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Evidence from landscape evolution may provide critical constraints
for past geodynamic processes, but has been limited by the large

uncertainties of topographic reconstructions. Here we present continuous
30-million-year rock uplift histories for three catchments in the Calabrian
forearc of southernltaly, using a data-driveninversion of tectonic
geomorphology measurements. We find that rock uplift rates were high
(>1mmyr™) fromabout 30 to 25 million years ago (Ma) and progressively
declined to <0.4 mm yr by ~15 Ma, then remained low before abruptly
increasing around 1.5-1.0 Ma. These uplift rates do not match the forearc’s
subductionvelocity record, implying that uplift was not dominated by
crustal thickening due to subduction-driven sediment influx. Through
comparisons with slab descent reconstructions, we instead argue that the
forearc uplift history primarily reflects the progressive establishment and
abrupt destruction of an upper-mantle convection cell with strong negative
buoyancy. We suggest that the convection cell vigour increased as the
slab-induced mantle flow field began to interact with the 660-km mantle
transition zone, causing uplift rates to decline from 25 to 15 Ma. Then, once
the slab encountered the transition zone, the fully established convection
cellsubdued uplift rates, before being disrupted by slab fragmentationin
the Quaternary, driving rapid forearc uplift.

Orogenesis and topographic development in subduction forearcs
reflect the integrated effects of numerous processes, including crus-
tal dynamics, megathrust strength and slab-mantle interactions'™>.
Although the principles of how crustal processes and changes in meg-
athrust strength affect forearc orogenesis are generally understood
in the context of accretionary wedge dynamics'*®, the potentially
importantrole of slab-mantleinteractions remains poorly constrained
in natural settings®>"'°. Numerical and analogue modelling studies
indicate that slab-mantle interactions affect mountain building and

drive topographic change throughout the lifetime of subduction" >,

Slab tearing and small-scale mantle flow around torn slab segments
canalso affect forearc orogensis*"*. However, we are currently limited
inour ability toreconstruct the long-term topographic and rock uplift
histories required to test model predictions in nature.

We overcome these difficulties by leveraging advancesin our abil-
ity toinverttectonic geomorphology measurements for long-termrock
uplift histories™'* and apply these techniques to the forearc above the
Calabrian subductionzone, aclassicexample of aretreating subduction
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Fig.1|Subduction history and regional setting. a, Retreat history of the
Calabrian subduction zone (approximate trench locations are denoted by dashed
lines) since ~30 Ma (after refs.17,18,49). b, Calabrian subduction history, showing
mean subduction amounts with + 1o uncertainties (thin grey lines) associated
with uncertainties in the subduction history reconstruction (data modified from

refs.17,18,49). ¢, Reconstructions of the location of the subducting slab based on
ref.17. Thelocation of the transect is shownin a. d, The contemporary tectonic
setting of southern Italy shows some of the major active faults, the modern slab
positionand depth, and topography and bathymetry. Faults and slab contours
are from data provided in ref. 50.

system. We selected Calabria because it has a well-constrained sub-
duction velocity history and slab descent reconstructions from the
mid-Cenozoic to the present® (Fig.1). We use a suite of tectonic geo-
morphology measurements—low-temperature thermochronometry,
cosmogenic radionuclides, marine terraces and fluvial topography—to
invert for uplift histories for bedrock catchments from the three main
massifs in Calabria. Our results show that changes in rock uplift align
with the timing of slab-mantle interactions and slab tearing, suggest-
ing strong geodynamic controls on forearc orogenesis. These find-
ings improve understanding of the geodynamic processes that have
affected the Italian peninsula and provide generalizable insight into
the dynamics of forearc mountain building.

The Calabrian subduction system

The Calabrian subduction zone is a retreating plate boundary and is
anideal case study to assess the roles of crustal and mantle processes
in driving orogenesis (Fig. 1). Being trenchward of the volcanic arc,
crustal thickening due to magmatism can be ignored. Calabria s at
the leading front of the subduction wedge and can be treated as an
accretionary system where forearc crustal thickeningis largely afunc-
tion of accretionary flux (that is, the product of the sediment thickness
entering the trench and the subduction velocity).

Calabriarecords an unsteady translation history across the West-
ernMediterraneaninresponse to the southeast-directed retreat since
rifting off Iberia in the Oligocene"**° (Fig. 1a—c). The record shows
periods of rapid retreat at 30-16 Maand 10-2 Ma, when the subduction
velocity was ~25-60 mm yr™, and intervening periods at ~16-10 Ma
and ~2-0 Ma when it was an order of magnitude slower (Fig. 1a,b).
The decline in rate from ~16 to 10 Ma occurred when the subduct-
ing slab encountered and draped over the 660-km mantle transition
zone'”” (Fig. 1a-c).Slowing at ~2-0 Mais associated with slab-mantle

interactions and small-scale plate reorganizations'®*. Late in this his-
tory, the subducting lonian lithosphere tore and fragmented, giving
riseto the narrow subduction zone flanked by slab windows observed
today (Fig.1d).

