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Abstract. Analysis of new detrital apatite fission-track
(AFT) ages from modern river sands, published bedrock and
detrital AFT ages, and bedrock apatite (U-Th)/He (AHe)
ages from the Northern Apennines provides new insights into
the spatial and temporal patterns of erosion rates through
time across the orogen. The pattern of time-averaged erosion
rates derived from AHe ages from the Ligurian side of the
orogen illustrates slower erosion rates relative to AFT rates
from the Ligurian side and relative to AHe rates from the
Adriatic side. These results are corroborated by an analysis
of paired AFT and AHe thermochronometer samples, which
illustrate that erosion rates have generally increased through
time on the Adriatic side but have decreased through time on
the Ligurian side. Using an updated kinematic model of an
asymmetric orogenic wedge, with imposed erosion rates on
the Ligurian side that are a factor of 2 slower relative to the
Adriatic side, we demonstrate that cooling ages and maxi-
mum burial depths are able to replicate the pattern of mea-
sured cooling ages across the orogen and estimates of burial
depth from vitrinite reflectance data. These results suggest
that horizontal motion is an important component of the over-
all rock motion in the wedge, and that the asymmetry of the
orogen has existed for at least several million years.

1 Introduction

The Apennine mountains of Italy are an active orogen char-
acterized by contemporaneous extensional and compres-
sional tectonics. In the Northern Apennines, these features
are linked to rollback of the Adriatic slab beneath Eurasia,
suggested to be active since the Oligocene (Malinverno and

Ryan, 1986). The interplay between extension and compres-
sion has affected the overall tectonic evolution of the North-
ern Apennines and, in particular, its exhumational and to-
pographic evolution. Low-temperature bedrock and detrital
thermochronology studies have constrained the timing and
rates of exhumation at the orogen scale (e.g. Thomson et al.,
2010; Malusa and Balestrieri, 2012) and at the regional scale
along the extensional Ligurian side of the orogen (e.g. Fellin
et al., 2007), and in the frontal fold-and-thrust belt (Adri-
atic side) (Balestrieri et al., 1996; Carlini et al., 2013; Zat-
tin et al., 2002). Age—elevation profiles and multiple ther-
mochronometers have revealed spatially variable exhumation
across and along strike of the orogen, and temporal variabil-
ity in exhumation rates (Thomson et al., 2010). Although
spatial variability is large, the overall pattern of exhumation
is consistent with kinematic models of the Apennines as an
orogenic wedge, with deformation driven by frontal accre-
tion on the Adriatic margin, and erosion and extension across
the mountain belt (Thomson et al., 2010).

In this paper, we augment the thermochronometric data of
the range with new detrital thermochronometric data from
the Ligurian side of the range to ensure the broadest possi-
ble sampling of the thermochronological signal, recognizing
that bedrock sampling can miss local regions of anomalous
exhumation rate, as was shown from detrital data on the Adri-
atic side of the orogen (Malusa and Balestrieri, 2012). Pub-
lished and new data are combined into an analysis of local
and regional patterns of exhumation rate through thermal and
kinematic modelling. We derive time-averaged erosion rates
for individual samples, using two different methods for de-
termining the relevant geothermal gradients. In addition, we
calculate erosion rates through time for paired apatite fission-
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track (AFT) and apatite (U-Th)/He (AHe) samples to com-
pare with results from age—elevation transects that illustrate
a change in erosion rates at 4 Ma (Thomson et al., 2010). Our
results suggest that the increase in exhumation is restricted to
the Adriatic side of the orogen and may have occurred later
(~ 1-3 Ma), whereas exhumation rates decreased on the Lig-
urian side at ~ 1-5 Ma. Finally, to understand how this pat-
tern of regional erosion rates relates to orogen-scale kine-
matics of the Northern Apennines, we propose an updated
kinematic model that allows for crustal accretion from both
frontal accretion and underplating, and variable temperature
at the base of the crust.

1.1 Geologic and thermotectonic evolution

Development of the Apenninic wedge began during the
Eocene between ~ 49-42Ma, due to convergence and
southwest-directed subduction of the Adriatic microplate
beneath Eurasia (Lustrino et al., 2009). From the Late
Oligocene, sediments supplied largely by the Central
Alps (Garzanti and Malusa, 2008; Malusa et al., 2016b)
were deposited as turbidite sequences into a series of
northward-migrating foredeep basins (Macigno, Cervarola,
and Marnoso—Arenacea basins) (Fig. 1), which were sub-
sequently uplifted and deformed during the Neogene (Ricci
Lucchi, 1986). Until the Pliocene, these Cenozoic foredeep
basins were overridden by the Ligurian Unit (Fig. 1), a non-
metamorphosed, allochthonous accretionary complex that
was thrust over the Cenozoic foredeep deposits as a surficial
nappe (Merla, 1952; Pini, 1999). Eocene-to-Pliocene basins
formed on top of the Ligurian Unit (epi-Ligurian Unit) (Ori
and Friend, 1984; Cibin et al., 2001), which record discon-
tinuous deposition of shallow-marine and continental sedi-
ments (Ricci Lucchi, 1986), and presently exist as erosional
remnants above the Ligurian Unit. Today, the Ligurian and
epi-Ligurian units are the highest structural units exposed in
the Northern Apennines.

The onset of near-surface exhumation is constrained by
the present extent and depositional ages of the epi-Ligurian
units on the Adriatic side (Fig. 1), which are commonly not
younger than the Tortonian in the NW of the study area; how-
ever, to the ESE, near Bologna, they can be as young as the
Pliocene (Cibin et al., 2001). The onset of near-surface ex-
humation in the Northern Apennines is suggested to have be-
gun earlier than 14 Ma, during the Tortonian (Ventura et al.,
2001), although the timing of the onset is debated. However,
it is clear that rapid exhumation began at 8-9 Ma on the Lig-
urian side (Balestrieri et al., 1996), and at 4—7 Ma near the
divide between the Ligurian and Adriatic sides, based on the
ages and younging trend in AFT and AHe thermochronome-
ters < 10 Ma (Fig. 2) (Thomson et al., 2010).

The first evidence for emergent topography in the North-
ern Apennines is documented in the early Pliocene by la-
custrine deposits in an intermontane extensional basin lo-
cated within the Magra River catchment (Fig. 3) (Bertoldi,
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1988; Balestrieri et al., 2003). These deposits are overlain
by late Pliocene alluvial conglomerates that contain meta-
morphic pebbles sourced from the Apuan Alps metamorphic
dome (white, hatched area in Fig. 3a), indicating that the
Apuan Alps were emergent at this time (Fellin et al., 2007).
The onset of topographic relief then migrated eastward (Ab-
bate et al., 1999; Carlini et al., 2013; Thomson et al., 2010),
recorded by increased rock uplift rates at the drainage di-
vide during the Pleistocene (Balestrieri et al., 2003), and the
formation of Pleistocene-to-Holocene deformed fluvial ter-
races near the Adriatic mountain front (Picotti and Pazzaglia,
2008; Wegmann and Pazzaglia, 2009; Wilson et al., 2009).

Cooling ages in the Northern Apennines are primarily
limited to AFT and AHe methods (Balestrieri et al., 1996;
Ventura et al., 2001; Zattin et al., 2002; Balestrieri et al.,
2003; Fellin et al., 2007; Thomson et al., 2010; Malusa and
Balestrieri, 2012; Carlini et al., 2013; Balestrieri et al., 2018),
as the region is dominated by sedimentary rocks (Fig. 1)
that have experienced relatively low burial temperatures of
less than 200-250 °C (Reutter et al., 1983). Non-reset clas-
tic rocks in the Northern Apennines are commonly exposed
close to the frontal thrust zone, near the mountain front, and
at high elevations (e.g. Zattin et al., 2002; Thomson et al.,
2010; Carlini et al., 2013).

