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Slab Driven Quaternary Rock-Uplift and Topographic
Evolution in the Northern-Central Apennines From Linear
Inversion of the Drainage System
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Abstract Investigating rock-uplift variations in time and space provides insights into the processes driving
mountain-belt evolution. The Apennine Mountains of Italy underwent substantial Quaternary rock uplift that
shaped the present-day topography. Here, we present linear river-profile inversions for 28 catchments draining
the eastern flank of the Northern-Central Apennines to reconstruct rock-uplift histories. We calibrated these
results by estimating an erodibility coefficient (K) from incision rates and catchment-averaged erosion rates
obtained from cosmogenic-nuclide data, and we tested whether a uniform or variable K produces a rock-uplift
model that satisfactorily fits independent geochronological constraints. We employ a landscape-evolution
model to demonstrate that our inversion results are reliable despite substantial seaward lengthening of the
catchments during uplift. Our findings suggest that a rock-uplift pulse started around 3.0-2.5 Ma, coinciding
with the onset of extension in the Apennines, and migrated southward at a rate of ~90 km/Myr. The highest
reconstructed rock-uplift rates (>1 km/Myr) occur in the region encompassing the highest Apennine massifs.
These results are consistent with numerical models and field evidence from other regions exhibiting rapid rock-
uplift pulses and uplift migration related to slab break-off. Our results support the hypothesis of break-off of the
Adria slab under the central Apennines and its southward propagation during the Quaternary. Moreover, the
results suggest a renewed increase in rock-uplift rates after the Middle Pleistocene along the Adriatic coast,
coeval with recent uplift acceleration along the eastern coast of southern Italy in the Apulian foreland.

Plain Language Summary Rivers that drain mountainous regions store information on the history of
mountain growth. Specifically, variations in the slope of rivers with distance can be interpreted as variations in
the rate at which mountains grow through time. Because changes in slope may also occur due to changes in the
hardness of rocks underlying the rivers, we must calibrate and correct our interpretations based on changes in
rock type. We use 28 rivers draining the eastern flank of the Northern-Central Apennines of Italy to reconstruct
temporal and spatial variations in the history of mountain growth. We find that a pulse of growth started between
3 and 2.5 million years ago and then migrated southwards through time. This southward movement is most
likely associated with tectonic plate dynamics beneath the mountain belt, as the plate plunging beneath the
Apennines tore progressively southward.

1. Introduction

The topography of mountain belts represents the result of large-scale and long-term interactions between crustal
and mantle forces combined with climatic variations (e.g., Braun, 2010; Whipple, 2009; Wolf et al., 2022).
Understanding the mechanisms driving the growth and evolution of topography in such settings is crucial for
unraveling the dominant mountain-building processes, changes in the balance among these processes over time,
and the tectonic history of mountain belts (e.g., Ballato et al., 2015; Faccenna et al., 2014; Gallen et al., 2023;
Molin et al., 2012).

Numerous studies have probed the events that shaped the modern topography of the Apennine mountain chain,
which runs along the length of the Italian Peninsula (e.g., Bartolini, 2003; Centamore & Nisio, 2003; Cosentino
et al., 2010, 2017; Faccenna et al., 2014; Olivetti et al., 2012). While many authors have identified a rapid rock-
uplift phase during the early Pleistocene (Cosentino et al., 2017; Fellin et al., 2021; Galadini et al., 2003) and
strong coupling between rock-uplift and mantle processes (Cavinato & De Celles, 1999; D’ Agostino et al., 2001;
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Faccenna et al., 2014; Gvirtzman & Nur, 2001; Lanari et al., 2023; Picotti & Pazzaglia, 2008), there is no
consensus on the relative importance of various tectonic and geodynamic mechanisms in building the Apennines.
Those mechanisms include slab break-off (Faccenna et al., 2014; Faure Walker et al., 2012; Gvirtzman &
Nur, 2001; Wortel & Spakman, 2000), mantle upwelling (D'Agostino et al., 2001), crustal delamination (Cav-
inato & De Celles, 1999), and orogenic wedge growth (Artoni, 2007). Currently active subduction beneath the
outer arc of the northern Apennines and in the Calabrian Arc (Figure 1a) is evidenced by compressive earthquakes
recorded along the outer margin of the chain as well as by the depressed dynamic topography that is likely linked
to slab pull-down (Carminati et al., 2005, 2010; Diaferia et al., 2019; Faccenna & Becker, 2020; Faccenna
et al., 2014). This inference is further supported by regional subsidence estimates derived from GPS data
(Carminati et al., 2005; Faccenna et al., 2014). In contrast, the central and southern Apennines are dominated by
extensional tectonics and lack the signature of processes associated with active subduction (Faccenna &
Becker, 2020; Faccenna et al., 2014; Serpelloni et al., 2013). Additionally, geophysical studies have revealed
positive residual topography in these regions, which is not compensated by a crustal root (Faccenna &
Becker, 2020; Faccenna et al., 2014).

The study of geomorphic features, particularly the analysis of drainage systems, offers critical insights into the
topographic evolution of a region (e.g., Pavano & Gallen, 2021; Schildgen et al., 2012; Siravo et al., 2021).
Characteristics such as river-incision rates, river steepness, knickpoints, and divide stability are valuable tools for
quantifying temporal and spatial variations in rock uplift and/or erosion, assessing their impact on topography,
and determining the driving forces shaping the landscape (e.g., Buleo Tebar et al., 2024; Clementucci et al., 2023;
Gallen et al., 2023; Pavano et al., 2024; Racano et al., 2021, 2023).

Here, we explore the Quaternary spatiotemporal evolution of rock uplift along the Northern and Central Apen-
nines by linear inversion of river profiles (Gallen, 2018; Goren et al., 2014). We focus our study on rivers draining
the outer Adriatic flank of the chain (Figure 1b), which flow nearly perpendicular to the strike of the mountain belt
and show little evidence of integration with intra-montane basins and variations in divide position over the last
few Myr (Lanari et al., 2023). To calibrate the river-profile inversions and determine the temporal time frame of
rock-uplift variations, we quantify the erodibility coefficient using a combination of published terrestrial
cosmogenic nuclide denudation rates and river-incision rates derived from dated strath terraces and paleosurfaces
in these catchments. Because the study area experienced coastal uplift and subsequent downstream expansion of
catchments since the Middle Pleistocene (Centamore & Nisio, 2003; Centamore & Rossi, 2009), we perform
Landscape Evolution Model (LEM) simulations to explore the impact of fluvial lengthening on the river-profile
inversion results. Finally, we combine the inferred rock-uplift histories from individual catchments to develop an
uplift model describing the spatio-temporal variations in rock uplift along the eastern flank of the Northern and
Central Apennines and discuss the probable tectonic and geodynamic processes driving this uplift.

2. Geological Background

The Apennine mountain belt (Figure 1) is the result of multi-phase tectonics that started during the late Oligocene-
early Miocene with the activation of thrust faults that propagated eastward, following the late stages of subduction
and slab roll-back of the Adria plate (e.g., Cosentino et al., 2010; Di Giulio et al., 2013; Faccenna et al., 2007,
Royden et al., 1987). During the late Pliocene to early Pleistocene, the Apennines experienced a change in the
dominant tectonic regime, shifting from compressional to extensional deformation. Pleistocene extension is
mainly expressed along SW-dipping normal faults, which cause local range uplift and opening of intra-montane
basins (e.g., Cavinato & De Celles, 1999; Cosentino et al., 2017; D’ Agostino et al., 2001, 2011). The onset of
normal faulting follows a north-eastward younging trend in the Northern Apennines (Collettini & Barchi, 2004;
Collettini et al., 2006; Cosentino et al., 2010; Patacca et al., 1993). In the Central Apennines, in contrast, normal
faults initiated almost synchronously at about 2.5 Ma (Cosentino et al., 2017).

The present topography of the Apennines is closely linked to mantle dynamics and active subduction, where it still
occurs (Faccenna & Becker, 2020; Lanari et al., 2023). In the Northern Apennines (Figure 1b), south-westward
capture of intra-montane basins during the Plio-Pleistocene has been linked to the progressive eastward migration
of an extensional retro-wedge and compressional pro-wedge system, driven by subduction and slab rollback
(Lanari et al., 2023) or delamination-retreat of the subducting plate (Chiarabba et al., 2014). The presence of a
shallow (approximately 30-km deep) subduction interface is confirmed by seismic tomography and compressive
earthquakes recorded on the outer front of the chain (Boccaletti et al., 2011; Eva et al., 2005; Faccenna
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Figure 1. (a) Regional tectonic setting of the Apennines. Inset shows location of (b); (b) Digital elevation model of central Italy, showing location of the study area,
principal regional topographic elements, drainage patterns, and trace of the main Apennine drainage divide.

et al., 2014). Along the Calabrian Arc (Figure 1a), seismic tomography and deep compressional earthquakes (at
depths greater than 300 km) also suggest the presence of a subducting slab (Chiarabba et al., 2005; Faccenna
et al., 2014). In the Central and Southern Apennines, in contrast, the absence of deep seismicity, the overall
extensional tectonic regime, and the shallow depth of the Moho indicate that the topography is supported by
mantle upwelling through slab windows (Chiarabba et al., 2020). Mantle upwelling has been argued to be linked
to slab break-off (Faccenna et al., 2014; Lanari et al., 2023) or to segmentation and differential slab retreat among
the northern, central-southern, and Calabrian segments of the Adria Plate (Scrocca, 2006).