Calabria, and other parts of Italy, record a change in rock uplift
and exhumation rates at ~2-1 Ma (refs. 15,23-27). High-elevation,
low-relief relict topography, as well as marine terraces, document a
recent increase in rock uplift rate’*?*?¢ (Fig. 2). The forearc uplift
history preceding -2 Mais poorly constrained. Limited existing stud-
ies suggest a rapid pulse of exhumation for portions of Calabria from
the Oligocene until the Early to Middle Miocene™?®. Uplift rates then
declined to bevel the relict topography before increasing to modern
values of -0.5-1 mm yr™at ~2-1Ma (refs. 15,23,24,26).

Constraining a 30-Myr history of forearc rock
uplift
We combine data presented in this study and previously published®
low-temperature thermochronology (apatite fission track (AFT) and
apatite (U-Th)/He (AHe)), °Be-derived basin average erosion rates*****°,
coastal marine terraces® *°and fluvial topography to derive continuous
30-Myr rock uplift histories for moderately sized bedrock catchments
(-90-150 km?) in the three primary massifs in the Calabrian forearc:
Sila, Serre and Aspromonte (Fig. 2). We focus on the catchment scale
to simplify the analysis. By selecting moderately sized catchments not
cutby major faults, we can assume that spatial variations in rock uplift
arenegligible, allowing us to focus on temporal changes. Furthermore,
this ensures that we work withbedrock riversin similar geology, which
isimportant for modelling assumptions (Fig. 2).

We use previously published AFT and '°Be measurements in
Sila, our AFT and AHe data in Serre and Aspromonte, and transient
river profiles extracted from a 30-m digital elevation model (DEM)
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Fig.2| Topography, geomorphology and geology of the Calabrian forearc.

a, Oblique view of Calabria highlighting the relict topography (white polygons) and
thelocation of the selected transient river profiles showninb. b, Select transient
river profiles showing the knickpoints that bound the relict topography. These
rivers were selected to highlight that knickpoints exist at -1-km elevation for rivers
drainingin either direction. ¢, Shaded relief map with previously published °Be

basin average erosion rates’****° and AFT data®. d, Simplified geologic map*° along
withthe location of the river profile showninaandb and the AHe dates. The orange,
green and blue outlined polygons show the locations of the study catchmentsin
Sila, Serre and Aspromonte, respectively. e, Slope map of the Calabrian forearc
withsome of the active faults (black lines), the relict topography (dashed white
polygons) and the marine terrace locations® .

and coastal marine terraces near each catchment for our inversion
(Fig. 2, Source Data Fig. 2a,d and Supplementary Tables 1-3). AFT
ages are ~-30-10 Ma and show typically scattered single-age distribu-
tions and mean age-elevation trends consistent with a period of rapid
cooling in the Oligocene followed by slow cooling around the partial
annealing zone™** (Figs. 2cand 3). AHe ages are -17-10 Main Serre and
~10-4 Main Aspromonte, with both sites having positive age-elevation
trends consistent with more recent rapid cooling (Figs.2d and 3). The
transient river profiles indicate a period of slow rock uplift, followed
by an acceleration to produce the knickpoints and steepened lower
profile segments (Figs. 2b and 3).In Sila, °Be concentrations decrease
below knickpoints, consistent with slow erosion above and more rapid
erosionbelow the knickpoints. Mid-to-late Pleistocene marine terraces
indicate modern rock uplift rates between -0.5 and 1.0 mm yr™ (refs.
31-36; Figs. 2e and 3).

We invert these datasets using a data-driven Bayesian frame-
work®. This approach provides a unified method to derive con-
tinuous, long-term rock uplift histories that can achieve a level of
precision beyond one data type alone. The thermochronometric
measurements determine the older parts of the uplift history, and
1°Be and marine terrace data constrain the more recent uplift history.
Theriver profile data bridge this gap, recording the transition from
slow to fast rock uplift rates expressed as high-elevation, low-relief
relict topography bound by fluvial knickpoints found at -1-km eleva-
tion**? (Fig. 2).

Theinversionusesaseries of forward modelsto predict the datafor
aninputrock uplift history. The topographic and erosional evolutionis
determined for agiven rock uplift history with the detachment-limited
stream power model, which is appropriate for bedrock channels, and
simulates theriver incisionrate, £, as
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Fig.3|Best-fit models of the tectonic geomorphology data. The maximum in the two right columns. The uncertainties for the '°Be concentrationsand AFT
aposteriori (MAP) or ‘best-fit’ results for the three study catchments. The river and AHe ages represent the analytical uncertainties. The AFT mean track length
profiles are shown in the left column, with the marine terrace results shownin (MTL) uncertainties are associated with the standard deviation of the track length
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derived from a Monte Carlo routine that incorporates the uncertainties of all shows the normalized log-likelihood, which is ameasure of the fit quality
measurements involved (for example, measured elevation, sea-level elevation normalized to the number of data points.
and terrace age; see Methods for more details). The analytical data are displayed
E = KA™S" 1) Thebasic conceptistorunaseries of forward models that predict

whereA and Sare the upstream drainage area (a proxy for discharge) and
local channelslope, respectively, Kis an erodibility constant,and mand n
are positive constants that reflect the basin hydrology, channel hydraulic
scalingand incision process® . The uplift, erosion and topographic his-
toryarethenusedtodrive (1) thermal and kinetic models that predict AFT
and AHe data, (2) cosmogenic production and attenuation models that
determine Be concentrations and (3) the recent rock uplift history to
compare to marine terrace-derived rock uplift measurements. Weinvert
the observed data using the neighbourhood algorithm*° to determine the
acceptable range of stream power parameters and the rock uplift history.

