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Abstract

Application of different thermochronological methods to two areas of pronounced relief (Apuane Alps and Mt. Falterona ) of the

Northern Apennines chain documents an average exhumation rate of about 0:7 mm=yr: This result suggests that the general

exhumation of the chain is driven mainly by erosion. Nevertheless, the long-term exhumation trend seems to be perturbed by short-

term events at higher exhumation rates. The time of increased exhumation rates coincides with onset of intramontane sedimentation,

documenting a contribution of tectonics (local normal faulting?) to the surface uplift. The data indicate an eastward shifting of the

onset of topographic relief, Early Pliocene in the Apuane Alps and Early Pleistocene in the Mt. Falterona area.

r 2002 Elsevier Science Ltd and INQUA. All rights reserved.

1. Introduction

The relationship between late orogenic extension and
relief evolution have been studied in several orogenic
belts, but no univocal models have been provided, owing
to the different geodynamic scenarios and lithospheric
configurations (e.g. Basin and Range and Western
Greece: Leeder and Jackson (1993), Tibet: Masek et al.
(1994), Apennines and Tyrrhenian Sea: D’Agostino et al.
(2001)). The eastward propagation of normal faulting in
the Northern Apennines is well established (Elter et al.,
1975; Bartole, 1995; Cavinato and De Celles, 1999)
following the Late Neogene retreat of the lower
(Adriatic) plate (Malinverno and Ryan, 1986; Royden,
1993). This history has been reconstructed essentially
using the record of the sedimentary infilling of the
normal fault bounded basins (Bartolini, 2003; for a
review see Martini et al., 2001). Reconstructing the relief
evolution in terms of uplift requires a more integrated
approach, where surface processes can be linked with
the exhumation of rocks derived by low-temperature
thermochronological data. In this way, a quantification
of the long-term trends in surface uplift and erosion can
be provided, with basin stratigraphy providing indepen-
dent time constraints and further paleogeographic
information.

Low-temperature thermochronological systems are
ideally suited for reconstructing thermal histories of
rocks in the uppermost part of the crust because they
record time and rates of cooling related to exhumation.
Presently, a rather extensive apatite fission-track (AFT)
database exists across the Apennine chain (Abbate et al.,
1994, 1999), giving information about the times and the
rates at which rocks cooled below the 1101C isotherm.
In this work, we combine pre-existing AFT data with
new zircon fission-track (ZFT) and U–Th/He analyses
on apatite (AHe) and zircon (ZHe) to investigate a range
of temperatures from ca. 2401C to 701C: In order to
assess the relationships between exhumation and surface
uplift these methods have been applied on samples from
two areas of pronounced relief, the Apuane Alps and
Mt. Falterona. The data are integrated with information
gained from the sedimentary record of adjacent basins.
The reconstructed uplift history will allow a better
comprehension of the geomorphic equilibrium state of
the Apennine orogen, in response to changes in wedge
dynamics, but also in erosional rates.

2. Calculating exhumation rates from

thermochronometric data

The terms ‘‘uplift’’ and ‘‘exhumation’’ have been used
rather indiscriminately in the past literature. England*Corresponding author.
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and Molnar (1990) pointed to the importance of a clear
distinction for a more rigorous treatment of these
processes. They defined ‘‘surface uplift’’ as the displace-
ment of Earth’s surface with respect to the geoid;
‘‘exhumation’’ as the displacement of rocks with respect
to the surface. The sum of the rates of the first two
processes gives the rate of ‘‘rock uplift’’ that is the
displacement of rocks with respect to the geoid.
Thermal histories constrained through radiometric

systems allowed the exhumation rate to be estimated,
but only when certain assumptions are valid, such as the
negligible effect of relevant topographic differences
(St .uwe et al., 1994) and steady-state isotherms during
exhumation (Mancktelow and Grasemann, 1997). In
our study areas the first effect can be neglected because
of the small wavelength of topography. The second
effect has been considered by Brandon et al. (1998), who
demonstrated that advection of the isotherms only
becomes significant when exhumation rates exceed
1 mm=yr: In these cases, apparent exhumation rates
obtained with thermochronological methods can over-
estimate the real rates.
Two different methods can be used to calculate