Maximum burial depths of rock across the Northern Apen-
nines are constrained most commonly from vitrinite re-
flectance data (Fig. 2; Reutter et al., 1983; Ventura et al.,
2001; Botti et al., 2004; Carlini et al., 2013), which is a proxy
for burial temperatures recorded by organic particles, and
is expressed as Ro (%). Higher Ro values generally reflect
higher burial temperatures. Ro increases steadily from NE
to SW in the Northern Apennines, with maximum Ro values
near the Ligurian coastline, as shown along the swath profiles
in Fig. 2. This pattern of Ro values was interpreted to reflect
NE-directed Miocene thrusting of the Ligurian Unit, which
buried the underlying Cenozoic foredeep deposits (Reutter et
al., 1983). Ro values also decrease along strike of the orogen
from NW to SE (Fig. 2), illustrating that maximum burial
depths also decrease towards the SE. This pattern was in
turn interpreted to reflect the shape of the Ligurian Unit as
a wedge that thinned towards the east (Zattin et al., 2002)
and thus resulted in shallower burial depths for the underly-
ing Cenozoic foredeep deposits.

2  Methods
2.1 Detrital AFT thermochronology

Bulk samples of modern sand were collected from six rivers
on the Ligurian side of the Northern Apennines (Fig. 3a) and
are representative of the Macigno, Cervarola, Apuan Alps,
and Ligurian units (Fig. 1). As some Ligurian catchments
(Magra and Serchio rivers) contain basins with Pliocene sedi-
ments, additional samples were collected in tributaries above
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Figure 1. Simplified geologic map of the Northern Apennines and locations of published (> 10Ma) bedrock AFT samples (diamonds)
(Abbate et al., 1994; Balestrieri, 2000; Balestrieri et al., 1996, 2018; Bonini et al., 2013; Carlini et al., 2013; Fellin et al., 2007; Thomson et
al., 2010; Ventura et al., 2001; Zattin et al., 2002), AHe samples (triangles) (Fellin et al., 2007; Thomson et al., 2010), and ZHe sample (circle)
(Fellin et al., 2007). Dashed sawtooth lines represent the thrust front buried beneath Po Plain sediments. The following chronostratigraphic
divisions are used as minimum depositional ages for the Cenozoic foredeep units: Macigno Unit (Chattian—Aquitanian) (Cita Sironi et al.,
2006), Cervarola Unit (Aquitanian—Langhian) (Delfrati et al., 2002), and Marnoso—Arenacea Unit (Burdigalian—Tortonian) (Pialli et al.,

2000).

these basins to avoid sampling the younger, post-orogenic
sediments.

Samples were processed according to the external detector
method for AFT dating, using standard methods. Bulk sam-
ples were first sieved with a 1.5 mm mesh, and heavy min-
erals were concentrated using standard techniques, involving
the use of the Wilfley table and of heavy liquids. We sepa-
rated the apatite from lighter minerals using a heavy liquid
with a density of 3gcm™3, and subsequently separated the
apatite from heavier minerals (e.g. zircon, rutile, and mon-
azite) using a heavy liquid with a density of 3.3gcm™3. A
magnetic separator was used to further concentrate the ap-
atite. Apatite grains were then poured onto glass slides, care-
fully avoiding any potential selection of grains due to differ-
ences in size and shape. The grains were subsequently em-
bedded in cold epoxy and polished to expose the internal
surfaces of the apatite grains. For each sample, we counted
all countable grains, which specifically refers to any grains
that expose a section parallel to the C axis, independently
of whether it has zero or more spontaneous tracks. Multiple
mounts per sample were produced to maximize the number
of datable grains, and we aimed to date at least 100 grains
per sample. However, only 37, 87, and 77 apatite samples
were countable in samples Limal (6), Bisenzio (7), and Pes-
cia (8), respectively, whereas the high number of countable
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apatite grains in samples Vara (1) and Magral (3) allowed us
to date 150 grains in each sample.

Apatite grains were etched in 5.5NHNO3; for 20s at
21°C. AFT ages were measured and calculated using the
external-detector and the zeta-calibration methods (Hurford
and Green, 1983) with International Union of Geological
Sciences (IUGS) age standards (Durango and Fish Canyon
apatites) (Hurford, 1990). The analyses were subjected to the
x? test (Galbraith, 1981) to assess whether the sample age
distributions were overdispersed; a probability of less than
5 % denotes mixed distributions.

We determined age populations for detrital samples based
on dominant age peaks identified with the Binomfit pro-
gramme (Brandon, 2002), which is well suited for AFT data
with low spontaneous track density. In order to estimate the
degree of resetting of the detrital age populations relative to
the Apenninic orogenic event, we compared the detrital cool-
ing ages with minimum depositional ages of the Cenozoic
foredeep units exposed in the drainage areas (Figs. 1 and 3b).

2.2 Erosion rate analysis

We compiled ages from new and existing detrital AFT sam-
ples (23), bedrock AFT samples (139), AHe samples (135),
and zircon (U-Th)/He (ZHe) samples (26) (Supplement Ta-
bles S1-S4) (Abbate et al., 1994; Balestrieri et al., 1996;
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Figure 2. Published vitrinite reflectance (Botti et al., 2004; Carlini et al., 2013; Reutter et al., 1983; Ventura et al., 2001), published bedrock
cooling ages (Abbate et al., 1994; Balestrieri, 2000; Balestrieri et al., 1996, 2018; Bonini et al., 2013; Carlini et al., 2013; Fellin et al., 2007,
Thomson et al., 2010; Ventura et al., 2001; Zattin et al., 2002) and new detrital cooling ages, and topography plotted along (a) Mt. Gottero,
(b) Mt. Cimone, (c) Bologna, and (b) Val D’ Arno swath profiles. Profile locations are shown in Fig. 3a. Top row: filled circles are vitrinite
reflectance samples located within the 30 km wide swath profile; empty circles are located outside of swath profile line and were projected
onto the line. Middle row: cooling ages corrected for topography for bedrock AFT (red diamonds), and AHe (blue triangles). Detrital AFT
samples (yellow rectangles) were not corrected for topography. Bottom row: mean elevation (thick black line) and minimum and maximum

elevation (light grey lines).

Ventura et al., 2001; Zattin et al., 2002; Balestrieri et al.,
2003; Fellin et al., 2007; Thomson et al., 2010; Malusa and
Balestrieri, 2012; Carlini et al., 2013). As the Apuan Alps
have an erosional history different from the rest of the North-
ern Apennines (Balestrieri et al., 2003; Fellin et al., 2007),
we removed these samples from our compilation of ther-
mochronometric ages.

We converted ages to erosion rates using a half-space cool-
ing model and a closure temperature concept (Willett and
Brandon, 2013). This model has the advantage of including
an accurate representation of the transience associated with
whole lithosphere geotherms. Reset ages were converted to
erosion rates using closure temperatures specific to each ther-
mochronometer, although this is a simplification of diffu-
sional daughter product loss that neglects effects associated
with complex cooling histories. For monotonic cooling his-
tories, the measured age of the sample is represented by the
time needed for a rock to move from the closure depth to the
surface (e.g. Reiners and Brandon, 2006).