the observed data and compare the modelled and observed data via
a misfit function, here a Gaussian log-likelihood function. Iterative
selection of the next suite of parameters is guided by the prior prob-
ability distributions, or more simply the priors, of model parameters,
the transitional probability to a new position in the parameter space,
and the quality of the model fit. This procedure was repeated -70,000
times for each catchment, and the upper 50th percentile of ‘best-fit’
models was used to populate the posterior probability distributions
of unknown parameters (Methods). However, the posteriors are not
very sensitive to thelikelihood threshold. We solve for ten free param-
eters—the three stream power parameters (K, m, and n) and afour-stage
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Fig. 4| Rock uplift, subduction rate and slab descent histories of the
Calabrian subduction system. a, Rock uplift histories show the three studied
catchments. Solid coloured lines show the MAP (‘best-fit’) results. Grey dashed
lines and shaded polygons show the mean + 1o uplift histories from the model
ensemble. b, Mean (thin solid line) + 1o (shaded) uplift histories for each
catchment. ¢, Subduction rate history of Calabria determined by taking the
derivative of the subduction history modified after refs.17,18,49 in Fig. 1b and

using a Monte Carlo routine to propagate uncertainties. d, Slab descent history
modified after refs. 17,49 to show even 10-Myr increments and interpreted slab
mantle interactions. As the slab descends, an upper-mantle convection cell
(black line with arrow) grows in size and, uponinteracting with the 660-km
mantle transition zone (dashed black line), strengthens. During the Quaternary,
slabtearing, and lateral mantle flow, the torn slab edges disrupt the upper-mantle
convection cell beneath the upper plate.

uplift history (thatis, the uplift rates (n = 4) and the timing of uplift rate
transitions (n=3)). The priors are a uniformrange (that s, naive priors),
determined by knowledge of the regional geology and geomorphology.
Extended Data Table1lists the free parameters, priors and explanations
for the prior ranges.

Inversion results and long-term uplift history
The modelledriver profile residuals are typically several tens of metres,
and knickpoints are predicted at the correct locations (Fig. 3). The
modelled marine terrace rock uplift is consistent with the observa-
tionsin Aspromonte and Serre and slightly underpredictedinSiladue
to trade-offs with the'°Be data (Fig. 3). The'°Be and AHe fits are better
than the noisier AFT data, but the model predicts mean AFT age trends
and matches the generally unimodal AFT track length distributions,
consistent with the monotonic cooling assumed in the model (Fig. 3).
The posteriors for most parameters are roughly Gaussian distri-
butions (Extended Data Figs. 1-3). The stream power parameters are
consistent with typical values™***** (Fig. 3 and Extended Data Figs.
1-4). Themtonratioisbetween~0.35and 0.43, and the n value ranges
between ~1.05 and 1.40 at all sites. The erodibility constant covaries
with these parameters and liesbetween-~1x10%and1x 10" ¢ m* 2" yr™,
The uplift histories are similar among all three catchments (Fig.
4a,b). Theinitial phase is rapid, ~1.2-1.9 mm yr™, at all sites and slows
to ~0.2-0.45 mm yr™' by the Middle Miocene (Fig. 4 and Extended
DataFigs.1-3). The timing of this transition is not well defined, partly
because the AFT data, which constrain this early part of the uplift
history, are scattered, but also because our model set-up assumes
step-function changes in the rock uplift rate. As such, a single model
iteration cannot constrain a progressive slowdown in rock uplift.
However, the Bayesian approach will capture agradual slowdown asa
widely distributed posterior in the transition time from one uplift rate
to another. This behaviour can be visualized and quantified with the
mean uplift history derived from the model ensemble. The progressive

slowdownis observedin the mean uplift path for each site and typically
extends from~25to 15 Ma (Fig. 4a,b).

After this period, rock uplift rates are consistently low, and the
meanrock uplift path at all sites drops between ~11and 8 Ma (Fig. 4).In
Silaand Serre, rates fall to near zero, and in Aspromonte to~-0.25 mm yr™!
(Fig. 4). Higher rates in Aspromonte are expected as the southern tip
of the Calabrian forearc side-swiped the northern tip of the African
margin from -5 to 1.5 Ma, a process recorded in the geomorphology
fromnorth Sicily*”. Weinterpret this north-southincrease in uplift rate
to be associated with localized crustal thickening along the southern
tip of Calabria due to this glancing collision.