Thermochronological and geochemical studies provide evidence for the recent rapid uplift in the Central
Apennines. Apatite fission track and (U-Th)/He cooling ages in the Central Apennines reveal that the most recent
exhumation phase began at approximately 2.5 Ma, coinciding with the onset of normal faulting and the opening of
intra-montane basins throughout the Central Apennines (Cosentino et al., 2017; Fellin et al., 2021). Stable
oxygen-isotope (8'%0) data from intra-montane lacustrine sediments and paleosols similarly indicate a rapid
increase in elevation after the late Pliocene (San Jose et al., 2020).

The Apennine divide marks the boundary between two sectors, the Tyrrhenian to the west and the Adriatic to the
east (Figure 1b), which have substantially different Quaternary geological histories. Within the Tyrrhenian sector,
normal faulting along the coastal region since the late Miocene (Carmignani et al., 1994), together with Qua-
ternary volcanism, caused regional drainage reorganization (Funiciello et al., 2003; Tentori et al., 2016) and
eastward drainage-divide migration due to the change from endorheic to exoreic conditions of several intra-
Apennine basins (Lanari et al., 2023). Modern regional drainage directions in the Tyrrhenian sector are mainly
parallel to the Apennine axis or radial around the volcanic edifices (Figure 1b). In comparison with the Tyrrhenian
sector, the Adriatic sector has experienced a simpler tectonic history with apparently more stable conditions along
the regional divide. Except for the Aterno-Pescara River, which mainly flows NW-SE following the direction of
the intra-montane basins (Figure 2), the general drainage direction in the Adriatic sector is SW-NE to WSW-
ENE, following the regional topographic slope and overall monoclinal structure (Buccolini et al., 2010;
Figure 1b). While the inner Apennine chain in the Adriatic sector shows indications of early Pleistocene rock
uplift, the coastal region (known as the peri-Adriatic belt) only experienced rock uplift from the early Middle
Pleistocene onward (Centamore & Nisio, 2003; Centamore & Rossi, 2009). Uplift rates in the peri-Adriatic belt
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Figure 2. (a) Geological map of the Northern and Central Apennines showing the main geological units and the catchments used to estimate the erosional efficiency
parameter K. The map is moditied from the 1:500,000-scale Geological Map of Italy, available from the Italian National Geoportal (http://sgi2.isprambiente.it/arcgis/
services/servizi/cartageologica500k/MapServer/WmsServer); White diamonds indicate terrestrial cosmogenic nuclide sampling sites for catchment-wide erosion-rate
measurements; in catchments without diamonds, local incision rates were measured from dated terraces. (b) Interpolated k,,, map of the Northern and Central Apennines,
showing catchments used to estimate K and catchments on which river-profile inversion was applied. Inset shows histogram of best-fit concavity index (m/n) for all
selected catchments, with mean and median values.

appear to have remained constant since the Middle Pleistocene (Cyr & Granger, 2008; Delchiaro et al., 2024;

Sembroni et al., 2020), producing a steep coast that reaches a maximum elevation of 100 m a.s.1., characterized by

fluvially incised Plio-Pleistocene marine successions.
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3. Methods
3.1. Stream-Power Law and Drainage Metrics

For rivers incising bedrock, the spatial and temporal evolution of the bed elevation with respect to baselevel, z(z,
X), is determined by the balance between rock uplift and river incision (Whipple & Tucker, 1999):

dz(t,x)

prane U(t,x) — E(t,x) (1)

where U(t, x) is the rock-uplift rate, and E(7, x) is the incision rate, which, for detachment-limited rivers, can be
described by the stream-power law:

E(t,x) = KA(X)"S(t,x)" ()

where A is the upstream drainage area, S is the channel slope, K is an erodibility coefficient, which is primarily
related to geology and climate, and m and n are two positive constants related to basin hydrology and channel-
erosion processes, respectively (Howard, 1994; Whipple & Tucker, 1999).

Solving for channel slope in Equation 2 yields:

S= <§>A 3)

For steady-state conditions (E = U) and spatially and temporally uniform K, Equation 3 can be integrated to
predict the bed elevation along the river profile (Perron & Royden, 2013):

<09 = 2+ (7 ) 2 @

where z(x;) is the elevation of the catchment outlet, A, is a reference drainage area, and y is an integral of the
horizontal coordinates calculated from the outlet x,, to a given point x and dependent on A:

) = f A?;,)de’ )

By setting the reference area A, equal to 1, the slope of the plot defined by Equation 4 is equivalent to the river
steepness index (Smith et al., 2022), which can be defined from Equation 3 under steady-state conditions:

6= (g) = swae ©

The ratio m/n defines the concavity index. By applying a uniform m/n to a regional drainage system, we obtain the
normalized steepness index (k,), which is a robust measure of relative channel steepness throughout a region
(Wobus et al., 2006) and, for n = 1 and block-uplift conditions, can be considered a nondimensional proxy of the
rock-uplift history recorded in drainage systems (Pavano & Gallen, 2021; Racano et al., 2023). We estimate an
average m/n ratio for the outer flank of the Apennines by minimizing the scatter in resulting y—z plots following
Goren et al. (2014; Figure 2b).

3.2. Rock-Uplift Histories From Linear Inversion of River Profiles

Linear inversions of river profiles have been used to extract temporal (e.g., Gallen, 2018; Gallen et al., 2023;
Goren et al., 2014; Pritchard et al., 2009) or spatiotemporal (e.g., Fox et al., 2015; McNab et al., 2018; Quye-
Sawyer et al., 2020) variations in rock-uplift histories. While the latter approaches have usually been applied
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at regional to continental scales, the former approaches assume spatially uniform rock uplift and can be a useful
and computationally efficient way to invert river profiles locally, such as for a single catchment. The results from
several individually inverted catchments can then be combined to estimate spatiotemporal variations in rock-
uplift histories (e.g., Pavano & Gallen, 2021; Racano et al., 2021, 2023; Zhong et al., 2022).

For n = 1 and block-uplift conditions, Goren et al. (2014) developed a linear inversion approach, whereby the
rock-uplift history is obtained by a least-square solution of Equation 4 organized in matrix form, assuming that
every part of the drainage system that has the same y value records the same rock-uplift history. A non-
dimensional rock-uplift term (U*) is inferred by averaging the gradient of y-plots for chosen y intervals.
Specifically,

1= AU @)

U = Ul + (A4 +T0) A7 (2 —A*U%) ®)

where A*is an N X g matrix (with N the number of data points and g the number of y intervals), I" is a dampening
coefficient that determines the smoothness imposed on the solution, I is the g X g identity matrix and U*,;
represents the prior guess for U*, usually taken as the average slope of the y-plot (Goren et al., 2014).

x and U* can be converted to real time and rock-uplift rates, respectively, by the following equations:

_ X
T= K—Ag 9)
U= UKAD (10)

7 represents the travel time of a perturbation along a river profile from the outlet (x = 0) to a given channel
distance x (Goren et al., 2014; Whipple & Tucker, 1999). Taking the same conditions as those applied for non-
dimensional linear river-profile inversion, 7 can be defined by the integral:

X

dx
= [ xder )
0

and can be used to predict the shape of a river profile by the equation:

0

Z(x)=/U(t)dt (12)

-7

where 0 is the present time and —z represents the onset time of the tectonic history recorded by a point x in the
catchment. Equation 12 is the base of the approach developed by Gallen (2018) to derive rock-uplift histories. For
this method, K must be known a priori to infer 7 from Equation 9, after which the same inversion approach as that
of Goren et al. (2014) (Equations 7 and 8) can be applied to the river profile in z-7 space to derive U from chosen ¢
increments. The main difference with the non-dimensional approach is that the estimation of 7 can be made taking
into account a spatial variable, such as a lithology-dependent K (Fisher, Pazzaglia, et al., 2022; Gallen, 2018;
Pazzaglia & Fisher, 2022) instead of using an average K for the inverted catchment to convert U* and y to U and 7.
Thus, the approach developed by Gallen (2018) allows imposing more geologically informed constraints on
uplift-rate variations in cases where K varies substantially along a river.