The conversion to erosion rates was performed using the
AGE2EDOT programme (Willett and Brandon, 2013), which
estimates an erosion rate from a closure temperature and a
geotherm obtained by solution of the 1-D thermal advection—
diffusion problem for a lithospheric column subjected to a
constant rate of erosion. Thermochronometric data required
for the calculations include the measured ages and kinetic
parameters from which a closure temperature is calculated.
In addition, the thermal initial conditions and boundary con-
ditions, as well as thermal parameters, must be specified for
each sample site.
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For the kinetic parameters for AHe, we assumed grain
sizes of 45 um, given that sizes of dated grains are not re-
ported by previous studies, and that a grain size of 60 um is
larger than the mean size of detrital apatite grains that are
typically dated in the Northern Apennines. Thermal param-
eters (see definitions in Table 1) include an estimate for the
onset age of erosion (¢1); the sample elevation, given as an el-
evation above a regional mean (4); surface temperature (75);
and either an initial geothermal gradient (Gg) or the final
geothermal gradient (G). Only one estimate of the geother-
mal gradient is needed, but we took two approaches, as will
be discussed below. To calculate Ty, we adjusted a base tem-
perature value for the elevation of each sample, given a lapse
rate of 5°C km~!. For the base temperature, we used a mod-
ern surface temperature of 13.8 °C, which represents the cal-
culated yearly average for an elevation of 53 m at Bologna
from 1813-2004 (NOAA Global Temperature Summary of
the Year dataset).

The geothermal gradient is the most important parameter
incorporated into the erosion rate analysis and is also the
largest source of uncertainty. It can be specified either as a
final geothermal gradient (Gy), which is the present geother-
mal gradient at the surface, or as an initial geothermal gradi-
ent (Go) that is assumed to be constant with depth at the onset
of exhumation (Willett and Brandon, 2013). We calculated
and compared erosion rates derived using two approaches.
In the first method, we imposed a spatially constant G of
25°Ckm™! (Go_25) (Balestrieri et al., 2003; Ventura et al.,
2001; Zattin et al., 2002). In the second method, we assumed
that the present-day geothermal gradient (Gf) matches the
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Figure 3. (a) Location map for detrital samples. Detrital AFT samples from this study are illustrated as red diamonds, and published detrital
AFT samples (Malusa and Balestrieri, 2012) are shown as yellow diamonds. Numbers in the white squares correspond to the age population
plots shown in panel (b). (¢) Peak distribution curves (black curves), total probability density functions (PDFs) (grey curves), and peak ages
(Ma) for all sampled Ligurian catchments. Catchment name and sample number (where applicable), and number of dated grains (n.) are given
in the top right corner of each figure panel. Coloured rectangles in each plot give the range of stratigraphic ages for the youngest exposed
Cenozoic foredeep units (Fig. 1) in the respective upstream catchment area. We also indicate the age range of the Pliocene—Pleistocene
continental deposits, as these are potential sources of detrital apatite recycled from the Cenozoic foredeep units or from the Apuan Alps

metamorphic rocks.

Table 1. Definitions of thermal parameters used in the erosion rate analysis.

Parameter Description

Go_ 25 Initial geothermal gradient of 25 °C km~! (AGE2EDOT input)

Gy 25 Inferred final geothermal gradient (AGE2EDOT (output)

G0_neatflow  Inferred initial geothermal gradient (AGE2EDOT output)

Gt heatflow  Final geothermal gradient calculated from modern heat flow measurements (AGE2EDOT input)
h Sample elevation above the regional mean elevation

T Thermochronometer cooling age

ttrans Transition time between AFT and AHe cooling intervals

Ty Temperature at transition time frans

Ts Modern surface temperature

https://doi.org/10.5194/se-13-347-2022
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Figure 4. Schematic of paired-age erosion rate analysis, illustrat-
ing the theoretical temperature path through time for a sample with
paired AFT and AHe cooling ages, given the thermal parameters
described in the text; € represents the erosion rate for each cooling
interval.

geothermal gradient calculated from geothermal heat flow
measurements. We converted the heat flow measurements
to a Gt (Gt _heatflow) Using a spatially constant thermal con-
ductivity value for sandstone (2 W mK~!). Heat flow values
were extracted from contour maps that interpolate geother-
mal well data (Pauselli et al., 2019; della Vedova et al., 2001).
The della Vedova et al. (2001) heat flow map covers the entire
study area, whereas the Pauselli et al. (2019) map covers the
area south of 44.5° N and includes only the Bisenzio River
(Fig. 3) within the study area. Because the heat flow map of
della Vedova et al. (2001) is based on fewer geothermal well
measurements relative to the Pauselli et al. (2019) map, we
consider the della Vedova et al. (2001) interpolation to have
higher uncertainties. Thus, where the Pauselli et al. (2019)
map was available, a heat flow value was selected from this
map. Otherwise, a heat flow value was selected from the della
Vedova et al. (2001) map.

The modelling procedure described above was applied to
all ages, assuming that erosion initiated over the entire re-
gion at 10 Ma. The resulting erosion rate applies from the
onset of exhumation at 10 Ma to the present and reflects the
time-averaged erosion rate that is constrained to pass through
the closure temperature at the cooling age and with a cooling
rate commensurate with the average erosion rate. Thus, this
method is limited to a single, average erosion rate. However,
changes in exhumation rates through time in the Northern
Apennines are supported by several lines of evidence, par-
ticularly by age—elevation transects (AETs). In fact, AETs
from the existing literature illustrate differences along the
age—elevation slope for a single thermochronometer (as in
Balestrieri et al., 1996) or among age—elevation slopes for
multiple thermochronometers (as in Thomson et al., 2010).

It is possible to use AGE2EDOT in an incremental man-
ner, allowing us to use paired thermochronometers analysed
from a single sample. In this case, the temporal range of ex-

Solid Earth, 13, 347-365, 2022

humation is bracketed by the AFT and AHe ages, with in-
dependent erosion rates determined from each age, thus re-
solving two time intervals (Willett et al., 2021). In principle,
this violates the assumption of a constant rate of cooling im-
plicit to the use of the closure age concept, but provided that
the transition between erosion rate intervals is not close to
either age, the error will be small. We analysed 30 available
paired ages to detect temporal changes in erosion rate. For
the paired-age analysis, the exhumation path is divided into
two segments: the first segment extends from the onset of ex-
humation to a specified transition time (fyaps) after cooling
through the AFT system, and the second segment extends
from this transition time to the present, thus passing through
the AHe age in this second interval (Fig. 4). We derive an ero-
sion rate for each of these time segments by analysing each
segment with AGE2EDOT, linking the two solutions at fys.
The solutions are matched by noting the depth and temper-
ature of the sample at fians, based on the erosion rate in the
second interval, and using this and the geothermal gradient at
trans @s the boundary conditions for calculations of the first
interval (Fig. 4).

The difference in age between some of our paired ages is
less than 1 Ma but larger than 0.5 Ma, so we set the transi-
tion at 0.5 Ma before the AHe closure for all samples (i.e.
the AHe cooling age plus 0.5 Myr), in order to allow the on-
set of advection to precede the AHe closure (Fig. 4). Cal-
culation of the erosion rate over the second interval requires
the modern surface temperature (75); the sample elevation
above the regional mean (h); the AHe cooling age (7); the
final geothermal gradient as derived from heat-flow measure-
ments (Gt _peatflow); and the length of the time interval (fyans),
calculated as the AHe age plus 0.5 Myr. The erosion rate is
then solved from these data and the kinetic parameters.

To calculate the erosion rate for the first interval, we also
require the temperature at fyans (7o) (Fig. 4); the sample ele-
vation above the regional mean (h); the sample AFT age (7),
and the onset age of erosion, taken as 10 Ma. To match solu-
tions at fang, we simply reduce the age by f#ans, and reduce
the elevation by the amount of exhumation that occurred dur-
ing the second interval. We take the initial geothermal gradi-
ent obtained from the model for the second interval as the
final condition for the first interval.