Rock upliftrates accelerate to~0.5-1.0 mm yrat all sites between
~1.6and 1.0 Ma, with faster ratesin Aspromonte, -0.9 mmyr™,and com-
parableratesinSilaandSerre,~0.55-0.60 mm yr™ (Fig.4a,b). Increased
upliftratesfirst occurinSila, then Aspromonte, and finally Serre, with
best-fit timings of 1.6, 1.2 and 1.0 Ma, respectively (Fig. 4a,b). The dif-
ferencesin the timing and rate of this acceleration are reflected in the
knickpoint elevations at ~1.0, 1.3 and 0.9 km in Sila, Aspromonte and
Serre, respectively (Fig. 3). The abruptness of the onset, effectively a
step function, and the diachronous uplift patterns are consistent with
recent tearing of the Calabrian slab and opening of slab windows to
the north and south of the modern-day forearc>*. Initiation of rapid
uplift occurs above the torn slab segments, first in the north and then
inthe south, before affecting the centre of the forearc a few hundred
thousand years later, perhaps facilitated by mantle flow around the
tornslabedges**. This event generated surface upliftand an isostatic
response to enhanced erosion that partially sustains the high uplift
ratesin Calabria today (Extended Data Fig. 5).

Linking forearc uplift and long-term subduction
dynamics

The uplift history for eachsite is remarkably consistent, demonstrating
that the entire forearcresponded similarly to geodynamic forcing. We
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arrows at 0 Ma show mantle flow around torn slab segments in Calabria, and
the central Apennines are interpreted to disrupt the large upper-mantle
convection cell. The lower bar shows show the slab descent history through
time and the uplift history of Calabria, which is similar to other locations in the
Italian peninsula (for context).

summarize the long-term rock uplift history as rapid to progressively
declining from ~-30 to 15 Ma, slow from ~15 to 1.5 Ma, and rapid from
~1.5to 0 Ma, but acknowledge nuances, as discussed above (Fig. 4a,b).

The Mediterranean is a closing basin with a thick sedimentary
cover where thicknesses on subducting oceanic lithosphere vary by
afactor of only about two*.. As such, the larger order-of-magnitude
changesinsubduction velocity will dominate accretionary flux varia-
tions, and positive correlations between subduction velocity and rock
uplift are expected if the subduction wedge is controlled by crustal
dynamics*. Surprisingly, the rock uplift histories bear little resem-
blance to the subduction rate history and are clearly anticorrelated
from10 Mato the present (Fig.4b,c). We conclude that crustal accretion
cannot explain Calabria’s rock uplift history.

Changes in megathrust strength can affect forearc topography.
Increased megathrust strength facilitates strong basal tractions, caus-
ing crustal thickening and uplift, and the opposite occurs if the plate
interface weakens***, Although several factors impact megathrust
strength, over the long term, the amount of sediment entering the
trenchis thought tobe animportant factor, with more sediment equat-
ing toweaker plate interfaces* . Subducting plates in the Mediterra-
nean are covered with copious amounts of sediment*®, implying weak
megathrusts through time. Thus, changes in plate interface strength
seem an unlikely explanation for our results.

Numericaland analogue models of subduction demonstrate that
slab-mantle interactions can affect upper plate topography through-
outthelifetime of subduction" ™, For retreating systems, models show
that there are some adjustments to upper topography during the slab’s
free descent phase, where forearc elevations slightly decline. How-
ever, as the upper-mantle flow field induced by the descending slab
begins to interact with the mantle transition zone, the upper-mantle
convection cell strengthens, inducing long-wavelength trenchward
tilting of the upper plate over several million years" . The forearc is
progressively pulled down during this period of slab-mantle interac-
tion, and forearc elevations remain low after the slab rests atop the
mantle transition zone.

Calabria’s long-term rock uplift history appears consistent with
these predictions from ~25 to 1.5 Ma, where rock uplift rates begin to
decline as the slab approaches the mantle transition zone, until the
Middle-to-Late Miocene, when the slab drapes atop this boundary
(Fig.4a,b,d).Rock uplift rates then stay low, despite alargeincreasein
subductionrate at~10 Ma, until slab fragmentation in the Quaternary.
We infer that the abrupt increase in uplift rates beginning at 1.5 Ma is
duetoslabfragmentation. Slab tearing willinduce anisostatic response

as the dense slab breaks apart. Furthermore, the newly torn slab can
allow for small-scale lateral mantle flow around the torn slab edges,
which probably disrupted the large upper-mantle convection cell (Fig.
4d). Within this view, Quaternary uplift in Calabria is not an anomaly,
butis an expected response to slab fragmentation.

The ~25-1.5-Ma period is perhaps the most intriguing part of
Calabria’s orogenic history. Based on existing geodynamic models,
the observed behaviour can be linked to slab-mantle interactions
and changesin the upper-mantle flow field; however, the exact forces
and processes involved are not entirely understood' ™. Future geo-
dynamic modelling studies can potentially isolate the precise driving
mechanismsinthe context of ourempirical dataset. Regardless of some
remaining uncertainty, itisapparent that slab-mantle interactions are
criticalin understanding Calabria’s rock uplift history.

The rock uplift history in Calabria, at least since the Middle Mio-
cene, bears broad similarities to upliftand mineral cooling historiesin
the centraland southern Apennines**%, Results from this portion of the
Italian peninsulasuggest slow uplift and slow cooling or reheating until
~2-1Ma, when uplift and exhumation rates accelerated. We suggest a
common mechanism might explain the dynamics of the entire Italian
peninsula (Fig. 5). A strong upper-mantle convection cell grew through
time, dynamically suppressing elevations and rock upliftin theItalian
peninsula by effectively counteracting isostasy until the Quaternary.
Oncetheslab fragmented beneath Calabria and the Central Apennines,
the convection cell was disrupted, and the peninsula uplifted rapidly
duetochangesinisostatic equilibrium and mantle dynamics (Fig. 5).