3.3. Application to the Adriatic Flank of the Apennines

One limitation of the variable-K approach is that it considers the position of the lithological boundaries to be fixed
through time, whereas in reality, their positions depend on the geometry and orientation of lithologic contacts,
which can move over time as the landscape erodes. In addition, K is sensitive to topographic and climatic features,
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which are not included when K is estimated only from lithology. Considering this issue, we divided the study area
into two distinct geological domains, taking into account not only the outcropping lithologies but also the
topographic characteristics: (a) the Apennine domain, consisting mainly of pre- and syn-orogenic lithologic
successions and characterized by high elevations and relief; and (b) the peri-Adriatic domain, the hilly coastal belt
primarily composed of Plio-Pleistocene (mainly late- and post-orogenic) coastal successions and a few (pre-
orogenic) bedrock outcrops in the northern part of the belt (Figure 2a). The limit between these domains can be
considered mostly stable over time, as no significant shortening has affected the region during the Quaternary
uplift phase (Pizzi, 2003), allowing us to calculate 7 with a K value that varies between these geologically defined
domains. In this classification, we disregard climatic differences (e.g., average annual precipitation), as they have
a lesser influence on fluvial indices (i.e., steepness index k,, erodibility coefficient K) than topographic pa-
rameters such as relief or slope (Figures S1 and S2 in Supporting Information S1).

To infer the regional rock-uplift history, we selected 28 river catchments, spanning from the Po Plain in the north
to the Gargano Promontory in the south (Figures 1 and 2). We subsequently integrated the results from each
catchment to derive a spatiotemporal model of rock uplift, following the approach of Racano et al. (2021, 2023).
We focused on catchments draining only the eastern flank of the Apennine belt to avoid complications due to
Quaternary normal faulting and the opening of intra-montane basins, drainage reorganization and divide
migration within the inner chain, and volcanic activity on the Tyrrhenian flank (Funiciello et al., 2003; Lanari
et al., 2023; Tentori et al., 2016). The drainage system and catchments were extracted using TopoToolbox
(Schwanghart & Scherler, 2014) based on topography from the COPERNICUS 30-m resolution Digital elevation
model and a minimum upstream drainage area of 1 km?.

Assuming n = 1, and substituting E for U (which can be done if local erosion rate balances the rock-uplift rate), K
can be estimated from Equation 6:

K=— (13)

E can be derived from catchment-average denudation rates (e.g., Clementucci et al., 2023; Fisher, Pazzaglia,
et al., 2022; Racano et al., 2023), incision rates of dated landforms (Pazzaglia & Fisher, 2022), or long-term
exhumation rates from thermochronology (Gallen et al., 2023; Glotzbach, 2015). Alternatively, for coastal
rivers, U can be derived from dated uplifted marine terraces (Gallen et al., 2023; Racano et al., 2021) and used
instead of E in Equation 13. In individual catchments, K can be estimated by dividing individual estimates of E or
U by k,,. Ataregional scale, K can be determined from a linear regression between k, and E or U, as K represents
the slope of Equation 6. We utilized data from 18 catchments along the northern (draining to the Po Plain) and
Adriatic (draining directly to the sea) flanks of the Apennines (Figure 2), for which we compiled literature data on
catchment-average denudation rates (Cyr et al., 2014; Wittmann et al., 2016), river-incision rates from dated
fluvial strath terraces and paleosurfaces (Amato et al., 2017; Crescenti et al., 2015; Delchiaro et al., 2024;
Sembroni et al., 2020; Wegmann & Pazzaglia, 2009), and rock-uplift rates from leveling studies (D'Anastasio
et al., 2006) (Table 1), river-incision rates from dated fluvial strath terraces and paleosurfaces, and rock-uplift
rates from leveling studies (Table 1). Local incision rates from strath terraces are mainly available for the
peri-Adriatic sector of these catchments. In our analysis, we assume that these incision rates can be extrapolated to
the entire catchments (both the Apennine and peri-Adriatic domains); in other words, we assume that these
catchments are approximately in a steady state (Cyr & Granger, 2008). We estimated the average K-value of the
selected catchments as well as K-values representative of the Apennine and peri-Adriatic domains to apply river-
profile inversion accounting for both constant and spatially variable erodibility using a modified version of the
code developed by Pazzaglia and Fisher (2022). We employed an arbitrary 7 increment of 200 kyr for the
reconstructed rock-uplift histories. For shorter rivers, where the 200 kyr increment was too large, we used a
smaller increment of 100 kyr. Finally, we combined the results using a LOWESS linear smoothing function from
the MATLAB® Curve Fitting Toolbox to generate a spatiotemporal model of rock uplift.

3.4. Testing the Impact of Seaward Catchment Lengthening on River-Profile Inversion

The linear river-profile inversion approach used to infer rock-uplift histories from river profiles assumes a (near-)
steady-state catchment geometry over the investigated time. This implies that changes in drainage area, as might
occur through drainage capture, for instance, may alter the inferred rock-uplift history. When a river captures (part
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of) an adjacent drainage basin, the increase in drainage area leads to upstream lengthening of stream channels
(Figure S3 in Supporting Information S1). Equations 5 and 11 show that the upstream drainage area is inversely
proportional to both y and 7, implying that if a catchment captures a new area, both y and 7 will decrease (i.e., the
response time at any given point in the original catchment will be shorter after capture).

Although the upstream boundary of the Adriatic catchments (i.e., the main Apennine drainage divide) can be
considered relatively stable over the last 3 Myr (Lanari et al., 2023), the uplift affecting the peri-Adriatic belt
during the Middle Pleistocene (Centamore & Nisio, 2003; Centamore & Rossi, 2009) resulted in seaward
lengthening of catchments by up to 30 km (Figure S4 in Supporting Information S1) and a downstream increase in
drainage area. Racano et al. (2021) argued that for very rapid uplift rates (up to 3.5 km/Myr) and steep offshore
bathymetry, the coastward lengthening of catchments probably has a limited impact on 7 and, consequently, on
rock-uplift histories inferred from river-profile inversion. However, whereas the effect of adding upstream
drainage area through capture has been the focus of several recent studies (e.g., Giachetta & Willett, 2018; Gong
et al., 2024; Rohrmann et al., 2023), to our knowledge, the effects of downstream lengthening have not been
directly tested.

To test the effect of seaward lengthening of river profiles on uplift histories derived from river-profile inversions,
we ran a LEM that combines rock uplift and coastal migration over time. Using the TTLEM (TopoToolbox LEM;
Campforts et al., 2017), we developed a scenario accounting for spatially variable K, temporally variable uplift,
and downstream drainage lengthening over time. The initial setup is represented by a 60 X 30 km flat region,
divided into two areas with different K values, representative of the average erodibilities for the Apennine and the
peri-Adriatic domains (see below). Rivers are forced to flow only in one direction, from the inland to the coastal
areas, by imposing closed northern, eastern and southern boundaries. Starting from the same initial landscape, we
performed simulations that (a) uplift the entire landscape for the entire 5-Myr simulation time, (b) progressively
lengthen the coastal belt by 7.5 km every 250 kyr starting from 4 Myr, and (c) suddenly lengthen the coastal belt
after 4 Myr. For each simulation, we extracted the main trunk streams and performed river-profile inversions on
these for both constant K (using an average value for K between coastal and inland areas) and variable K to study
how well the inferred rock-uplift history reproduces the input uplift rates (Movies S1-S3). The detailed setup of
the LEMs and parameter values are provided in Table S3.

4. Results
4.1. Determining the Erodibility Coefficient K in the Apennine and the peri-Adriatic Domains

'9Be derived denudation rates in the northern catchments (Trebbia to Bidente; draining into the Po Plain) range
from 0.19 to 0.65 km/Myr (Table 1); rates are generally higher in catchments dominated by mixed carbonate and
siliciclastic rocks than in those dominated by siliciclastic turbidites (Figure 3a). In the Adriatic catchments (Esino
to Foro), incision rates from strath terraces and paleosurfaces are mostly available for the peri-Adriatic domain,
and for only two catchments draining the Apennine domain (Bidente, draining to the Po Plain, and Trigno,
draining to the Adriatic See; Figure 2, Table 2). These rates exhibit higher variability (0.32—1.3 km/Myr, Tables 1
and 2) and tend to increase toward the south (Figure 3a).