2.3 Kinematic model

We used a range of kinematic and thermal parameters appli-
cable to the Northern Apennines to characterize a 1-D kine-
matic model that aims to (1) model the path of rock parti-
cles from accretion into the wedge to their erosion at the sur-
face, (2) calculate uplift and horizontal rock velocities across
the wedge, (3) predict reset cooling ages for AHe, AFT, and
ZHe thermochronometers, and (4) calculate maximum burial
depths across the model. Here, we describe the model geom-
etry and the kinematic and thermal parameters used to con-
strain the model.
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E. D. Erlanger et al.: Exhumation and erosion of the Northern Apennines

353

LP:6O km

V

Ht

Figure 5. Kinematic model of the Northern Apennines as an orogenic wedge with internal deformation driven by frontal and basal accretion
and surface erosion. Mass is balanced to maintain a steady size, and internal deformation is calculated to be consistent with boundary

conditions.
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The kinematic model approximates the Northern Apen-
nines as a doubly tapering, asymmetric wedge, given the
geometric parameters illustrated in Fig. 5. The Adriatic
and Ligurian sides of the orogen are defined as the ac-
creting prowedge and non-accreting retrowedge of the oro-
gen, respectively (e.g. Willett et al., 2001). The geometry
of the wedge is defined by surface and basal angles for the
prowedge (ap and Bp) and retrowedge (¢r and Br). The
lengths of the prowedge (Lp) and retrowedge (Lr) are 60

https://doi.org/10.5194/se-13-347-2022

and 40 km, respectively, based on average widths measured
from a Shuttle Radar Topography Mission (SRTM) 90 m dig-
ital elevation model (DEM). The maximum crustal thickness
is 56 km (Spada et al., 2013), the maximum elevation is 2 km,
and the thickness of the accreted crust is 20 km, partitioned
between frontal accretion (hg = 10 km) and prowedge basal

accretion (21 = 10km). We assume no retrowedge accretion
(hy =0).

Solid Earth, 13, 347-365, 2022
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not be resolved for an erosion rate with Gt _peatflow -

Closure depths were calculated using the closure tempera-
ture for each thermochronometer, divided by a spatially and
temporally constant geothermal gradient. Closure tempera-
tures are given with AHe of 70 °C (Farley, 2000), AFT of
110°C, (Wagner and Van Den Haute, 1992), and ZHe of
180°C (Farley, 2000). Excluding the Apuan Alps samples,
we used the full set of unique sample locations in our field
area (Tables S1-S4) to calculate an average Gt peatflow =

Solid Earth, 13, 347-365, 2022

36.4°Ckm™~! and closure depths for the ZHe (4.9 km), AFT
(3.0km), and AHe (1.9 km) thermochronometers.

Material is accreted to the wedge through thrusts slices
in the upper plate (frontal accretion) or is offscraped from
the subducting plate at depth (underplating). Material mo-
tion is constrained by balancing frontal and rearward fluxes,
underplating, and erosion. We prescribe a compressional
prowedge and an extensional retrowedge, where horizontal
velocities decrease along the prowedge and increase along

https://doi.org/10.5194/se-13-347-2022
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the retrowedge as a function of distance. The vertical rock ve-
locity is also variable with depth and is defined as the sum of
the erosion rate and a component of crustal thickening driven
by accretion.

The velocities in the model are defined as follows: plate
subduction velocity (Vp), prowedge underplating velocity
(Up), prowedge erosional velocity (ep), and retrowedge ero-
sional velocity (er). The plate subduction velocity, or con-
vergence rate, for the Northern Apennines is suggested to
be driven entirely by slab rollback, so we used estimates of
slab rollback to parameterize the convergence rate. Slab roll-
back rates are on the order of ~ 6-20kmMyr~! in this re-
gion of the Apennines (Faccenna et al., 2014; Malusa et al.,
2015; Rosenbaum and Piana Agostinetti, 2015), so we run

https://doi.org/10.5194/se-13-347-2022

the model using these minimum and maximum values as end-
member scenarios. We also vary the spatial pattern of erosion
rates in the model using two model assumptions: (1) a con-
stant erosion rate across the orogenic wedge and (2) a higher
erosion rate on the prowedge relative to the retrowedge.
Since the model represents a 1-D cross section through the
Northern Apennines, all velocities and rates specified in this
model are assumed to reflect motion within the direction of
the wedge (i.e. perpendicular to the strike of the orogen).

Solid Earth, 13, 347-365, 2022
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Figure 10. Kinematic model results for the spatially constant erosion rate (SCR) scenario (a—c) and the variable erosion rate (VER) sce-
nario (d-f). (a, d) Predicted material horizontal velocities across the orogenic wedge and (b, e) predicted uplift rates across the wedge.
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3 Results
3.1 Detrital AFT cooling ages

New detrital AFT (8) sample ages are given in Fig. 3b and Ta-
bles 2—-3. Central ages vary from 5.4 £0.6 to 10.5£0.7 Ma,
and single-grain ages show a wide range of values from
5.1 to 145.3Ma. All samples except Limal show at least
two distinct age populations, with minimum age peaks be-
tween 5.1 and 8 Ma. All minimum age peaks are younger
than the stratigraphic ages of units within the catchment
(Fig. 3b) (Cita Sironi et al., 2006; Delfrati et al., 2002; Pi-
alli et al., 2000), with the exception of Magral. This site
contains Plio-Pleistocene deposits exposed in its catchment
that are younger than the minimum age peak, but these are
locally derived sediments, and the sedimentary bedrock has
stratigraphic ages older than the young peak.

In the five southern samples (Serchio, Limal, Lima2, Pes-
cia, and Bisenzio), the youngest peaks represent the largest
age populations and are similar to the sample central ages.
The three northern samples (Vara, Magral, Magra2) show
two common age populations at 5-6 and at 12—-13 Ma and
have central ages older than the minimum peak ages, due to
a large proportion of older grains.

3.2 Geothermal gradients and erosion rates

We report initial geothermal gradients (Go) and final
geothermal gradients (Gr) using the two approaches de-
scribed in the methods. Given a Gy =25°Ckm~! com-
mon to all samples, Gr 25 ranges from 27.4 to 55.2°C km~!
for AHe samples (Table S5) and ranges from 31.2 to
49.7°Ckm~! for AFT samples (Table S6). Using the sec-
ond method based on modern heat flow measurements,
Go_nheatflow for AHe samples ranges from 9.3 to 42.2°C km~!
(Table S5) and ranges from 12.4 to 38.0°C km~! for AFT

Solid Earth, 13, 347-365, 2022

samples (Table S6). Relative to the Gt 25, Gt heatflow de-
rived from Pauselli et al. (2019) are consistently lower, where
all samples lie left of the 1:1 trendline for AHe samples
(Fig. 6e) and all but one lie left of the 1 : 1 trendline for AFT
samples (Fig. 6b). In contrast, G¢ pearfiow derived from della
Vedova et al. (2001) are highly variable, although the ma-
jority lie to the right of the 1: 1 line for both AHe (Fig. 6e)
and AFT (Fig. 6b) samples, indicating that these values are
higher relative to G¢ 5.

Erosion rates calculated using the two methods for esti-
mating geothermal gradients also illustrate different trends
for the della Vedova et al. (2001) and Pauselli et al. (2019)
heat flow estimates. Erosion rates derived from Gg_»s plotted
against erosion rates derived from della Vedova et al. (2001)
Gt _heatflow lie mostly on the 1 : 1 trendline for both AFT and
AHe samples (Fig. 6¢c, f) and are thus similar. In contrast, ero-
sion rates calculated with Pauselli et al. (2019) Gt peatflow are
lower relative to erosion rates derived from G 25 but always
by a factor of less than 2 (Fig. 6c, f).

