, centered with respect to the wedge, interested a large
area with the formation of normal faults and internally drained, extension-related basins (e.g., Lanari et al., 2021).
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7. Conclusion

In this paper we investigated the coupling between topography, crustal and deep mantle structures. We explored
how the styles of morphology/deformation and the pattern of exhumation reflect deeper geometry. We gathered
into three databases the available low-temperature thermochronological cooling ages, the ages of the youngest
lacustrine deposit within intermontane extensional basins and Moho depth estimates from receiver functions
(including new data for the Central Apennines). We combined those data with a new qualitative morphometric
set of analyses (including k, drainage areas, longitudinal river profiles and y plots) that, together with the topo-
graphic swath profiles, are used to describe the morphology and to compare (relatively) uplift rates across the
Apennines. In addition, we also performed filtering of the topography to infer which processes and associated
wavelength are primarily controlling the topographic evolution.

For the first time, our work demonstrates that the geometries of topography and crust are remarkably differ-
ent along the Apennines that we interpreted as a function of different ongoing geodynamic mechanisms rather
than a consequence of lithological variation. Despite this, even if the geodynamic mechanism changes over
space, across each single sector of the Apennines, surface, crust, and mantle, share a similar geometry. This
coupling between surface, crust and depth processes corresponds to a remarkable asymmetry across the Northern
Apennines 1 and 2 and a peculiarly symmetry across the Central and Southern Apennines. This observation has a
crucial implication because it demonstrates that along the Apennines, different ongoing mechanisms control the
overall geometry of surface, crust, and Moho.
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