The average m/n ratio estimated for all the analyzed catchments is 0.36 (Figure 2b), similar to the catchments
draining the westernmost part of the Northern Apennines (Buleo Tebar et al., 2024). Applying this value to
calculate kg, the average k,, values for the northern catchments exhibit a slightly eastward-decreasing trend
(Figure 3b). In the western catchments (from the Trebbia to the Reno), which are dominated by mixed carbonate
and siliciclastic rocks, k, values are higher than those in the eastern Senio, Lamone, Montone, and Bidente
catchments, where the dominant lithologies are siliciclastic turbidites. The catchment-average k, values for the
Adriatic catchments show high variability, similar to the incision rates, particularly when considering the average
k,, values for the full catchments (Figure 3b). However, when separating the Apennine and peri-Adriatic belts
within the Adriatic catchments (Figure 3c¢), the k,,, values for the Apennine domain (comprising limestones, marls,
and siliciclastic turbidites) show a lower standard deviation and a bell-shaped trend, with the highest values
recorded in the central Tronto, Aterno-Pescara, and Alento catchments. The k, values for the peri-Adriatic
domain (comprising clays, sandy clays, sands, and conglomerates) are substantially lower than the catchment-
average k,,, values and show much less variability.
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Figure 3. (a) Average denudation, incision, and geodetic uplift rates (£), and (b and c) average normalized steepness index (k,,) in the catchments used to infer K along
the outer flank of the northern-central Apennines (data sources shown in Table 1). Squares indicate TCN-derived average catchment denudation rates; diamonds and
triangles refer to catchments for which we used strath terrace incision rate and uplift rate from geodetic measurements. The blue line separates catchments draining to the
Po Plain (to the left) from Adriatic catchments (draining directly into the Adriatic Sea, to the right). For Adriatic catchments, k,, is estimated both for the entire
catchment (white symbols) and separately for the Apennine and the peri-Adriatic domains (colored symbols refer to the main lithologies outcropping in the analyzed
catchments). (d—f) E versus k,, plots with linear regressions to obtain an average K value for (d) the entire Adriatic catchments, (e) the Apennine belt, and (f) the peri-
Adriatic belt. The linear regression (continuous red lines) uses a York fit forced through the origin (Racano et al., 2021, 2023; York et al., 2004) with standard error
estimate (stippled red lines); corresponding K values are indicated in red above the plots. (g—i) Erodibility (K) values estimated individually for each catchment, for
(g) the entire Adriatic catchments, (h) the Apennine belt, and (i) the peri-Adriatic belt. Panel (j) shows average K and k,,, values estimated for the main lithological

classes; red and stippled lines show average K value for the Adriatic belt (K),p,c,,) and its standard error; K., is an inferred value for the peri-Adriatic belt.

RACANO ET AL. 11 of 28

85U907 SUOWIWOD 9A1TES1D Bdedldde au Ag peussnob ae sspile YO ‘88N JO Sa|ni 1oy AIqiTauljuO AS]IM UO (SUOTIPUOD-pUe-SLLIS)/L0D A8 | 1w ATe1q 1 jpul|UO//:SANY) SUONIPUOD pue SWie | 841 88S *[202/20/62] Uo Akeiqiaulluo A3[IM Bifel pUeIYR0D AQ Z65TT0DDKZ02/620T OT/10p/Wod Aeim AtelqiputiuosqndnBe//sdny woly pepeojumod ‘2 ‘¥202 ‘220252ST



15252027, 2024, 7, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024GC011592 by Cochraneltalia, Wiley Online Library on [23/07/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

o0
Q Sunep exydo) 1y /1v,, 170 F L0 oI FII¢€ SLFSIT I Mo
m Sunep exydo) 1y /1v,, LY'0 F $8°0 €SOF I 06 F 00S SST F 00S auruuady i (L107) e 10 oeury OusII, =
S Sunep [rosoofed pue eiyda) ‘ST 2ANR[Y ET0F ITT €ET0F ITT 0r FST1 0l F Ob1 oneupy-tid LoV (ST02) e 30 nuadsar) OIOIN
m Sunep [rosoayed pue eiyde) ‘SN 9ATNE[Y LOOF L0 STFSLL SFSS TNAVY
m Sunep [rosoofed pue eiydoy ‘SN ADR[Y 10 F 880 €10 F90°1 SFS8 0l ¥ 06 oneupy-ed [INAY (S107) 'Te 10 NUAdSAI) o104
m Sunep [rosoofed pue eiyda) ‘ST 2ADR[Y EI0F IS0 STFGSLL oI ¥ 0F TNAY
= Sunep [rosoofed pue eiyda) ‘SN 2ADR[Y I0F1 SF 8 L¥F S8 INAY
- Sunep [rosoofed pue eiyda) ‘SN 2ANR[Y TI0 F 680 EI0F 0T 0I FSI1I 0r F0cl oneupy-tid LoV (S100) 'Te 10 DuddsAI) ojuely
Sunep [1osoayed pue eiyde) ‘SN 9ANE[Y LOOF L0 STFSLL SFSS TNAV
Sunep [rosoofed pue eiyda) ‘STIN 2ANR[Y 900F I'T SF 8 0T F 001 IINAV
BIBOS9d
Sunep [rosoofed pue eiyda) ‘ST 2ADR[Y LOOF €01 800 F €1 0l FSII 0l F 081 oneupy-tid LoV (S100) ' 10 DuAdSAI) -ouIly
" Sunep IS0 /U F B/U 6TFE9C B/U F Gf €L
= Sunep IS0 0F8T0 T€TTFIecl B/U F 06 (A
m Sunep IS0 SO0 F 20 S60°0 F S9€'0 LTEL F 8°S6T B/U F Opl onerpy-ued 1L (+202) T 30 oreryoPq oursa,
Wu Aydeidnensouorys [rog I0OF 1 IF¢ SOF¢E 60
S Sunep O, 00 F I'T 170l 1T 11 L0
@) Sunep O, €000 F S0 TFLT I F 1 S0
nS“, Sunep O, 200 F 90 ST op o S0
w Sunep ,¢,/Ulye, 00 F €0 01 F 091 wWFW €0
= Sunep ST 2ADE[OY 2000 F 20 0S F 0S¥ SIFEL 20
w.. (6000) eriSezzed
@ o3 [eLng o /1V,, €00 F SS0 #00°0 F T'0 09T F SLL S F 51 oneupy-tied 7 O pue uuewsoAm QUOSTA]
Ga Sunep D, YOF LI SOFST SOFST 60
mu Sunep D, IOF I I¥9 IF9 810
=2 Sunep D, I0FCT I¥6 TFO0C JATe}
m Sunep D, TOFIT TFECI EF LT 910
_Mlu..L Sunep O, I'0F 81 TF W SFOp sTe}
w Sunep O, | I'0F 91 SFOE ST S 0
&) Sunep ST 2ADE[Y 100 F 60 01 F ovl 01 F €21 €10
Sunep SIN 2ADR[Y €000 F 0 STF Obb 01 ¥ 961 20
Sunep STIN PADR[Y 10000 F S0 ST F 079 0l ¥ 8I¢ PO
(6000) eriSezzed
a3 [eLng o, /1V,y, EI0F €T #0000 F S0 00T F 008 0T F 88¢ ouruuady 00 pue uuewsom ayuaprg
POYIDIN (AK/wru) (A& /uru) (ey) 98y (wr) Somrey) urewop [oA9] QOUAIRJY JuawIydIe)) —
lU mm 9Jel UOISIOUT 95BIAY 9Jel UOISTOU] QAOQER UOIBAJ[D [e0130[090)  9deJINSOded ATn
- nm 0eJINsodred /298119) ylens m
ﬁu mm /Urens QJeI ], m
Aﬂ mm SUWYIIDY) OUSLL] 0] 2JUIP1g A0f Sanb1uyd3 [ SUD(] pup ‘SIIDY UOISIOU] ‘SUONDAI]T YIDAIS ‘SITY 2IDfANS0IIDJ PUD 201D ] mw
T9lqeL M




V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011592

13.0°E

14.0°E 43.0°N 15.0°E
/

44.0°N

12.0°E

44.0°N

12.0°E

1 Apennine

Uniform K

AP Akné.h %/

Geological domains 7 ((Myr) for uniform (a) and variable (b) K Catchments
——i0= 0.5 1-15 s [[] selected for river
A . 2
] peri-Adriatic — 0,5-1 — 1,9-2 profile inversion

Figure 4. z-maps of catchments selected for the linear river-profile inversion; (a) Using a single catchment-average value for K of 5.0 X 107° m0‘28/yr; (b) Using spatially
variable K-values, differentiating between an average value for the Apennine domain (4.0 X 10™> m®?*/yr) and an average for the peri-Adriatic domain

1.5 x 107 m*®yr).

The relationship between average k,,, and erosion rates (Figures 3d—3f) does not show a strong linear correlation,
especially when including both the northern and Adriatic catchments (Figure 3d). The erodibility (K) inferred
from the slope of the fit is 3.2 + 0.5 x 107> m®?/yr, with a low R? (0.35). When including the northern
catchments and only the Apennine part of the Adriatic catchments (Figure 3e), the R* value is higher (0.55), but
the estimated K is almost the same (3.1 + 0.5 X 107> m®?%/yr). Conversely, a linear fit of k,,, versus incision rates
for the peri-Adriatic belt only (Figure 3f) shows a high R> value (0.84), and most of the points fall within the
uncertainty boundaries of the linear fit. Scatter in this relationship may call into question the assumption of n = 1
(implied by a linear fit), although a non-linear function does not improve the fit. The resulting K value is an order
of magnitude higher than the value for the Apennine belt at 1.5 + 0.5 x 10™* m®*%/yr. These K values estimated by
linear regressions are similar to K values estimated for the individual catchments (derived using Equation 13;
Figure 3g), particularly when separating the Adriatic catchments into their Apennine and peri-Adriatic parts
(Figures 3h and 3i).