Here, we present the erosion rate results for the Adriatic
and Ligurian sides, given the two methods used for constrain-
ing the modern geothermal gradient, and by illustrating the
data with two perspectives: (1) along a profile oriented paral-
lel to the orogen strike (Fig. 7, location shown in Fig. 3) and
(2) along swath profiles oriented perpendicular to the orogen
strike (Fig. 8). Calculated with G 25, erosion rates inverted
from AFT bedrock ages (Table S6; Figs. 7e, g, top row)
vary between 0.41 and 1.19kmMyr~! on the Adriatic side
(Fig. 7g) and between 0.36 and 0.84 km Myr—! on the Lig-
urian side (Fig. 7e). The highest erosion rates on the Ligurian
side are located in the Macigno Unit near the Apuan Alps,
whereas the highest rates on the Adriatic side are located
near the drainage divide (Cervarola Unit; top row, Fig. 8).
AFT bedrock erosion rates across the divide are similar or
slightly higher on the Adriatic side (Figs. 7e, g, 8, top row).

https://doi.org/10.5194/se-13-347-2022
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AFT detrital erosion rates are similar to bedrock AFT rates,
which also exhibit erosion rates that are higher on the Adri-
atic side (top row, Fig. 8). Erosion rates derived from AHe
ages (Table S5) range between 0.14 and 1.39km Myr~! on
the Adriatic side and between 0.14 and 0.74km Myr~! on
the Ligurian side. AHe erosion rates on the Adriatic side are
more variable relative to the Ligurian side, particularly in the
southeast region of the field area (Fig. 7f, h). Similar to the
bedrock AFT erosion rates, the highest AHe erosion rates are
found on the Adriatic side near the drainage divide and are
lowest near the Ligurian coastline (top row, Fig. 8).
Calculated with Gt peatfiow, the pattern of erosion across
the drainage divide is similar to the pattern for erosion rates
calculated with G¢ 25 (middle row, Fig. 8). On the Adri-
atic side, erosion rates inverted from AFT bedrock and de-
trital ages vary between 0.34 and 1.63kmMyr~! and be-
tween 0.88 and 1.44kmMyr~!, respectively. On the Lig-
urian side, AFT bedrock erosion rates vary between 0.26 and
1.28km Myr~!, and detrital AFT erosion rates vary between
0.34 and 0.78 km Myr~!. Erosion rates derived from AHe
ages range from 0.17 to 1.92km Myr~! on the Adriatic side
and from 0.10 to 1.02 km Myr~! on the Ligurian side. Detri-
tal AFT erosion rates on the Adriatic side are higher relative
to the Ligurian side, regardless of the method used for con-
straining the geothermal gradient. However, calculated from
Gt _heatflow, detrital AFT erosion rates on the Adriatic side are

https://doi.org/10.5194/se-13-347-2022

up to a factor of 2 higher than erosion rates calculated with
Gy 25 (Fig. 8).

3.3 Paired ages

Of the 30 paired samples analysed here, erosion rates for two
samples could not be resolved (Table 4) due to the similar-
ity in ages between the AFT and AHe thermochronometers
(sample C16) or due to an AHe age that is older than the AFT
age (sample C22). Six paired samples are located on the Lig-
urian side of the orogen, and the remaining 22 samples are
located on the Adriatic side of the orogen (Fig. 9a).

Erosion rates from samples on the Adriatic side vary from
~0.3 to 5.2kmMyr~! (Table 4). In total, 12 samples illus-
trate an increase in erosion through time (Fig. 9b), with the
shift generally occurring between ~ 1 and 2 Ma. The 10 sam-
ples from the Adriatic side illustrate a decrease in erosion
rate through time (Fig. 9c), with the shift generally occur-
ring between ~ 2 and 4 Ma. With the exception of three sam-
ples (AP53, AP57, and C29), decelerating sites are located in
the headwaters of the Reno River (inset map, Fig. 9a), which
drains the Cervarola and Macigno units east of Mt. Cimone
(Fig. 1). For the six paired samples from the Ligurian side,
the range of erosion rates is similar and varies from ~ 0.3
to 5.1km Myr~! (Table 4). However, only one sample on the
Ligurian side illustrates an increase in erosion rate, occurring

Solid Earth, 13, 347-365, 2022
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at ~ 3 Ma (Fig. 9d). All other samples illustrate a decrease in
erosion through time, with the shift occurring between ~ 6
and 2 Ma (Fig. 9e).

3.4 Kinematic model

The orogenic wedge model shows how the spatial pattern
of exhumation rates relates to the polarity of accretion and
the pattern of horizontal and vertical motion. Figure 10 il-
lustrates the predicted horizontal velocities, uplift rates, and
material paths through the wedge for the spatially constant
erosion rate setup (SCR) and the spatially variable erosion
rate (VER) setup. Horizontal velocities at the toes of the
wedge are equal to the rate of slab rollback and decrease to
a minimum at the drainage divide between the prowedge and
retrowedge (Fig. 10a). Extension in the retrowedge results in
higher horizontal erosion rates towards the Ligurian coast.

To construct the best-fit model, our goal is to reproduce the
pattern of reset and non-reset thermochronometer ages and
uplift rates from geodetic re-levelling (D’Anastasio et al.,
2006) for the prowedge (0.5-1kmMyr—!) and retrowedge
(—0.15-0.12km Myr—"). To this end, we adjust the slab roll-
back rate within the acceptable range for our field area (6—
20km Ma~!), and the AHe erosion rates within the range of
values calculated from Gt peatfiow (0.17-1.9 km Myr_l) (Ta-
ble S5). Since ZHe samples are only reset near the Apuan
Alps, an acceptable model should have ZHe cooling ages
that are > 10 Ma across the orogenic wedge, whereas AFT
and AHe samples should be reset across the wedge. Increas-
ing the erosion rates within the kinematic model produces
younger cooling ages. Increasing the rate of slab rollback in-
creases the horizontal component of motion for rock particles
and produces particle paths with shallower maximum burial
depths.

For the SCR setup, we ran the model with a single, orogen-
wide erosion rate varying between 0.17 and 1.9 km Myr~!,
which are values consistent with the range of AHe-derived
erosion rates for the Adriatic side of the orogen. The best-
fit model for the SCR scenario incorporates an orogen-wide
erosion rate (e, =e;) =0.4km Ma~! and a slab rollback
rate (Vp) = 9kmMyr~!. In this scenario, horizontal veloc-
ities decrease to a minimum of 2.8 km Myr~! at the drainage
divide (Fig. 10a). Uplift rates on the prowedge vary from
0.49 to 0.7kmMyr~!, and from 0 to 0.26 km Myr~! on the
retrowedge (Fig. 10b). Predicted reset cooling ages across the
orogen for AHe samples (triangles) vary from 4.0 to 5.9 Ma,
from 5.9 to 9.6 Ma for AFT samples (diamonds), and from
9.1 to 12.9 Ma for ZHe samples (circles) (Fig. 11a, c¢). Max-
imum burial depth increases almost linearly across the oro-
genic wedge, ranging from 1.9 to 2.7km on the prowedge
and from 3.2 to 6.0 km on the retrowedge (Fig. 11b).