Conclusions

We have presented a continuous 30-Myr history of rock uplift for the
Calabrianforearc. Ourresults show a consistent uplift history that does
not resemble the subduction velocity history, suggesting that models
of forearc growth by crustal accretion cannot explain our results. In
the context of slab descent reconstructions and geodynamic models,
our results imply that slab-mantle interactions control forearc rock
upliftin Calabria. We infer that the forearc uplift was progressively
depressed as the slab descended through the upper mantle, exciting
agrowing convection cell that held the upper plate down. After the
slab draped over the mantle transition zone, the convection cell was
established, and forearc rock uplift rates remained low. Once the slab
fragmented in the Quaternary, small-scale mantle flow around torn
slabedges disrupted the large upper-mantle convection cell. Destruc-
tion of the upper-mantle convection cell, along with isostatic changes
associated withslab tearing, we argue, facilitated rapid uplift of Calabria
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and probably other parts of the Italian peninsula since -2-1 Ma. Our

approach and results have important implications for understand-
ing the drivers of subduction orogenesis in the Mediterranean and
elsewhere globally.
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Methods

AFT and AHe measurements

We collected vertical transects of granite, gneiss and schist bedrock
samples in the Serre Massif and the Aspromonte Massif from freshly
exposed road cuts (Fig. 2d). In Serre, five samples span an elevation
range from ~-180 m to 1,120 m above modern sea level, with an aver-
age vertical sample spacing of ~150 m (Extended Data Table 1). In
Aspromonte, we acquired six samples ranging in elevation from~530 m
to 1,220 m, with a mean vertical spacing of ~-140 m. Bedrock samples
were crushed, sieved and separated using standard magnetic and
density separation techniques by GeoSep Services. For each transect,
all samples were analysed for AHe (Source Data Fig. 2d), and samples
representing the lowest, highest and a central elevation were used in
AFT analysis (Source DataFig. 2c).

AFT. We conducted AFT analyses at GeoSep Services using standard
techniques for laser-ablation inductively coupled plasma mass spec-
trometry. Following ref. 51, apatite grains were mounted in an epoxy
resin that was cured for 4 h at 90 °C. The mounts were ground and
polished to expose the internal grain surface. Samples were etched
in 5.5 N HNO; for 20.0 + 0.5s at 21+ 1°C to reveal naturally occurring
fission tracks. Spontaneous tracks were counted on the grain mounts
in unpolarized light at x2,000 magnification. Regions on individual
grains where the spontaneous tracks were counted were analysed by
laser-ablationinductively coupled plasmamass spectrometry to deter-
mine the ?®U concentrations from measurements of the 28U to **Ca
ratio. Single-grain dates were calculated using the ratio of the density
of natural fission tracks in the grain to the amount of U present and
amodified version of the radioactive decay equation that includes a
zeta calibration factor®. We include all grains with zero spontaneous
tracks in the counted area to ensure the data were unbiased. Forty
single-grain analyses were used to calculate sample ages, and pooled
fission track ages were used.

We obtained track length distribution data following age analysis.
Samples were irradiated with a 2*Cf source in a vacuum chamber to
enhance the number of confined tracks available for measurement’".
Grains were re-etched as above to illuminate horizontal, confined
fission tracks. Only natural, horizontal, confined fission tracks with
clearly visible ends were measured, in unpolarized light at x2,000
magnification. The length and crystallographic orientation of each
track was measured using a digitizing tablet with a personal computer.
The precision of each track length was approximately + 0.20 um, and
the precision of the track angle relative to the crystallographic c axis
was - +2° For either AFT age or confined track length determination,
kinetic information (Dpar) was acquired for each grain. Dpar is defined
asthefission track etch pit diameter parallel to the crystallographic ¢
axisat the polished grain surface. For grains with zero tracks, Dpar was
measured in a different area that contained tracks but was not near a
cracked or pitted feature or close to the grain boundary.

AHe. We conducted (U-Th)/He analyses at the University of Texas UTCh-
ron Laboratory using standard procedures (https://www.jsg.utexas.
edu/utchron-lab/u-th-he-lab/).Individual apatite grains were screened
for quality, size, shape and inclusions using abinocular microscope at
x180 magnification. Four to eight single-grainaliquots were measured
persample. Individual aliquots were photographed and measured for
standard geometric alpha-ejection age (Ft) corrections. The selected
grains were characterized by an average equivalent spherical radius
of 45.3 pm and a corresponding Ft value of 0.66. Each single-grain
apatite aliquot was wrapped in platinum foil tubes, laser heated for
5min at 1,070 °C, analysed for He, and reheated to ensure complete
degassing. After degassing, radiogenic He was analysed in an all-metal,
automated ultrahigh-vacuum He extraction line with precision volume
aliquot systems for *He isotope dilution and delivery of *He standard
gas, acryogenic gas purification system, and a Balzers Prisma QMS-200

quadrupole mass spectrometer for measuring *He/*He ratios. This pro-
cedure allows for very low blank and high-precision He measurements
(-0.3-0.5%). After complete degassing, aliquots were retrieved and dis-
solved for U, Thand Sm measurements. Samples were spiked (**U,*°Th
and*Sm) and dissolved in30%HNO, at 90 °C for1 h. Aliquot solutions
were analysed for U, Th and Sm using a Thermo Element2 HR-ICP-MS
fitted with a CETAC micro-concentric nebulizer and ESl autosampler.
The data were then compiled and reduced using an in-house custom
visual-basic Excel add-in macro.