exhumation rates from mineral cooling ages: (1) the
mineral pair method, which uses one rock sample
with two (or more) different mineral cooling ages;
and (2) the altitude-dependence method, in which
analyses are performed on two (or more) samples from
different altitudes using the same dating method. In
method (1), the assumption of a given value for the
geothermal gradient is necessary. This assumption is not
required for method (2), but no important tectonic
displacement along the vertical profile should have
occurred during or after exhumation. If the age of
faulting is younger than the youngest isotopic age, then
the entire layer of crust now exposed along the vertical
profile must have already cooled below the closure
temperature (‘‘isotopically closed layer’’; Batt, 2001)
before the tectonic activity resulting in disruption of the
linear relationship between altitude and age. In this
work, both the methods have been used with four
different chronometers: ZFT, ZHe, AFT and AHe. For
our analysis of cooling ages, we use the closure
temperature data from Brandon et al. (1998) for AFT
and ZFT, Farley (2000) for AHe and Reiners et al.
(2002) for ZHe. In order to simplify the analysis, we use
a geothermal gradient based on a pre-erosional gradient
of 251C=km (Pasquale et al., 1997) and 101C of surface
temperature. We then iterate to find a best fit average
erosion rate from all of our data, which results to be
0:7 mm=yr: Calculation is outlined in Brandon et al.
(1998) and accounts for the advection of isotherms due
to erosion and the influence of cooling rate on closure
temperature. The resulting closure temperatures are
771C for AHe, 1151C for AFT, 1961C for ZHe and
2411C for ZFT.

2.1. Apuane Alps

The Apuane Alps and Mt. Pisani (Fig. 1) form a ridge
parallel to the Tyrrhenian Sea. In this area, the
lowermost tectonic units of the Northern Apennines
nappe pile are exposed (the metamorphic Tuscan
succession and its Paleozoic basement). In the pre-
exhumation configuration, these metamorphic units
were overlain by non-metamorphic Mesozoic to Ter-
tiary Tuscan successions and by the Ligurian unit, the
uppermost tectonic unit of the Northern Apennines
(Carmignani and Kligfield, 1990). Here only the
mineral-pair method has been applied. AHe data are not
available, but the thermal history has been extended to
higher temperatures using ZHe and ZFT data (Table 1).
A mean exhumation path has been calculated for two
samples of the crystalline basement and one for a sample
from the Pseudomacigno (top of the Tuscan meta-
morphic unit) (Fig. 2). All the three samples show the
same ZFT age of about 11 Ma; suggesting that
juxtaposition between the basement and its cover had
already occurred by this time. Subsequently, all three
samples shared a similar cooling path. Between about
11 Ma and about 6 Ma; the cooling rate was between
101C=Myr and 161C=Myr which correspond to exhu-
mation rates of 0.4–0:6 mm=yr: Between 6 and 4 Ma;
cooling rates increased to between 381C=Myr and
551C=Myr equivalent to an exhumation rate of 1.3–
1:8 mm=yr: Such an increase of the geothermal gradient
from the Messinian onwards is consistent with the onset
of the Tuscan geothermal anomaly. The last part of the
thermal path is not well constrained due to lack of AHe
data, but the average exhumation rate is between 0.6
and 0:9 mm=yr:

2.2. Mt. Falterona

Mt. Falterona, consisting of Miocene foredeep
deposits, is located along the present drainage divide
(Fig. 1). The reconstructed pre-exhumation configura-
tion shows a thick cover of overlying Ligurian unit
which was eroded in the last 5 Myr (Zattin et al., 2000).
Five samples have been collected from the top of Mt.

Falterona and along its western flank and dated with
AFT (Zattin et al., in press) and AHe methods (Table 2).
Assuming a geothermal gradient of 201C=km (Pasquale
et al., 1997), a mean exhumation rate of 0:9 mm=yr was
calculated from the differences between the AFT and
AHe ages obtained from the same samples (AP45,
mineral-pair method; Fig. 3).
In an altitude–age diagram (Fig. 4), the regression line

for the AFT ages has a poor fit, because of the large
analytical error and the effects of post-cooling tectonics
that likely disrupted the vertical profile. The regression
line between AHe ages gives a reliable value of
exhumation rate of 0:7 mm=yr (line A in Fig. 4).
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Although the value is coherent with the rate calculated
with the mineral-pair method, the effects of post-
exhumation tectonics must be considered. An important
extensional fault, interrupting the AHe cooling trend
exists between the two lowermost samples. This fault
was active in the last two million years, as part of the
normal fault system responsible of formation of the
Pleistocene intramontane basins. Therefore, a more
reliable AHe regression line can be determined excluding
the lowermost sample giving a revised rate of exhuma-
tion of 0:6 mm=yr (line B in Fig. 4). In fact, the post-

cooling displacement of this extensional fault can be
calculated from projection of the lowermost sample
onto the regression line (see Fig. 4), implying an offset of
ca. 540 m:

3. Combining thermochronometric and regional

geological data

In order to investigate the relationships between
exhumation, surface uplift and rock uplift, exhumation

Fig. 1. Schematic geologic map of Northern Apennines. AP: Apuane Alps; MF: Mt. Falterona; MP: Monti Pisani; Sa: Sarzana basin; AO: Aulla-

Olivola basin; S: Serchio basin; M: Mugello basin; C: Casentino basin.