For the VER setup, we prescribed a slab rollback
rate (Vp) = 10kmMyr~!, a prowedge erosion rate (ep =
0.6kmMyr~!), and a retrowedge erosion rate (e; =
0.3kmMyr~!). Horizontal velocities decrease to a mini-
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Table 3. Peak ages with standard error and size of major peaks (%).
Sample Sampling site Peak age (Ma) 10 and size of major peaks
Vara Piana Battolla 59 +14/-1.1 (35 %) 13 +1.0/—-09 (65%) | 1453 +57.3/—41.2 (1%)
Magra2  Pontremoli 52 +40.5/-0.5 (79%) | 13.4 +2.0/—-18 (21%)
Magral  Isola 51 +1.7/-13 (28 %) 8.2 +0.8/—-0.7 (60 %) 12.3 +13.5/—-64 (12%)
Serchio  Piazza al Serchio | 7.5 40.5/—0.5 93%) | 183 +103/—-6.6  (6%) 99.2  +286.5/—74.1 (1%)
Lima2 Cutigliano 6.1 +0.5/—-04 (93%) | 174 +7.0/-50 (7%)
Limal Borgo a Mozzano | 54 +0.6/—0.6 (100 %)
Bisenzio  Vaiano 53 +0.5/-0.5 90%) | 29.4 +7.5/—-6.0 (10%)
Pescia Pietrabuona 80 +40.5/-0.5 92%) | 24.5 +5.8/—4.7 (T%) | 111.1 +78.8/ —46.3 (1%)

mum of 2.9 km Myr~! at the drainage divide (Fig. 10d). Pre-
dicted uplift rates on the prowedge are 0.70-0.93 km Myr—!,
and uplift rates on the retrowedge are —0.20-0.15 km Myr~!
(Fig. 10e). Predicted reset cooling ages range from 3.5 to
5.5Ma for AHe samples, from 5.6 to 7.6 Ma for AFT sam-
ples, and from 10.8 to 11.6 Ma for ZHe samples. For sam-
ples that reach the surface on the prowedge side of the range,
predicted reset cooling ages decrease towards the primary
drainage divide. On the retrowedge, ages initially increase
away from the divide but young slightly at the model bound-
ary (Fig. 11d). Maximum burial depth for reset particles
increases almost linearly along the prowedge (2.0—4.1km)
up to a kink at the drainage divide, which reflects the shift
towards a shallower slope, where maximum burial depths
along the retrowedge range from 4.6 to 6.8 km (Fig. 11e).

4 Discussion
4.1 Detrital versus bedrock ages

Previous studies place the onset of exhumation between 8
and 14 Ma (Balestrieri et al., 1996; Ventura et al., 2001), so it
is not clear whether the 12—13 Ma old population in the Vara
and Magra samples represent partially or completely reset
cooling ages. However, these ages are consistent with high-
elevation samples west of the Vara catchment that record
slow cooling prior to 8 Ma. The 8.2 Ma age peak is present in
the Magral sample, which drains the extensional intermon-
tane basin within the catchment, but is absent in the Magra2
sample, which drains only small tributaries upstream of the
basin (Fig. 3b). Thus, the peak at 8.2Ma in Magral likely
reflects exhumation ages of the nearby Macigno Unit, which
would have been eroded and redeposited into the Pliocene
basins (Balestrieri, 2000; Fellin et al., 2007). The pulse of
exhumation in the Northern Apennines between 6 and 4 Ma,
when most of the Northern Apennines became sub-aerially
exposed (Zattin et al., 2002; Balestrieri et al., 2003; Fellin et
al., 2007), is consistent with the youngest peaks shown in the
Vara, Magra, Lima, and Bisenzio rivers.

The pattern of detrital AFT ages on the Ligurian and Adri-
atic sides (Malusa and Balestrieri, 2012) is consistent with
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the pattern of bedrock AFT ages, which illustrate younging
exhumation ages towards the NE, regardless of whether cool-
ing ages are corrected or uncorrected for topography (Fig. 2).
Overall, we find consistent results between the detrital AFT
and bedrock AFT ages, reinforcing that the reset detrital ages
illustrate a true exhumation signal, rather than an artefact
of the technique. Fertility analysis of sediment from sam-
pled Adriatic catchments also confirms that the detrital sam-
ples are representative of the eroded bedrock (Malusa et al.,
2016a), in the absence of hydraulic sorting effects. Since the
Ligurian catchments sampled in this study generally expose
the same lithologies as the Adriatic catchments studied by
Malusa et al. (2016a), this suggests that detrital samples on
the Ligurian side are also representative of eroded bedrock.

4.2 Inferred erosion rate and relationship to the
geothermal gradient

One of the parameters specified for the AGE2EDOT inver-
sion is the onset time for erosion. An erosional unconformity
(ca. 18 Ma) is recorded in the epi-Ligurian deposits, which
has been attributed to a phase of major thrusting and sea level
oscillations (Papani et al., 1987). This unconformity is suc-
ceeded by shelf deposits that record an overall shallowing
trend in the epi-Ligurian basins and is thus not related to the
emergence of the entire Apennine wedge, which is the time
period in Apenninic history that we are modelling. In fact,
stratigraphic and petrographic data indicate that the North-
ern Apennines increasingly provided detrital sediment to the
foredeep through the middle-late Miocene, while the wedge
was still submerged (Valloni et al., 2002). The first impor-
tant clastic supply from the Northern Apennines dates to the
Serravallian at ~ 12 Ma (Caprara et al., 1985). Thus, in our
erosion rate analysis, we used an onset time of 10Ma as a
reflection of the onset of heat advection due to erosion.

In the Northern Apennines, an erosion onset age of 10 Ma
for the erosion rate analysis is a reasonable assumption for
all samples from Cenozoic foredeep units with depositional
ages far older than 10 Ma. For the Cenozoic foredeep units
that were deposited in the middle—late Miocene, this assump-
tion may not hold. Among the dated rocks compiled here, the
youngest ones are the foredeep sediments of the Marnoso—
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Arenacea Unit, which has a depositional age as young as
late Miocene. However, in most cases, reset ages from the
Marnoso—Arenacea Unit are from areas that have deposi-
tional ages significantly older than 10 Ma. Given that accre-
tion in the Northern Apennines occurs very shortly after de-
position (e.g. Zattin et al., 2002), it is likely that accretion
and erosion started close to 10 Ma, even for the youngest re-
set Marnoso—Arenacea samples. Assuming a later onset of
erosion, for instance 8§ Ma, would result in a slightly higher
erosion rate. Finally, we note that using an erosion onset age
of 14 Ma would not change the pattern of exhumation but
would proportionally decrease all erosion rates in the North-
ern Apennines in response to a longer period of erosion. With
regard to the detrital AFT samples, as we incorporate only
the youngest population age from each sample, the 13 Ma
age population of samples 1 to 3 would have no effect on the
erosion rate calculations, even if we used an erosion onset at
14 Ma.

The geothermal gradient is the most important external pa-
rameter for converting cooling ages into erosion rates (Wil-
lett and Brandon, 2013). The two major studies of regional
heat flow (della Vedova et al., 2001 and Pauselli et al., 2019)
show large variations in heat flow across the region but are
also internally inconsistent by up to 50 mW m~2 in the re-
gions where they overlap. It is thus unclear how much of the
spatial variability is real or how much is due to local effects
or local errors in heat flow measurements, a large source of
uncertainty for the geothermal gradients and, ultimately, the
erosion rates. To address this uncertainty, we took two ap-
proaches. First, we assumed that the initial geothermal gra-
dient in the region was uniform and all variations in the mod-
ern geothermal gradient are due to advection in response to
erosion. Second, we constrained the thermal model to be con-
sistent with the modern heat flow measurements and inferred
an initial geothermal gradient that was spatially variable.