Allanalytical uncertainties were captured and propagated during
the multi-step, multi-instrument AHe analysis. Analytical uncertainties
including He and (U, Th, Sm) measurement errors were ~0.3-0.5% and
<1-2%, respectively. Alpha-ejection corrections are more challenging
to quantify due to assumptions of homogeneous U and Th distribu-
tions and result in propagated analytical uncertainties that generally
underestimate aliquot reproducibility. In an effort to better represent
the ‘true’ uncertainty, a percentage error is commonly assigned to
an aliquot analysis based on the standard deviation of a population
derived fromstandard samples, whichis 6% for apatitein the UTChron
laboratory. Mean ages for individual samples were calculated from all
single-grain ages for individual samples.

Empirical calibration of the stream power model
Toobtainanideaofreasonable priors for the stream power parameters,
we conducted ananalysis of digital fluvial topography and °Be-derived
basin average concentration data. We compiled all published basin
average '°Be measurements from Calabria®****° (n = 36; Supplementary
Table 2). We recalculated erosion rates for each basin to standardize
the compilationusing the approach of ref. 52. This procedure assumes
sediments are well-mixed and corrects measured '’Be concentrations
using the depth-, latitude- and altitude-dependent spallogenic and
muonicproductionrates of refs. 53,54 to determine the average erosion
rate in the catchment. A Monte Carlo routine was used to propagate
uncertaintiesinthe measured nuclide concentrations and other model
parameters (details are providedinref. 52). Following ref. 55, we did not
apply ashielding correction.

We used TopoToolbox v2 and ChiProfiler for topographic and river
profile analysis®*”. We used an ~30-m horizontal resolution shuttle
radar topography mission DEM to fill sinks, determine flow directions
and calculate the upstream accumulation areafor the entire landscape.
We defined the river network as all areas draining more than 1km?
Using the y-dispersion approach®®**’, we determined the empirical con-
cavityindex, ~0.40, for rivers draining over metamorphic and igneous
rock units. For all basins with a '°Be measurement, we delineated the
drainage basins and river networks and calculated the transformed dis-
tance coordinate y, whichis the pathintegral of the inverse of drainage
area raised to the empirically derived concavity index®®. The normal-
ized steepness index, K, is a stream channel metric that normalizes
local channelslope to upstream drainage area, allowing for comparison
of channel steepness at different drainage areas*. We determined the
basin average k., based on a regression of x-elevation data and used
the approach of ref. 61 to determine uncertainties accounting for the
autocorrelation of residuals (Supplementary Table 2).

From the °Be-derived erosion rates and the basin average k.,
data, we empirically calibrated the stream power model (details for
this model are provided in the next section) based on the following
relationship:

E = KKI,, @)

where Eisthe basin average erosionrate, K'is the erodibility constant,
and n is the slope exponent in the stream power model'®. We used a
total least-squares regression through log-transported F and k,, data
to determine reasonable values for K and n, excluding one outlier in
the data (Extended Data Fig. 4). The empirical concavity index, which
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is equal to the ratio of the drainage area exponent, m, and the slope
exponent, n, inthe stream power model, was used to estimate m based
on the results from the regression. We used a Monte Carlo routine to
propagate the uncertaintiesinthe regression and found that nis~1.30
andKis-3.34 x10°° m* 2" yr™!, Based on this analysis, we conservatively
assign priors on the stream power model that ranged from 1.0 to 1.5
to cover the full range of the data (Extended Data Fig. 4). We note
that when n > 1, some parts of the uplift history recorded in the river
profiles might be erased with an increase in uplift rate®’; however, the
data-drivenapproachused here lessens the likelihood of this informa-
tion loss™. The m to n ratio is allowed to range between 0.3 and 0.7, n
from1.0tol.5andKfrom1x108to1x10° m'2"yr™,

Forward models

We applied a series of forward models to predict the topographic and
analytical data given an input rock uplift history. We used the stream
power model to predict the river network elevations and erosion his-
tory, givenarock uplift history. We then used the output topographic
and erosion history to drive (1) thermal and kinetic models that predict
low-temperature thermochronology data, (2) cosmogenic nuclide
production and attenuation models to predict '°Be concentrations
and (3) a simple model for recent rock uplift to compare to marine
terrace-derived rock uplift results. The forward and inverse model here
arebased onthose presented inref. 15, with some minor modifications.