Table 1

ZFT data

Sample Elevation No. of rd Nd rs Ns ri Ni Age �2SE þ2SE Pðw2Þ
(m) grains (Ma) (%)

G3 170 10 2:858Eþ 05 3180 1:72Eþ 06 171 8:14Eþ 06 809 10.1 1.6 1.8 98.9

CIP3 650 10 2:825Eþ 05 3143 1:38Eþ 06 132 6:04Eþ 06 577 10.8 1.9 2.3 67.5

AR2 840 10 2:813Eþ 05 3130 2:25Eþ 06 212 9:95Eþ 06 937 10.6 1.5 1.7 14.8

Note: All samples were dated with the external detector method for fission-track dating by M. Bernet. Zircon grains were mounted in 2� 2 cm2

squares of FEP TeflonTM: During polishing, each mount was first cut with 800 grit wet sandpaper, and then polished successively on 9 and 1 mm
diamond paste. All mounts were etched in a eutectic NaOH–KOH mixture at exactly 2281C: After etching, mounts were covered with a low-uranium
mica detector, and irradiated with thermal neutrons at Oregon State University with a normal fluence of 2� 1015 n=cm2; along with zircon age

standards (Buluk Tuff and Fish Canyon Tuff) and a reference glass dosimeter CN-5. Samples were counted at 1250� dry (100� objective; 1.25 tube
factor, 10 oculars) using a zeta (CN-5) of 334:2273:40 (71 SE; MB). rd is the effective track density for the fluence monitor ðtracks=cm

2Þ and Nd is

the number of tracks in the fluence monitor. rs is the spontaneous track density in the grain and Ns the number of spontaneous tracks ðtracks=cm2Þ:
ri is the induced track density in the external detector and Ni the number of induced tracks ðtracks=cm2Þ: PðC2Þ is the probability of obtaining C2

value (Galbraith, 1981)
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rates derived from thermochronological data can be
integrated with information on the evolution of the
topographic relief. Sedimentation in adjacent continen-
tal basins is a discontinuous archive of the topographic
evolution of the adjacent ridges. In the basins bordering
the Apuane (Sarzana, Aulla-Olivola, Serchio) and
Falterona ridges (Casentino-Mugello) (see Fig. 1), the
stratigraphy shows an initial discontinuous coarse-
grained unit, followed by a more widespread and thicker
fine-grained lacustrine unit, possibly bordered by fan
deltas (Cavinato and De Celles, 1999). The uppermost
unit consists of unconformable coarse-grained alluvial
deposits (Calistri, 1974; Benvenuti, 1997). We interpret
this succession as the record of the inception, growth
and final infilling of the basins. Such an evolution
corresponds to the onset of surface uplift, dated by the
first deposits (minimum age), and continuous growth of

the adjacent ridges. However, we envisage a prevalent
role of climate in controlling the timing of the abrupt
facies changes. Most of the fine-grained lacustrine
deposits occur in the Early Pliocene (Aulla-Olivola)
and Early Pleistocene (Mugello), periods characterized
by equable humid climate and low seasonality (Suc,
1984; Pasini and Colalongo, 1997). The transition to the
overlying coarse-grained alluvial deposits is sharp and
erosive. It likely documents an abrupt climatic change
towards a cooler climate, characterized by enhanced
variability, strong seasonality and even glaciations, as
documented for the Middle–Late Pliocene and the
Middle–Late Pleistocene by Suc (1984). As a conclusion,
the deposition of the topmost alluvial unit documents an
already existing topography, whereas the timing of its
deposition is controlled by a climatic transition con-
ducive to mechanical erosion.
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Table 2

U–Th/He zircon and apatite data

Sample Elevation mineral FTn Age72s U (ppm) Th (ppm)

(m) (Ma)