The uncertainties in the modern heat flow measurements
are evident in the erosion rate analysis, particularly when
comparing the range of Go_neatflow inferred from Gt peatfiow
inputs that are calculated with heat flow measurements
(Fig. 6a, d). However, it is unclear whether the large range
of G heatflow values represents how the geothermal gradi-
ent may have varied in either space or time at the onset
of erosion. As the Northern Apennines evolved, sediments
were accreted to the accretionary wedge shortly after be-
ing deposited in a subsiding foreland basin, whose modern
equivalents are the Po Plain and the Adriatic Sea. There,
modern heat flow values are generally low (< 50 mW m~2)
(della Vedova et al., 2001), although with significant spatial
variations (Pauselli et al., 2019), indicating that the present
geothermal gradients in the foreland should be not higher
than about 30 °C km~!. Given the uncertainties in the mod-
ern heat flow measurements, the erosion analysis approach
based on a common Gy _»5 can be considered a viable alter-
native to the approach based on an input Gt _peatflow-
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The erosion rates resulting from these two analyses differ
significantly: erosion rates from one analysis are a factor of 2
different from the alternate analysis (Fig. 6). However, the
two sets of results projected along swath profiles from SW
to NE show little difference in their spatial patterns across
the main Apenninic divide (Fig. 8). The main differences
are that the erosion rates derived from G peatfiow Vary over a
larger and higher range than those derived from G¢ »5, and
the maximum rates are higher from Gt pearfiow. In particular,
the youngest detrital age populations give much larger rates
on the Adriatic side than on the Ligurian side with the anal-
ysis based on Gt peatflow- These observations suggest that the
erosion rates derived from G( 25 may be more conservative
estimates overall. However, the most important observation
for the scope of this contribution remains that the large-scale
spatial pattern of erosion rates along the swath profile does
not change with the employed analysis method.

4.3 Erosion rate patterns

Bedrock cooling ages on the Ligurian side of the Northern
Apennines generally vary between 4 and 10 Ma (Fig. 7a, b),
with only a few ages younger than 4 Ma. On the Adriatic side,
bedrock cooling ages younger than 4 Ma are a large com-
ponent of the age distributions, especially among the AHe
ages (Fig. 7d). Similarly, the youngest populations for de-
trital AFT samples on the Ligurian side are nearly all older
than the youngest detrital AFT populations on the Adriatic
side (Fig. 7a, c).

Erosion rates derived from both bedrock and detrital ther-
mochronometric ages suggest a difference between the Lig-
urian and Adriatic sides that is valid at the regional scale,
regardless of the method used for constraining the geother-
mal gradients. An exception to this general pattern may be
the Apuan Alps massif, which represents a structural cul-
mination exposing a deep section and where high exhuma-
tion rates from the latest Miocene to the present likely re-
flect post-orogenic processes of crustal thinning (Fellin et al.,
2007; Molli et al., 2018). On the Ligurian side, erosion rates
derived from bedrock AFT ages (Fig. 7e) tend to be higher
than erosion rates obtained from bedrock AHe ages (Fig. 7f)
reflecting a regional decrease in erosion rate. This is partic-
ularly evident in the region east of the Apuan Alps, at the
main drainage divide north of Florence and in the Val d’ Arno
(Figs. 1 and 2). In contrast, on the Adriatic side, erosion rates
derived from AHe ages (Fig. 7h) tend to be higher than ero-
sion rates obtained from AFT ages (Fig. 7g) and suggest an
increase in erosion rate over the last 5 Myr.

Paired thermochronometers on the same sample (as, for
instance, AFT and AHe) or AETs also indicate temporal
changes in erosion rate. The majority of the paired-age sam-
ples (12) from the Adriatic side illustrate an increase in ero-
sion rate through time (Fig. 9b), although 10 of these sam-
ples illustrate a decrease in erosion through time (Fig. 9¢). Of
these 10 samples, 7 are from one region of the upper Reno
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River Valley (Fig. 9a). The headwaters of the Reno River Val-
ley extend farther south than the adjacent basins of the Ser-
chio River and Bisenzio River, which flow to the Ligurian
Sea (Fig. 3a). Interestingly, the exhumation rates from the
upper Reno River are similar to rates from the Serchio River,
suggesting that the upper Reno River presents an erosion rate
signal akin to Ligurian rivers, rather than to Adriatic rivers,
and are thus resolving a consistent pattern of erosion rate in
space, but not restricted to catchment boundaries. We also
note that modern erosion rates from cosmogenic nuclide con-
centrations in the upper Reno tributaries are at least a factor
of 3 lower than rates for the entire basin (Cyr et al., 2010),
suggesting that the trend of lower erosion rates in this area
has continued to the present.

Paired ages from the Ligurian side show the opposite
trend. With the exception of one sample (C34) (Fig. 9d) lo-
cated within the Magra2 catchment area (Fig. 3a), all other
samples consistently illustrate a decrease in erosion rate
through time (Fig. 9¢). Thus, the results from the paired ther-
mochronometer ages on the Adriatic and Ligurian sides of
the orogen confirm the regional trends observed from the
simple erosion rate analysis method.

The results from our paired-age analysis can also be dis-
cussed in the context of the AET's from Mt. Falterona, Mt. Ci-
mone, and Val d’Arno (see Fig. 1 for locations). Between 4
and 2Ma, these AETs have previously been interpreted to
reflect an orogen-wide increase in exhumation and erosion
rates, although there are notable differences between the re-
sults from the profiles on the Adriatic side (Mt. Falterona and
Mt. Cimone) and on the Ligurian side (Val d’Arno) (Thom-
son et al., 2010). The Mt. Falterona and Cimone AETsSs il-
lustrate a 2-fold increase in erosion rates between 4 and
5Ma, from 0.29+0.1 to 0.58 £0.23 kmMyr’1 and from
0.2240.09 to 0.5840.16km Myr~!, respectively (Thom-
son et al., 2010). Excluding the samples from the upper Reno
River Valley that illustrate a decrease in erosion rate through
time, our paired-age analysis reflects erosion rates that in-
crease from 0.68 £ 0.42 to 1.31 +0.70km Myr~!, given lo
uncertainties. Our average erosion rates are higher than the
average erosion rates calculated for the Mt. Falterona and
Cimone AETs, although, given the high uncertainties in our
values, they are within the range of the AETs.

The results from the Val d’Arno AET are less straightfor-
ward, due to the fact that some samples illustrate a decrease
in erosion rate through time, while others illustrate an in-
crease in erosion rate through time. When corrected for to-
pographic and advection effects, this AET shows a negative
slope that was previously interpreted to reflect post-cooling
tilting of the footwall block of an extensional fault (Thomson
et al., 2010). On the Ligurian side, cooling ages and erosion
rates vary locally as a function of elevation and of fault ac-
tivity, and extensional faults can control differences in the
exhumation pattern. However, in light of our results from the
simple analysis of erosion rates and the paired ages, this neg-
ative slope could also be interpreted as a decrease in erosion
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rates and thus would reflect a regional signal rather than local
tectonics. We infer that such regional-scale differences must
be controlled by first-order features of the Northern Apen-
nines. In order to address the question of what could control
such differences, we compare two different kinematic mod-
els for the Northern Apennine orogenic wedge.