Stream power model. This detachment-limited stream power model
(equation (1)) model can be used to simulate the evolution of a river
profile through time when placed into a continuity equation with
rock uplift, U:

dz

5 = U 0 —KAW"S(x, 0 3)

whereziselevation, tis time, and xis streamwise distance. Because we
are working on the small-to-moderate catchment scale, we assumed
that spatial variations in U are negligible. We assumed the drainage
areahad not changed substantially over time. Althoughitisimpossible
to evaluate this assumption over the long timescales considered, this
assumption is reasonable over geologically recent timescales. Fur-
thermore, the earlier portion of the uplift history determined by the
thermochronological datais largely insensitive to drainage area, and
the exact erosionrule used. The period where constant drainage area
becomesimportantis for the simulated cosmogenic nuclide concen-
trations andriver profile elevations. As such, we used the modern-day
river network as defined by the shuttle radar topography mission DEM,
resampled to 100 mtoimprove computational speed, to define A and x.
We used animplicit finite-difference solver® to simulate the evolution
of theriver profiles using a1,000-yr timestep in all models, whichis a
slight modification of the solver used in ref. 15.

Theriver networkis assumed to be in asteady state with the initial
uplift condition and selected stream power parameters and changesin
response to temporal variations in rock uplift rate. From this starting
condition, the river network for each catchment is allowed to evolve
based onthe assumed uplift history and the stream power parameters
selected fromthe prior probability distributions. For agiven rock uplift
history, the model outputs are the erosion and topographic history of
theriver profile.

Thermal and kinetic models. The output topographic and erosion his-
tory fromthe stream power model was used to run thermal and kinetic
models that predict the low-temperature thermochronology data. The
one-dimensional heat-transfer equation was solved numerically using a
finite-difference approach withstandard thermal parameters (thermal
diffusivity =1x10°m?s™, heat production =9.6 x 10™° W kg™, crus-
tal density = 2,700 kg m~ and specific heat capacity =800 ] kg ' K™).

Heat production was assumed to be temporally stable and decrease
exponentially with depth, reaching an e-fold decline at 10-km depth.
The upper thermalboundary condition was calculated withan atmos-
phericlapserate of 5°C km™, asea-level temperature of 20 °C and the
elevation history of the sample location. The basal boundary condition
was setat 30-km depth for allmodels and determined by assuming an
initial geothermal gradient of 25 °C km™, which was solved for in the
model (for example, 25 °C km™ equates to 750 °C at 30-km depth).
Thisinferred geothermal gradient is generally consistent with modern
surface heat-flow measurementsinsouthern Italy®*, assuming typical
thermal conductivities for higher-grade metamorphic and granitic
rocks typical of Calabria.

Extracted time-temperature paths from the thermal model were
used to calculate AHe ages, AFT ages and spontaneous track length
distributions. The AHe data were simulated using the helium diffu-
sion kinetics from RDAAM®. The AFT data were modelled using the
annealing model of ref. 66.

Cosmogenic nuclide model. The cosmogenic nuclide concentrations
for'°Be were modelled based on the last 2 Myr of the topographic and
erosion history derived from the stream power model. This timescale
ensures that the cosmogenic concentrations are integrated from a
depth of several tens of metres to the surface. Site-specific concentra-
tions were predicted asafunction of the erosion history and the depth-,
latitude- and altitude-dependent spallogenic (P,;) and muonic (P,)
production rates of refs. 53,54

N () = (V(h = 1)+ (Puy (1) + Py (1)) dey e @

where N(h) is the nuclide concentration at depth below the surface, h,
Ais the °Be decay constant, and dt is the timestep of the integration,
here 100 yr in all calculations. Basin average concentrations, N, were
determined based on the average of all upstream concentrations:

3

N=1
n“

L

(Ej,e=0Ny,2=0) (5)

I
—

where E;; ,_oistheerosionrateatnodeij,and Nj; ,_ois the corresponding
9Be surface concentration at the end of the model run.

Marine terrace rock uplift. From the coastline near each catchment,
we used published marine terrace inner shoreline elevations and
inferred or measured ages*>°to calculate total rock uplift rates using
a global sea-level curve® (Supplementary Table 3). For each site, we
selected the most prominent set of terraces reported in each publica-
tion and selected the smoothest and simplest (that is, linear) uplift
history for each site based on the reported elevations, inferred or
measured terrace ages, and the timing and elevation of sealevel at the
time of terrace formation. We assumed that terraces were cut during
periods of relative sea-level stability when rock uplift and sea-level rise
rates were comparable and that terraces were abandoned at the end of
arelative sea-level highstand®*°. This simplifying assumption allowed
us to correlate terraces to the timing and elevation of sea-level high-
stands to find the simplest uplift history possible, which we assumed
isnear linear.

Marine terraces were mapped near the outlet of the study catch-
ments in Sila and Aspromonte, but we did not find published results
near theoutletin Serre. Two studies published results to the north and
south of the study catchment in Serre, and we combined these data
to approximate the rock uplift here. We used a Monte Carlo routine
to propagate uncertainties in the rock uplift rate calculation on the
basis of reported uncertainties in the inner shoreline elevation, the
sea-level elevation at the time of terrace formation, the timing of the
sea-level highstand, and the geochronologic age, if available. The
uncertainties used for this procedure are intentionally large for the
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elevation and timing of each sea-level highstand to encompass the
full range of uncertainty associated with different sea-level curves
(forexample, ref. 68; Supplementary Table 3). The derived rock uplift
rates in Aspromonte, Serre and Sila are ~-0.92 mmyr?, ~0.63 mm yr™
and -0.88 mm yr™, respectively. In our inversion, we sought to model
the total rock uplift calculated from the marine terraces. To this end,
we simply multiplied the inferred marine terrace age by the final uplift
rateinthe model to generate predictions of total rock uplift that could
be compared to the marine terrace rock uplift values.