For the Apennine belt, we derive a uniform erodibility value not only by estimating K for single catchments but
also by estimating lithology-dependent K values obtained by dividing, in each catchment, the erosion rates by the
average k,, of the dominant bedrock lithologies (Figure 3j). The average k,, varies somewhat between lithological
classes, with mixed sedimentary rocks having the highest mean value and standard deviation. However, all values
are consistent with an average K of 4.4 + 0.8 x 107> m®?®/yr, close to the average K estimated from single
catchments. In the following, we apply either a constant K-value of 5.0 x 10™> m®*®/yr for the full catchments or a
spatially variable K with a value of 4.0 x 107> m®?¥/yr for the Adriatic domain and 1.4 x 10™* m®*/yr for the
peri-Adriatic domain.
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Figure 5. z-plots for constant K of 5.0 x 107> m®?*/yr, with normalized elevations, for the 28 catchments selected to reconstruct rock-uplift histories, and rock-uplift
curves inferred from linear river-profile inversions. Green and yellow curves show river profiles in the Apennine and peri-Adriatic domains, respectively; gray shading
shows 1o uncertainty on z-values; continuous and dotted red curves show inferred uplift rates and their uncertainty through time. Note variable z-scale for each plot.

4.2. Timing of River Incision and Spatiotemporal Patterns of Rock Uplift

The estimation of 7 in the 28 catchments selected for river-profile inversions yields different response times,
depending on the use of uniform versus variable K. Generally, the maximum response times for catchments that
drain the Apennine domain are quite consistent across different z estimations, up to ca 3 Myr (Figure 4). Dif-
ferences become evident when focusing separately on the Apennine and peri-Adriatic domains. Assuming a
uniform K across the study area, 7 lies between 1 and 2 Myr at the boundary between the Apennine and peri-
Adriatic domains (Figure 4a), whereas assuming different K values for the Apennine and peri-Adriatic do-
mains (Figure 4b) leads to an average 7 at the boundary between the two domains of around 0.5 Myr.

Similar to the 7 estimates, inferred rock-uplift histories also exhibit differences depending on the chosen
approach. For uniform K (Figure 5), most of the rock-uplift histories going back to at least 3 Ma show a peak in
rock-uplift rate between 3 and 2 Ma, with maximum rates reaching approximately 2 km/Myr. From 2 Ma onward,
inferred rock-uplift rates rapidly decrease, reaching a near steady-state trend and not exceeding 0.5 km/Myr until
the present. Catchment 26 shows a different rock-uplift trend, with rates increasing and decreasing more pro-
gressively than for the other catchments, reaching a peak of 0.6 km/Myr around 1.7 Ma. The rock-uplift histories
inferred by assuming variable K (Figure 6) show significantly different rates and trends. The highest uplift rates
are reached early on in the inversions, similar to the uniform K histories, but these maximum rates are higher,
surpassing 2 km/Myr. The timing of the peak in uplift rates is also generally younger than that recorded for
constant K, ranging between 2.5 and 1.5 Ma, after which uplift rates progressively decrease. The largest dif-
ferences between inferred rock-uplift histories using the two approaches are evident for the Middle Pleistocene to
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Figure 6. As Figure 5 but for spatially variable K, with different values for the Apennine (4.0 x 107> m0'28/yr) and peri-Adriatic (1.5 X 107 m0'28/yr) domains.

Holocene rates. In reconstructions assuming variable K, rock-uplift rates in most catchments start to increase
again from 0.5 to 0.7 Ma, reaching rates up to 1 km/Myr for some catchments.

4.3. Impact of Coastal Lengthening on River Profile Inversions From LEM Simulations

In order to assess the robustness of our inferred rock-uplift histories in the face of the seaward lengthening of
catchments discussed previously as well as to assess the effects of including constant versus spatially variable
rock erodibility in the inversions, we ran a series of LEM simulations including different coastal-uplift scenarios
(see Section 3.4 for details) and inverted the predicted present-day river profiles using the same procedure as
above. The input rock-uplift history in these LEM simulations was modeled on the general outcome of the in-
versions discussed above: each simulation runs for a total time of 5 Myr and is divided into 4 stages with different
uplift rates: (a) 0.5 km/Myr in the first 2 Myr (5-3 Ma), (b) 2 km/Myr from 2 to 4 Myr (3—1 Ma), (c) 0.5 km/Myr
from 4 to 4.75 Myr (1-0.25 Ma), and (d) 1 km/Myr from 4.75 to 5 Myr (0.25 Ma to present) (Figure 7a). The
models include spatially variable erodibility modeled on the average inferred K values for the Apennine and peri-
Adriatic sectors of the studied catchments (Figure 7b).

For the control (uniform uplift) model and sudden coastal uplift (sudden catchment lengthening) LEM simula-
tions, the final main catchments show similar stream networks and comparable drainage areas (Figures 7c and 7e),
while for the progressive coastal uplift (progressive catchment lengthening) simulation, the main catchment has a
smaller drainage area and becomes narrower as it extends coastward (Figure 7d). In general, the three simulations
record an incision history covering the final 2.5-2.75 Myr of the simulations, inferred by calculating 7 on the main
drainage system.
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Figure 7. (a) Rock-uplift rates and surface length variations imposed in the landscape-evolution model (TTLEM) simulations, (b) initial surface used to run the three
simulations, colored by imposed K-value, and final stream network of the main drainage system from (c) the Control model, (d) the Progressive coastal uplift model, and
(e) the Sudden coastal uplift model. Outline of the largest catchment used for river-profile inversion is shown in purple; drainage area for this catchment is indicated at
the top left. Lower panels show river profiles for the largest catchment in z-space, colored by imposed K-value, and results of linear inversions (red lines) using both
constant (left panels) and variable (right panels) K for these profiles.

The rock-uplift histories inferred from inversions of final river profiles predicted by these three simulations are
not significantly different. The rock-uplift history inferred from the progressive coastal uplift model (Figure 7d)
shows the closest match between the imposed and reconstructed rock-uplift histories in terms of both the rock-
uplift rates and the timing of changes. The river-profile inversion of the control model exhibits noise produced by
drainage capture events (Figure 7c and Movie S1), while inversions derived from the simulation including sudden
coastal uplift exaggerate the minimum and maximum uplift-rate peaks at z between 1.0 and 1.5 Myr (Figure 7e).
For all three simulations, however, there are significant differences between the rock-uplift histories assuming
spatially uniform versus variable K.

For the inversions assuming uniform K, the z-plots of each simulation show two different zones that, even when
the catchments reach steady-state conditions, have different slopes (e.g., Movie S1 at t = 4.75 Myr), indicating a
static slope-break zone between the inland belt (higher steepness, lower K) and the coastal belt (lower steepness,
higher K). The uplift histories derived from uniform-K models exhibit trends that contrast with the uplift vari-
ations imposed in the models, in which uplift rates are mostly overestimated and the final increase in uplift rate at
0.25 Ma is not captured (Figure 7, Movies S1-S3).

In contrast, for the inversions assuming variable K, the z-plots do not exhibit a constant slope-break at the
boundary between the inland and coastal belts, and slope changes in the z-plot consistently coincide with imposed
changes in uplift rates (Figures 7c—7e, Movies S1-S3). As a result, the rock-uplift histories inferred by inverting
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the K-variable z-plots generally reflect well the imposed uplift variations (Figures 7c—7e, Movies S1-S3). The z-
plots also appear to be less scattered than those obtained for the inversions assuming uniform K.

4.4. Spatio-Temporal Patterns of Rock Uplift

Combining the inversion results for individual catchments allows visualizing spatio-temporal patterns of rock
uplift (Figure 8), which highlight differences in inferred rock-uplift histories depending on the assumptions about
K. When assuming a uniform K-value throughout the catchments, the spatio-temporal rock-uplift model
(Figure 8c) indicates a phase of accelerated rock uplift between 3.0 and 2.5 Ma, with rates of up to 1.5 km/Myr
occurring between the Sibillini and Gran Sasso ranges (Figures 8a and 8b). West of the Maiella Massif, the rock-
uplift acceleration model (i.e., the time derivative of rock uplift rates; Figure 8d) shows a wave of accelerating
rock uplift that migrates southward at a rate of ~60 km/Myr from ca. 2.7 to 2.0 Ma. This migration remains
evident when changing the smoothing degree of the interpolated data (Figure S11 in Supporting Information S1).
From 2.0 to 1.5 Ma, the rock-uplift rate decelerates significantly, and subsequently slows down further until
reaching a rate of approximately 0.2 km/Myr in the last 0.5 Myr (Figures 8c and 8d).