Apuane Alps

AR2A 840 Zircon 0.75 7:4270:59 619.8 249.4

CIP3A 650 Zircon 0.70 4:9870:40 165.0 57.1

G3A 170 Zircon 0.83 5:7070:46 91.9 36.8

Mt. Falterona

Ap43A 515 Apatite 0.61 2:7270:16 31.6 61.2

Ap44A 725 Apatite 0.80 2:4570:15 29.3 54.6

Ap45A 940 Apatite 0.70 2:5970:16 32.7 67.5

Ap47A 1365 Apatite 0.76 2:8170:17 28.8 50.5

Ap48A 1655 Apatite 0.74 3:8170:23 30.7 41.5

Note: All samples were analyzed by P. Reiners. FTn is fraction of alphas retained; U, Th: Uranium and Thorium contents.
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3.1. Apuane Alps

We have no geological constraints regarding the relief
in the Apuane Alps in the 11-6 Ma interval. If no
surface uplift is presumed, then the total rock uplift rate
must equal the exhumation rate (0.4–0:6 mm=yr). The
first record of the existence of relief is documented by

Early Pliocene (Ruscinian) lacustrine sediments in
the Aulla-Olivola basin, northwest of the Apuane
Alps (Bertoldi, 1988). At the end of Early Pliocene
(Early Villafranchian), a lake developed in the tectonic
depression of the Serchio basin, east of the Apuane
Alps (Calistri, 1974). Our data indicate that the rock
uplift rate must have been at least 1.3–1:8 mm=yr
(i.e. Xexhumation rate) to allow for surface uplift
between 6 and 4 Ma: It may be possible that
this estimate is higher than the real rate due to
advection of isotherms and possible variations in the
closure temperatures. Nevertheless, the increase in
exhumation rates is undeniable. Between ca. 4 Ma to
present, thermochronological data document a decrease
in the exhumation and hence in rock uplift rate,
although a better evaluation is prevented by lack of
AHe data.

3.2. Mt. Falterona

Geological data suggest that little or no topography
was present between 5 and 2 Ma (Benvenuti, 1997).
Therefore, rates of rock uplift and exhumation must
have been nearly equivalent (0.7–0:9 mm=yr; Figs. 3 and
4). Graben deposits in the Casentino and Mugello
basins indicate that some relief was present since at least
1:5 Ma (Benvenuti, 1997). The present topographic
relief results from an increase in the rock uplift rates
to at least 1:7 mm=yr (Fig. 3).
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4. Exhumation processes: the roles of erosion and

tectonics

Between 11 and 6 Ma; the Apuane Alps were
exhumed at a constant rate of about 0.4–0:6 mm=yr;
whilst the Mt. Falterona area was rapidly subsiding,
buried by foreland turbidites and eventually by the
Ligurian unit. Exhumation rates in the Apuane Alps
increased in the Messinian to 1.3–1:8 mm=yr: After the
Early Pliocene, exhumation rates dropped to about
0:7 mm=yr: At this time, the Mt. Falterona started to be
exhumed at a similar rate of 0.7–0:9 mm=yr: From Early
Pleistocene onward, the rock uplift rates increased to
values of more than 1:7 mm=yr; leading to the present
day topography (Fig. 5).
The data indicate that the long-term exhumation of

the chain occurred at an average rate, estimated to be
about 0:7 mm=yr since at least 11 Ma: This value is not
far from the estimated erosion rates for Quaternary
times calculated from the sediment volume deposited in
the Northern Apennines Quaternary foredeep
(0.4–0:5 mm=yr; Bartolini et al., 1996). Interestingly, a
similar value ð0:6 mm=yrÞ was estimated by Hinderer
(2001) for the Quaternary erosion of the Alpine chain.
However, periods of increased exhumation up to
1.7–1:8 mm=yr have been calculated both in the Apuane
Alps and in the Mt. Falterona area. Since these periods
are almost coeval with the appearance of intramontane
deposits in the adjacent basins, we envisage that surface
uplift must also have initiated at those times to allow the
creation of topographic relief. It can be argued that the
estimated exhumation rate of about 0:7 mm=yr could be
considered as a threshold value: higher exhumation/
erosion rates indicate a growing relief produced by an
increase in rock uplift rate (possibly tectonically induced);
at lower rates, erosion balances the rock uplift and the
mean topographic surface approaches a steady elevation.
Climate and above all, lithology are undoubtedly primary
factors in controlling the threshold exhumation value and
any estimate of it should not be generalized.
Thermochronological data show that the acceleration

of the exhumation rates in the Mt. Falterona area took
place about 3 Myr later than the onset of similar
exhumation in the Apuane Alps. The same time gap is
also reflected by extensional tectonic activity, which
started on Tyrrhenian side and then moved towards the
east. Therefore, we propose that local tectonics (in the
form of normal faulting) contributed to the formation of
relief, whereas erosional exhumation driven by deeper
processes dominates over the long-term period.
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