4.4 Kinematic model

The orogenic wedge kinematic models illustrate differences
in cooling ages, maximum burial temperatures, and material
paths across the Northern Apennine wedge, assuming sim-
ple continuum accretion and mass balance (Fig. 11). Since
we constrain the range of possible prowedge and retrowedge
erosional velocities from AHe erosion rates, the kinematic
model can be assumed to reflect the more recent < 5Ma
evolution of the Northern Apennines, when the Northern
Apennines experienced major uplift and erosional exhuma-
tion (i.e. early Pliocene). Using a spatially constant erosion
rate across the orogenic wedge (SCR) predicts that reset ages
decrease from northeast to southwest and are youngest on
the retrowedge model boundary. While this pattern is consis-
tent with observed ZHe ages that are reset only near the Lig-
urian coastline, the SCR model cannot recreate the pattern of
older observed AFT and AHe cooling ages on the retrowedge
(Fig. 7a—d). In contrast, the VER setup predicts minimum re-
set ages near the drainage divide and maximum reset ages
on the retrowedge, close to the model boundary. The VER
model does not predict any ZHe reset ages, although the
pattern of predicted AFT and AHe cooling ages is consis-
tent with the pattern of observed cooling ages, which are
youngest near the drainage divide in the core of the North-
ern Apennines (Fig. 2).

Slab rollback rates vary over an order of magnitude in the
Northern Apennines (6-20 km Myr~!). Higher values of slab
rollback can reproduce the pattern of cooling ages across
the Northern Apennines, although predicted maximum burial
depths decrease with higher slab rollback rates. Vitrinite re-
flectance (VR) data provide an additional estimate for max-
imum palaeotemperatures and burial depth and thus, an ad-
ditional calibration of the kinematic model. In the Northern
Apennines, Ro values reach 5.1 % at the Ligurian coastline
along the Mt. Gottero swath profile (Fig. 2a). With the excep-
tion of this profile, maximum VR values are generally within
the range of 1.5 %-2.5 % for the Mt. Cimone, Bologna, and
Val d’Arno profiles (Fig. 2b, d). Maximum palaeotempera-
tures from VR are estimated at 200-250°C in the core of
the range and along the Ligurian coastline in the northwest
(Fellin et al., 2007), whereas palaeotemperatures are 150—
190°C in the Cervarola Unit (VR of 1.0-1.7 %) and 100-
110°C in the Ligurian Unit (VR of 0.5-0.6 %) (Ventura et
al., 2001; Botti et al., 2004). Maximum palaeotemperatures
should correspond to maximum burial depths; thus, we ex-
pect to find the maximum burial depths along the Ligurian
coastline and near the drainage divide in the Cervarola Unit.

Solid Earth, 13, 347-365, 2022

Both the SCR and VER models predict maximum burial
depths near the Ligurian coastline, consistent with the trends
observed in the Mt. Gottero and Val d’ Arno profile. Near the
drainage divide on the prowedge, predicted maximum burial
depths are 2.9 km for the SCR model and 4.1 km for the VER
model.

We can estimate maximum burial depths at the drainage
divide, given the generalized relationship between Ro and
burial depth (Suggate, 1998), VR values, and a modern
geothermal gradient. To estimate the modern geothermal gra-
dient at the drainage divide, we use Gt heatflow rates from
the simple erosion analysis for AHe samples in the Cer-
varola Unit (Table S5). Given these parameters, we esti-
mate maximum burial depths in the range of 4.0-5.5 km near
the drainage divide, consistent with the predicted maximum
burial depth for the VER model. Collectively, our erosion
rate analysis and kinematic model illustrate that the east-
to-west particle trajectories, combined with lower erosion
rates on the retrowedge by a factor of 2, are consistent with
the spatial pattern of cooling ages and maximum palaeotem-
peratures estimated from both vitrinite reflectance and ther-
mochronometric data.

The particle paths in the VER kinematic model, combined
with the lower erosion rates in the retrowedge, suggest an
explanation for the apparent decrease in erosion rates with
time on the Ligurian side of the Apennines. As rocks are ad-
vected from prowedge to retrowedge, the vertical component
of their motion decreases (Fig. 10f). Particle paths where the
AFT cooling age is set in the prowedge, but where the AHe
cooling age is set in the retrowedge, will record this change
as a temporal deceleration of cooling rate. However, rather
than representing a change in surface erosion rate, the change
in cooling rate reflects the motion of the rock from the fast
erosion rate prowedge into the low erosion rate retrowedge.
The fact that the decelerating sites are all found to the south-
west, regardless of drainage basin (inset, Fig. 8c), supports
the idea that this is a tectonically controlled spatial pattern.

The acceleration of exhumation observed in the prowedge
is not explained by the kinematic model. The acceleration of
exhumation may be related to a change in the timing or rate
of slab rollback, which has varied along strike and across
the orogen (Faccenna et al.,, 2014; Rosenbaum and Piana
Agostinetti, 2015) and is a first-order tectonic control on ex-
humation and erosion (Thomson et al., 2010). We allow for
a range of rollback rates that are consistent with rates for
the field area, although the kinematic model is not able to
resolve variability in rollback rates in either space or time,
nor can it resolve how rotation or motion external to the
wedge (e.g. lateral translation of the Adriatic slab relative
to the Apennine wedge) would alter the flux or orientation
of material entering the wedge. Alternatively, the apparent
increase in exhumation rate might be explained by spatial
changes in tectonic uplift and an associated increase in ero-
sion rate, although there is no strong evidence for this in
the spatial pattern of ages or in the geomorphology, which
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should show higher uplift rates in the range interior. In con-
trast, the highest uplift rates are more often observed at the
mountain front (Picotti and Pazzaglia, 2008). It is more likely
that this is a true temporal increase in erosion rate, which
could be associated with an increase in accretionary flux as
the mountain front advanced into the Alpine sediments of
the Adriatic foreland. The foreland basin fill thickened as
Miocene alpine sediments filled the foredeep and again in
the Quaternary as glacial sediments filled the Po Plain and
parts of the Adriatic Sea. The increase in accretionary flux
would lead to an increase in wedge size and in erosion rate,
processes that our kinematic model does not include. The
increase in erosion rate could also be associated with a di-
rect, externally driven increase in surface erosion rate asso-
ciated with Quaternary climate change. Although the Apen-
nines were not significantly affected by alpine glaciation, the
cooling and strong cyclicity of the Quaternary climate may
have led to an increase in erosion rate through the efficiency
of periglacial processes and hillslope processes such as land-
sliding (Amorosi et al., 1996; Borgatti and Soldati, 2010; Si-
moni et al., 2013; Wegmann and Pazzaglia, 2009).

5 Conclusions

We present evidence from multiple thermochronometers that
the spatial and temporal patterns of erosion rates in the
Northern Apennine orogen differ at the regional scale. New
detrital AFT cooling ages from the Ligurian side of the oro-
gen are similar to AFT bedrock cooling ages from the Lig-
urian side, illustrating that the detrital ages reflect a true
exhumation signal across the Northern Apennines. Time-
averaged erosion rates from individual thermochronometers
predict faster erosion rates derived from AHe ages on the
Adriatic side relative to the Ligurian side. These results are
consistent with erosion rates derived from paired AFT-AHe
thermochronometer samples, which illustrate an increase in
erosion rates through time on the Adriatic side, but a decrease
in erosion rates through time on the Ligurian side. The pat-
tern of erosion rates, observed maximum burial depths, and
modern uplift rates across the orogen can be replicated with
a kinematic model for an asymmetric orogen that includes
both frontal accretion and underplating modes of crustal ac-
cretion, a slab rollback rate of 10km Myr~!, and prowedge
erosion rates that are a factor of 2 higher than retrowedge
erosion rates. This model suggests that observed decelera-
tions on the retrowedge are the result of the spatial advec-
tion of rock to the SW, although the observed acceleration of
erosion rates on the prowedge requires external forcing, ei-
ther through an increase in accretionary flux or through more
erosive conditions linked to climate change.
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