When assuming variable K (Figures 8e and 8f), a phase of rapid rock uplift occurs between approximately 3.0 and
1.5 Ma, with a peak in uplift rates recorded around 2.5 Ma between the Laga Massif and Gran Sasso range
(Figure 8). Starting from the Gran Sasso area, a wave of rapid rock-uplift propagates southward at a rate of
~90 km/Myr, with maximum acceleration in rock-uplift rate occurring between 2.7 and 1.5 Ma (Figure 8f),
progressively decreasing in magnitude. As for the constant-K model, this trend is robust when changing the
degree of smoothing in the interpolation (Figure S12 in Supporting Information S1). The model of rock-uplift
acceleration also indicates a rapid deceleration in the rock-uplift rate after 2.5 Ma, particularly between the
Sibillini and Gran Sasso ranges. In contrast to the results assuming uniform K, however, rock-uplift rates
accelerate again after 1 Ma. The onset of this second accelerated uplift phase, with maximum rates between 0.8
and 1 km/Myr, does not show a clear spatial migration pattern but rather seems to be coeval across the entire study
area. At the latitude of the Maiella Massif, rock-uplift rates remain high, at ca 0.8 km/Myr over the last 1 Myr
(Figure 8e). In the northwestern half of the study area (catchments 1 to 13), rock-uplift acceleration started earlier
(around 1.2 Ma), while in the southern catchments, rock-uplift rates started accelerating around 0.5 Ma and
continued to accelerate to the present (Figure 8f).

5. Discussion
5.1. Estimation of the Erodibility Coefficient (K) From Coastal Incision Rates

The main challenge for inverting the Adriatic river profiles to reconstruct the rock-uplift history of the region lies
in accurately estimating the erodibility coefficient (K) for the rocks of the Apennine domain. Considering that the
denudation rates are derived from in situ produced '°Be in quartz (von Blanckenburg, 2005), we have no direct
constraints on denudation rates of non-quartz-bearing rock units, including the pelagic and carbonate-platform
limestones that dominate the central Apennines. Moreover, for the Adriatic catchments, most of the incision
rates from dated paleosurfaces and fluvial terraces are limited to the peri-Adriatic domain. The only incision rates
that include the Apennine belt are primarily derived from siliciclastic turbiditic units, based on the incision rates
of strath terraces in the Bidente catchment and on modeling knickpoint migration on the Tronto River, which was
calibrated with dated travertines (Sembroni et al., 2020; Tables 1 and 2). Despite having similar bedrock com-
positions, these catchments provide different incision rates: approximately 1.3 km/Myr for the Bidente and
around 0.6 km/Myr for the Tronto. The incision rate from the Trigno catchment is also representative of the
Apennine domain, including a broader range of lithologies such as mixed carbonate and siliciclastic turbidites,
and Cretaceous to Miocene clays (Figure 2a). The average incision rate (~0.8 km/Myr) is close to that of the
Tronto catchment; however, it does not provide direct estimates of incision rates of the Apennine limestones.

Despite these limitations, modern denudation rates in the northern catchments (those draining to the Po Plain
foreland; Figure 2) and estimated K values (Figures 3h and 3;j) do not show a significant dependency on the main
outcropping lithologies. Also, modern denudation rates throughout the study area (0.19-0.65 km/Myr) as well as
paleo-denudation rates inferred from lower Pleistocene shallow marine deposits between the Esino and Reno
catchments (~0.3 km/Myr; Cyr & Granger, 2008) are similar to most terrace incision rates (~0.5 km/Myr), even
though the latter tend to increase for younger terraces (Figure 9; see discussion in the following section).
Moreover, variations in peri-Adriatic incision rates (white diamonds in Figure 3a) appear to track variations in
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w @ @ Apennine domain) for these catchments. Similarly, on Crete, Ott et al. (2019)
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the K values inferred from linear regression of erosion/incision rates versus

6&6 %o(\ ) & @ \G(’\\ <<0‘0 @0‘0 ‘\Q(\o . . B .1 . .
F & AN %c?" N Q average steepness 1r}dex (Flgurffs 3d ‘Sf), providing confldence in Fhe K
Q@ values used in the river-profile inversions. As noted earlier, scatter in the
linear fit may cast doubt on our assumption of n = 1. Without additional
Figure 9. Plots of age versus elevation and age versus incision rate for the constraints, we cannot justify a different assumed value, but we acknowledge

dated paleosurfaces and fluvial terraces along rivers draining to the Po Plain
(Bidente catchment) and the Adriatic Sea (Musone to Trigno catchments).

that the timescale of our inversion results would change if n were not equal
to 1.

5.2. Reliability of the Reconstructed Rock-Uplift Histories and Independent Geochronological Constraints

Our LEM simulations show that downstream lengthening of river channels, even when comprising a substantial
proportion of the catchment, has little to no effect on z-plots, and consequently has little to no effect on rock-uplift
histories reconstructed from river-profile inversions, at least in the scenarios we explored. The reason for this
limited effect lies in the definition of y (and therefore 7; Equations 5 and 9): because y scales with the inverse of
drainage area integrated from downstream to upstream, adding drainage area at the downstream end of a
catchment through lengthening has a much smaller effect on y than adding drainage area at the upstream end, such
as through drainage capture.

The rock-uplift history derived from river-profile inversion that best reflects imposed rock-uplift variations is the
one reconstructed from the progressive coastal uplift model and assuming different K values for the Apennine and
peri-Adriatic domains for the inversions (Figure 7d, Movie S2). Inversions that assume uniform K yield poor
results for all three simulations (Figure 7); this is to be expected, since the forward models used to predict the
inverted river profiles included different K values for the Apennine and peri-Adriatic domains.

Rock-uplift histories reconstructed from the uniform uplift and sudden coastal uplift models both exhibit some
changes in rock-uplift rates unrelated to the imposed variations. The uniform-uplift scenario shows a rock-uplift
peak higher than 2 km/Myr at the moment when the imposed rock-uplift rates decrease from 2 to 0.5 km/Myr.
This behavior appears to relate to a river channel in the z-plot that is influenced by the effect of upstream area
capture (Figure 4c, Movie S1). The sudden coastal uplift model displays a rapid jump and drop from rates higher
than 2 km/Myr to 0 km/Myr at 7 between 1 and 1.7 Myr (Figure 4e; Movie S3). This perturbation represents the
effect of the sudden uplift of the 30-km wide coastal belt, which produces an upstream propagating flat zone, for

Figure 8. (a) Instrumental seismicity recorded in the peri-Adriatic belt, and location of the highest massifs and ranges of the Adriatic flank of the Apennines: Sr: Sibillini
Range (max. 2,476 m a.s.l); Lm: Laga Massif (max. 2,458 m a.s.1.); GSr: Gran Sasso Range (max. 2,912 m a.s.l.); Mm: Maiella Massif (max. 2,793 m a.s.l.). The purple
line traces the limit between seismic and near-aseismic regions, marking the northern boundary of possible slab break-off; the orange-dashed box outlines the swath
profile shown in b. (b) Topographic swath profile showing mean and maximum elevations and colored as a heatmap following the density of the points at a given
elevation, and location of the outlets of the catchments used for river-profile inversion; (c) Spatiotemporal rock-uplift model for constant K; gray bars indicate
constraints from individual river-profile inversions, purple line is as in (a); (d) Spatiotemporal rock-uplift acceleration model (i.e., temporal derivative of rock-uplift
rate) for constant K; green arrow indicates estimated propagation velocity of the uplift pulse. Panels (e, f) as (c) and (d) but for spatially variable K.
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which the slope in the z-plot is not linked to a drop in uplift rate but rather to the geometry of the uplifted
downstream surface. Apart from this artifact, the uplift history is generally well reproduced. Considering that the
progressive coastal uplift with progressive channel lengthening model is closest to the history we envision for the
study region, we are confident that our river-profile inversions, particularly those that assume different K values
for the Apennine versus the peri-Adriatic domains, provide a robust reconstruction of past rock-uplift rates.

The TTLEM simulations, in particular the sudden coastal uplift model, provide another important insight con-
cerning the fluvial response time 7 versus the age (of emergence) of the topography. The parts of the landscape for
which 7 is larger than the age at which the topography emerged will not provide an accurate inverted uplift history,
as demonstrated by the sudden coastal uplift model. However, the largest catchments that we studied correspond
to maximum response times of ~3 Myr (Figures 4 and 6), whereas sedimentological, paleontological and mor-
phostratigraphic data indicate that most of the Apennine chain was emerged before 3 Ma (e.g., Cosentino
et al., 2010, 2017; Galadini et al., 2003, and references therein). Formation of a drainage network at that time is
also demonstrated by the presence, in some intra-Apennine basins, of continental sediments older than 3 Ma (e.g.,
Bosi et al., 2003; Cosentino et al., 2017; Pandeli et al., 2009). We therefore infer that our inverted rock-uplift
histories, even for their oldest parts, are robust.