Theinverse model

The inverse model uses the neighbourhood algorithm, which is an
efficient Markov chain Monte Carlo sampler*’. The algorithm works
by running a series of forward models that predict observed data.
The model parameters first prescribe a possible range in the solution
spacebased on prior knowledge, called the prior probability distribu-
tions (‘the priors’). Here we assumed uniform priors about a range
for each parameter. The x axis of the plots in Extended Data Figs. 1-3
represents the priors used for each parameter in this study, which are
also presented in Extended Data Table 1. The algorithm populates the
posterior probability distributions (‘the posteriors’) that represent
the acceptable solution space using an optimized search algorithm.
The search algorithmis guided by the priors, the quality of the model
fit to the data, and the probability of transitioning from one position
toanotherinthe parameter space. The quality of fit (‘misfit’) between
the observed and modelled datais defined as a Gaussian log-likelihood
function (log(L)):

n

log(l) = -3}

i=1

log(2m)
2

+ log(o) + O.S(m%ip")z (6)

where p;is the predicted value (for example, river profile elevation,
thermochronometric age, nuclide concentration, marine terrace eleva-
tion), 0;and g;are the corresponding observed value and 1o error, and
nisthetotalnumber of observations. Each data type (theriver profile,
cosmogenic, marine terrace and thermochronology data) is given equal
weightinthelikelihood function. We initially ran a series of models for
eachsite thatinitiate anywhere within the range of priors. From these
models, weidentified the highest-likelihood zone within the parameter
space and started subsequent simulations from this high-likelihood
zone, as iscommon practice with Markov chain Monte Carlo samplers
toavoid searchinginlow-likelihood zones of the parameter space. We
then aggregated all model results and used a likelihood threshold,
defined as the 50th likelihood percentile, to define acceptable fits,
which were used to populate the posterior probability distributions
(Extended DataFigs.1-3).

Data availability

Additional data used in this paper can be found in the publications
and sources cited in the main text and Methods and the Extended Data
and Source Datatables provided. The apatite fission track and apatite
(U-Th/He) data generated and analysed in this study are archived in
the following publicly available figshare data repositories: https://
doi.org/10.6084/m9.figshare.22305889.v1 (apatite fission track) and
https://doi.org/10.6084/m9.figshare.22305907.v1 (apatite (U-Th/He)).
Source data are provided with this paper.

Code availability

Modified versions of the codes used in this study are available at https://
github.com/sfgallen/RICoTTaand archived as aZenodo repository at
https://doi.org/10.5281/zenodo0.7671209.
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Extended Data Fig. 4 | Empirical calibration of the stream power model. Plot
showing the relationship between °Be-derived basin average erosion rates and
basin average normalized steepness index, k,,, for all basins in Calabria with
published data. The inset shows all data and the main figure shows the dataset
excluding one outlier. The solid black line and dashed black lines show the
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and the one standard deviation uncertainties, respectively, from a Monte Carlo
error propagation routine. The equation, best-fit parameters and associated
one standard deviation uncertainties are shown along with the r?value. The gray
shaded region bound by the dashed gray line shows the range of stream power
parameters searched in the inversion.
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the mean erosion rate from the left panel. The right column also shows the rock
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Extended Data Table 1| List of Parameters Solved for in the Inverse Model with Range of Priors and Explanations

‘ Units ‘ Prior ‘

Symbol Description Explanation
Stream power parameters
1x10% Based on analysis of normalized steepness indices and
K Erodibility mi2m/yr 1x10° basin average erosion rates from Calabria (Figure
ED4)
Based on analysis of normalized steepness indices and
n Slope exponent 1.0-1.5 | basin average erosion rates from Calabria (Figure
ED4)
Ratio of the drainage Typically accepted range of values from the
m/n area, m, and the 0.3-0.7 | literature!>?%4043 and based on analysis of river
slope exponent, n profiles in Calabria
Rock uplift parameters
. . Sila massif experienced a large amount of exhumation
vl Initial uplift rate mm/yr | 0.25-2 in the Early to Middle Miocene (ref. %)
Timing of the
Timel | transition from U1 to Ma 25-13 | Forearc uplift rate is hypothesized to have slowed in
u2 the Miocene to bevel presently preserved relict
U2 Second phase uplift mm/yr 0-05 topography?*26,
rate
Timing of the
Time2 | transition from U2 to Ma 13-5
u3 Subduction velocity increases in the mid-to-late
U3 Third phase uplift mm/yr 0-1.0 Miocene!”?° and might affect forearc rock uplift rate.
rate
Timing of the
Time3 | transition from U3 to Ma 5-0.25 . . .
ua Rock uplift rate increased geologically recently,
elevating relict topography, forming knickpoints, and
u4 Final uplift rate mm/yr 0-2 preserving Pleistocene marine terraces?%2426:27
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