Finally, our inversion results depend on the assumption that the erodibility coefficient, K, is constant through
time. K tends to vary spatially mostly as a function of lithology, but temporal changes in climate may also in-
fluence it. Over the timescale of our inversions (i.e., several million years), and the temporal resolution of the
modeling (200 kyr), we do not expect any resolvable impact from climate changes on K related to orbital
timescales. However, there could be some resolvable impact considering the growth of topography through time,
if that topography influenced rainfall patterns in the catchments of interest. There is no strong asymmetry in
modern precipitation across the Apennine chain at the latitude of our study site (Figure S1 in Supporting In-
formation S1). Growing topography may, nevertheless, “capture” more precipitation, and thus increase the
erodibility through time. If true, this would mean that rock-uplift rates (derived from U/K) in the latter stages of
our inversion would be underestimated or that rock-uplift rates in the early stages of our inversion would be
overestimated. The latter is more likely given that we calibrate K based on geologic constraints on rock uplift that
average over late Pleistocene to Holocene timescales or based on present-day geodetic measurements. But even a
reduction in the early uplift rates by ca. 50% would not have a substantial impact on the results we present. Also,
importantly, any topographically induced change in precipitation is likely to occur gradually over time, and thus
its impacts on the spatio-temporal pattern of rock-uplift that we infer, which shows both increases and decreases
in rock-uplift spatially and temporally, are unlikely to change that pattern in a way that would alter our con-
clusions. Temporal changes in K would also make the response time 7 variable over time, thus modifying the
timing of inferred changes in uplift rates. However, as discussed below, the uplift history reconstructed from the
river-profile inversions is supported by other geological constraints, allowing us to assert that the gradient var-
iations recorded in the rivers can be predominantly attributed to changes in uplift over time.

Several studies have suggested that the Northern and Central Apennines experienced a phase of accelerated rock
uplift around 2.5 Ma (Cosentino et al., 2017; Fellin et al., 2021; Pazzaglia & Fisher, 2022; San Jose et al., 2020).
Our results corroborate this inference and provide novel temporal and spatial constraints for this accelerated uplift
phase. Our inversions suggest that the most rapid rock-uplift rates during this phase coincide spatially with the
highest elevations of the Apennine belt (Figure 8). The modeled rock-uplift trends suggest that the accelerated
rock-uplift phase was not coeval along the entire Apennine belt; it initially affected the northern-central belt up to
the Gran Sasso Range, and then migrated southward over time at a rate of ca. 90 km/Myr in our preferred model
(Figure 8f).

The timing of the rock-uplift rate acceleration inferred from the models corresponds to the onset of uplift and
normal faulting in the inner Apennine chain, as the development of the Apennine intra-montane basins started
after 3 Ma (Cosentino et al., 2017). Also, thermochronology (Fellin et al., 2021) and oxygen-isotope (San Jose
et al., 2020) data indicate the onset of accelerated exhumation and surface uplift at around 2.5 Ma. The constant-K
uplift model (Figure 8c) suggests that maximum uplift rates occurred around 3 Ma and then started decreasing,
whereas the variable-K model (Figure 8e) records the onset of the accelerated uplift phase from ca. 3 Ma and
maximum rock-uplift rates between 2.5 and 2 Ma. The latter results align better with the independent chrono-
logical constraints, providing further support for the notion that the variable-K approach provides a more accurate
reconstruction of the Apennine rock-uplift history.
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Furthermore, the rock-uplift model generated with variable K (Figure 5e) provides new insights into the rock-
uplift history of the Maiella Massif, which has been a topic of debate. The presence of foredeep deposits over-
thrust by the Maiella anticline suggests an initiation of compression during the Early Pliocene (Centamore &
Rossi, 2009; Cosentino et al., 2010), while the uplift of littoral conglomerates along its eastern margin, dated to
the Middle Pleistocene (Pizzi, 2003), suggests that the Maiella Massif was involved in the Middle Pleistocene
uplift phase that affected the peri-Adriatic belt. In our variable-K model, the Maiella Massif experienced the most
rapid rock uplift at ~2 Ma (Figures 8e and 8f). Unlike other parts of the study area, rock-uplift rates in the Maiella
area never dropped below 0.75 km/Myr. These results suggest that, in this specific area, rapid uplift persisted over
time, continuing to uplift the Maiella Massif during the Middle Pleistocene (Pizzi, 2003).

Our reconstructed rock-uplift history also provides new insights regarding the uplift of the peri-Adriatic belt.
Cosmogenic burial ages of the most recent marine deposits in the northern peri-Adriatic belt suggest that shallow-
water marine deposition was still ongoing at around 0.9 Ma (Cyr & Granger, 2008), while pollen, fossil, and
paleomagnetic analysis of the upper conglomeratic units in the southern part of the belt indicate ongoing coastal
deposition at around 0.7 Ma (Pieruccini et al., 2016). The variable-K uplift model (Figure 8¢) shows an accel-
eration in rock-uplift rates after this time, with rates rapidly increasing from 0.4 to 0.9 km/Myr between the
Middle Pleistocene and the present. This result appears to contrast with the near-constant Pleistocene denudation
rates inferred by Cyr and Granger (2008), a scenario that fits better with the constant-K uplift model, which
predicts constant rock-uplift rates since the Early Pleistocene (Figure 8c). However, paleosurface and terrace
incision rates also suggest a significant acceleration of incision after 0.3 Ma (Figure 9), with rates reaching up to
2 km/Myr for the Late Pleistocene/Holocene (Table 2). It has been argued that apparent increases in incision rates
with shorter measurement intervals are a widespread phenomenon that reflects episodic hiatuses in river incision,
or non-stationarity in the river-bed elevation, rather than a real increase in incision rates through time (Finnegan
et al., 2014; Gallen et al., 2015). While the recent increase in incision rates apparent from the peri-Adriatic data
(Figure 9) could potentially also be explained by such a bias, the consistency with the geological record discussed
above, as well as with the predictions of the preferred variable-K uplift model, suggest it may be real. Addi-
tionally, present-day vertical velocities measured by GNSS suggest that most of the Central Apennines and of the
peri-Adriatic belt are currently uplifting at rates of up to 1 km/Myr (Faccenna et al., 2014; Serpelloni et al., 2013).

Our results contrast with those obtained by Pazzaglia and Fisher (2022), who also reconstructed the Quaternary
uplift history of the Apennines using linear inversions of river profiles. The main differences with our approach
are that Pazzaglia and Fisher (2022) used a different ratio of m/n (they used the “standard” value of 0.45, whereas
we estimated m/n directly from the fluvial drainage network) and a variable K estimated independently for all the
main lithologies exposed in the inverted drainage basins. Although Pazzaglia and Fisher (2022) also infer an
acceleration of uplift after 3 Ma in the northern and central Apennines, the rates of uplift they infer are signif-
icantly slower than those calculated here (~0.25 km/Myr vs. ~1 km/Myr at 2.5 Ma), and they do not record a
second increment of rock uplift in the last 1 Myr. These differences may be attributed to the approach used to
estimate K and to the use of an m/n value that is not directly representative of the Apennine belt. Indeed, k,,, and y,
and consequently 7 and rock uplift, are very sensitive to the chosen ratio of m/n (Gailleton et al., 2021), and can
vary by different orders of magnitude. Therefore, estimating an m/n ratio that is representative of the river profiles
used for inversions is essential to obtain the most accurate results (Goren et al., 2014).

5.3. Topographic Evolution of the Central Apennines and Driving Mechanisms for Rock-Uplift

The present Apennine topography is the result of different tectonic regimes that have succeeded each other from
the Miocene to the Quaternary (Cosentino et al., 2010). Several authors have proposed a model of topographic
evolution divided into two main stages: a first stage driven by compression, which produced low topographic
ridges that are represented today by a high-elevation relict landscape in the Apennines (Cosentino et al., 2010;
Galadini et al., 2003), and a second stage linked to regional uplift and normal faulting, which is responsible for the
present-day high-relief topography (Cosentino et al., 2017; Fellin et al., 2021; Galadini et al., 2003; San Jose
et al., 2020).

Figure 10a shows a model of the topography that existed before the Quaternary uplift pulse, obtained by sub-
tracting the cumulative uplift from river-profile inversions from the maximum current topography of the eastern
Apennine range. Cumulative post-3 Ma rock uplift is highest in the central Apennines, consistent with the present-
day topographic high in the same area (D’ Agostino et al., 2001; Lanari et al., 2023; Molin & Fubelli, 2005; San
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Figure 10. (a) Maximum elevation (black) of the swath profile in Figure 8 and location of the highest mountainous massifs (abbreviations as in Figure 8), cumulative
uplift inferred from the uplift models calculated for variable K, and restored pre-Quaternary topography. The colored band at the bottom of the plot indicates the spatial
variability of the main lithologies making up the Adriatic flank of the Apennines; (b) Cartoons illustrating the three-stage evolution of the Apennine range during the last
3 Myr, following slab tearing and southward migration of slab break-off.

Jose et al., 2020). This concurrence suggests that during the Quaternary, the currently highest Apennine massifs
(Sibillini and Gran Sasso Ranges, Laga and Maiella Massifs) gained more elevation (approximately 1,300—
2,000 m) than the ranges to their north and south (approximately 900-1,100 m). Such high cumulative uplift in the
central Apennines is also demonstrated by a few outcrops of marine clays and sands dated to the Early Pliocene
(biozone MNN16a), currently located at elevations of up to 2,000 m (Argille e Sabbie di Pagliare formation,
Centamore, Crescenti, Dramis, Bigi, et al., 2006; Centamore, Crescenti, Dramis, Boncio, et al., 2006). The
restored elevations of the central Apennines (Figure 6a) suggest that the topography before the Quaternary rock-
uplift pulse was relatively constant along the Adriatic flank of the range, independent of the main lithologies
characterizing the different sectors. The restored elevations lie at similar elevations and do not exceed 1,000 m,
supporting the idea of a relatively low-relief landscape before the Quaternary (Galadini et al., 2003).

The spatiotemporal rock-uplift variations inferred from linear inversions of river profiles can provide new insights
into the mechanisms driving regional rock uplift (e.g., Clementucci et al., 2023; McNab et al., 2018; Molin
etal., 2023; Pan et al., 2023; Racano et al., 2021, 2023). In particular, our new rock-uplift model for the Apennine
chain, characterized by a southeast-ward migrating pulse of rapid rock uplift, is consistent with uplift driven by
southeast-ward migrating break-off of the Adria slab during the Quaternary (Faccenna et al., 2014). Numerical
models suggest that a rapid but short-lived phase of accelerated uplift, resulting in topographic growth, is a
signature of slab break-off, with the magnitude and duration of uplift depending on the depth of break-off
(Duretz & Gerya, 2013; Magni et al., 2017). Field studies have corroborated these findings, for instance at the
southern margin of the Central Anatolian Plateau, where the rock-uplift history inferred from river profiles was
used to track the temporal propagation of slab break-off (Racano et al., 2021). Along the Apennine chain, the main
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processes invoked to explain Quaternary uplift and the related onset of normal faulting are back-arc extension
driven by slab roll-back and/or slab break-off and mantle upwelling (Cavinato & De Celles, 1999; Cosentino
etal., 2017; D’ Agostino et al., 2001, 2011; Faccenna et al., 2014; Fellin et al., 2021; San Jose et al., 2020). While
current seismicity suggests that subduction is still active in the northern Apennines, several observations support
the absence of a slab under the central part of the belt. They include: (a) the occurrence of a shallow slab gap
inferred from seismic tomography (Faccenna et al., 2004, 2014; Giacomuzzi et al., 2012; Piromallo & Mor-
elli, 2003; Wortel & Spakman, 2000); (b) the lack of deep seismicity (>30 km) (Chiarabba et al., 2005; Serpelloni
et al., 2013); (c) the absence of active compressional deformation (Casero, 2004; Chiarabba et al., 2005, 2010,
2014; Faccenna et al., 2014); (d) the absence of earthquakes with compressional focal mechanisms (Montone
etal., 1999, 2004, 2012); and (e) the progressive closure and uplift of the Bradanic Trough, the youngest foredeep
basin of the southern Apennines, between the Middle and the Late Pleistocene (Tropeano et al., 2002).

Lanari et al. (2023) found a correlation between Apennine drainage evolution, thermochronometric cooling ages
and Moho geometry, suggesting an onset of slab break-off at the boundary between the northern and central
Apennines and progressive southward migration of break-off through time. The distribution of earthquakes on the
peri-Adriatic side of the Apennines suggests a clear boundary between a northern seismic zone and a southern
zone with very few recorded earthquakes, potentially marking the northern limit of the break-off (Figure 8a). This
limit approximately coincides with the locus of onset of southward migration of the Quaternary uplift pulse
(Figure 8) and the region of the Apennines with the greatest cumulative uplift (Figure 10a). Rapid uplift recorded
in northern Calabria since around 0.4 Ma (Olivetti et al., 2012), likely supported by mantle upwelling (Faccenna
etal.,2011), could indicate the arrival of the slab window in the southern part of the Italian Peninsula. Combining
this age with the onset of slab break-off in the central Apennines at ~3 Ma, a propagation velocity of approxi-
mately 155 km/Myr over a distance of 400 km can be estimated (Figure 10b). The propagation rate suggested by
the uplift acceleration model (~90 km/Myr for the variable-K model, Figure 8f) is just over half of this, but is in
the range of numerical modeling results for break-off of a relatively strong slab (van Hunen & Allen, 2011).
Moreover, the part of the model showing temporal migration of uplift is less than 100 km long, and at the southern
boundary of the model domain, only one channel (26) is sufficiently long to provide a clear history of rock uplift
prior to ~1 Ma. Additionally, the propagation rate of 155 km/Myr inferred above is an average of the entire break-
off zone, but we do not know if the propagation rate was constant through time; it is possible that the lateral
rupture rate may accelerate during the progression of slab rupture (e.g., van Hunen & Allen, 2011). Notwith-
standing these complexities, the rock-uplift model we present provides new insights into the Quaternary rock-
uplift history of the Apennine belt, which can be divided into three main stages (Figure 10b): (a) initially,
spatially uniform rock-uplift rates are likely driven by slab rollback and the start of slab break-off beneath the
central Apennines around 3.0-2.5 Ma; (b) rapid rock uplift between 2.5 and 1.5 Ma, producing rapid topographic
growth in the central Apennines, followed the development of the slab window and the southward migration of
break-off beneath the central belt; and (c) during the Middle Pleistocene, the break-off reached the Calabrian
Peninsula and the subducting Adria slab attained its present configuration.

While the rapid rock-uplift pulse between 2.5 and 1.5 Ma may be associated with propagation of slab break-off,
this mechanism does not explain the accelerated Middle Pleistocene to present-day rock uplift. This younger
phase initiates nearly simultaneously across the entire study area, as indicated by both the variable-K rock-uplift
model (Figure 8e) and the increase in river incision rates from the late Pleistocene to the Holocene (Figure 9)
throughout the study area. Similar increases have been observed in the Basilicata (Southern Apennine, Gioia
et al., 2024), the northern Calabrian coasts (Liberatore et al., 2023), and even in the Apulian peninsula, situated in
the Apennine foreland and not directly involved in the building of the mountain chain (De Santis et al., 2021,
2023; Doglioni et al., 1994). No mechanism has yet been proposed to explain this recent uplift acceleration, and
further studies are needed to investigate this phenomenon as well as the robustness of the short-versus long-term
incision-rate estimates (e.g., Finnegan et al., 2014; Gallen et al., 2015).

6. Conclusions

In this study, we aimed to unravel the relationship between Quaternary rock uplift and the driving mechanisms
that shaped the topography of the Apennine belt. By linearly inverting river profiles draining the Adriatic flank of
the range with temporal calibration based on published denudation and incision-rate data, we obtained new in-
sights into the rock-uplift history of the region. The approach of using a variable K value, applied to geological
domains (mountain and coastal) that show different lithological and morphological characteristics, allowed us to
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obtain temporal constraints on uplift histories that align well with independent chronological constraints on the
different phases of mountain and coastal uplift and exhumation during the Quaternary.

The spatiotemporal rock-uplift model that we present provides new insights into the rates, timing, and pattern of
Quaternary uplift on the northeastern side of the central Apennines. Our results suggest that rock uplift did not
occur uniformly along the entire Apennine belt around 2.5 Ma but rather migrated southeastward through time,
originating from the region that currently marks the boundary between the seismic northern peri-Adriatic belt and
the seismically nearly inactive southern belt. Combining the inferred rock-uplift trend with tomographic data of
the Adria slab, we argue that the mechanism responsible for the Quaternary uplift pulse is break-off of the Adria
slab and southward propagation of the slab window over time. The most rapid rock-uplift rates, occurring between
2.5 and 1.5 Ma, resulted from the opening of a wide slab window in the area where the Apennines currently
exhibit the highest elevations. Furthermore, our uplift model suggests a renewed acceleration in rock-uplift rates
along the entire Adriatic coast from the Middle Pleistocene to the Holocene, coeval with acceleration of uplift in
the eastern coast of Southern Italy and in the Apulian foreland. This recent uplift acceleration affecting such a
wide area represents a new feature that appears unrelated to slab break-off propagation and requires further
studies to test if it is real, and if so, to uncover its driving mechanism.
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