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ABSTRACT

Apatite fission-track (AFT) analyses were
performed on 16 sandstone samples from
a tectonic mélange unit exposed in three
tectonic windows located near the inferred
front of the early Miocene subduction sys-
tem of the Northern Apennines of Italy. The
tectonic windows display a block-on-block
tectonic mélange present under the Ligurian
Units. The mélange is formed by portions
of the upper plate incorporated in the plate
boundary shear zone as a consequence of a
mechanism of frontal tectonic erosion dur-
ing the Aquitanian (early Miocene). AFT and
structural data, together with stratigraphic
constraints, allow the reconstruction of a
complete deformation cycle with a phase of
underthrusting followed by underplating and
early exhumation of the tectonic mélange.
The exhumation, in particular, took place
at ~10-20 km from the original subduction
front. Moreover, the analysis suggests that
multiple faults were active at the same time in
the frontal part of the subduction zone.

INTRODUCTION

The frontal part of a subduction zone forearc
is a particularly active tectonic and sedimen-
tary setting. In the first tens of kilometers from
the deformation front, out-of-sequence thrust-
ing, normal faulting, and mass wasting events
can either coexist or alternate in time. Seismic
imaging and scientific drilling of modern mar-
gins show that these are loci of different tec-
tonic processes (von Huene and Scholl, 1991;
Clift and Vannucchi, 2004): frontal accretion of
the incoming plate sediments can predominate;
frontal tectonic erosion of the upper plate can
be the lead process; or underthrusting without
material transfer between the overriding and the
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underthrusting plates can dominate, at least at
the very front of the system. These processes
can also alternate in space and time in the sub-
duction zone, possibly driven by the landward
or seaward migration of the frontal thrust. Thus,
the plate boundary can cut through material
characterized by different compositions, lithifi-
cation/metamorphic conditions, and fluid pres-
sure. Some types of changes can directly affect
fault rheology and shear strength, which are key
control factors on earthquake nucleation and
rupture propagation (Fagereng, 2011).

The geological evolution of forearcs and
the relative timing of structure development is,
therefore, a key to understanding both mass bal-
ance and seismogenic behavior of subduction
zones. These two aspects of forearc tectonics
are well preserved in the Northern Apennines
of Italy, an ancient subduction system, now
exposed onland.

We focus on a block-on-block tectonic
mélange cropping out in three tectonic windows
located near the inferred front of the early Mio-
cene subduction system of the Northern Apen-
nines of Italy. The mélange has been interpreted
as an exposed portion of the Northern Apennine
plate boundary shear zone because of its compo-
sition and structural position (see below). Here
we use apatite fission-track (AFT) data from
sandstone blocks incorporated in the tectonic
mélange to reconstruct the material trajectory
along the plate boundary shear zone, to con-
strain the maximum depth and downdip trans-
port reached by the underthrust material, and to
mark the timing of its successive exhumation.

GEOLOGICAL SETTING

The Northern Apennine Plate Boundary
Shear Zone

In the Northern Apennines, the Late Creta-
ceous convergence of the Adria-Africa plate and
the European plate led to the subduction of a

western branch of the Tethys ocean (Coward and
Dietrich, 1989) and the buildup of an oceanic
accretionary prism, called the Ligurian accre-
tionary prism or the Ligurian Units (Principi
and Treves, 1984; Treves, 1984; Marroni et al.,
2010; Molli and Malavielle, 2011).

The southwestern part of the prism is repre-
sented by the Internal Ligurian Units (of Late
Jurassic to early Paleocene age). These are
composed of ophiolites with their pelagic/hemi-
pelagic and terrigenous turbidite sedimentary
cover (Marroni, 1994; Marroni and Pandolfi,
1996; Marroni et al., 2002, 2010, and references
therein). The northeastern part of the prism is
instead formed by the offscraped and frontally
accreted mud-rich sediments of the External
Ligurian Units (Vannucchi and Bettelli, 2002;
Bettelli and Vannucchi, 2003; Marroni et al.,
2010) of Late Jurassic—Early Cretaceous to
early-middle Eocene age. In the middle Eocene,
the frontal part of the Ligurian oceanic accre-
tionary prism was also formed by the offscraped
pre—middle Eocene Subligurian Units (Early
Cretaceous—middle Eocene) (Remitti et al.,
2011), considered as deposited on the Ligurian
oceanic crust or transitional crust near the Adria
continental crust (Elter et al., 2003).

Frontal accretion ended in the middle Eocene
(Vannucchi and Bettelli, 2002), but the Creta-
ceous—Eocene accretionary prism remained at
the topmost level of the Apennine tectonic pile
where it still is at present. From at least the early
Miocene, the Ligurian prism overthrust onto
the Adria continental plate and its sedimentary
cover (Faccenna et al., 2001; Argnani, 2002;
Molli, 2008; Vannucchi et al., 2008; Marroni
et al., 2010; Molli and Malavielle, 2011).

From the early to the middle Miocene, the
relative displacement between the Ligurian
Units and the Adria sedimentary cover (i.e., the
Tuscan and Umbrian successions; Ricci Lucchi,
1990) was accommodated along multiple thrust
faults forming an interplate brittle shear zone
~500 m thick (Vannucchi et al., 2008). In the
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southeastern part of the Emilia Apennines, this
plate boundary shear zone crops out as a regional
block-on-block tectonic mélange called the
Sestola-Vidiciatico tectonic unit (Remitti et al.,
2007, 2012; Vannucchi et al., 2008), whereas in
the northwestern part of the Emilia Apennines,
it crops out as a more coherent unit, known as
the Subligurian Units (Vannucchi et al., 2012)
(Figs. 1 and 2). From at least the early to middle
Miocene, the thrust faults in the Northern Apen-
nine interplate shear zone (Figs. 1 and 2) were
simultaneously active (Vannucchi et al., 2008),
defining several overlapping thrust slices mov-
ing relatively to each other (Fig. 2). During the
overriding on the subducting Adria plate, the
upper plate was not involved in major tectonic
structures as indicated by the mildly deformed
Epiligurian Succession, i.e., the forearc slope
sediment (Vannucchi et al., 2008; Remitti et al.,
2012).The different blocks forming the North-
ern Apennine interplate shear zone mélange are
made of (Remitti et al., 2007, 2011; Vannucchi
et al., 2008, 2012):

(1) Cretaceous to middle Eocene deep-water
sediments deposited on oceanic, transitional,
and/or thinned continental crust. These sediments
have been interpreted as coming from the Exter-
nal Ligurian Units and the pre-middle Eocene
Subligurian Units, i.e., accreted units forming the
Cretaceous—middle Eocene Ligurian-Subligurian
accretionary prism (Vannucchi and Bettelli,
2002; Bettelli and Vannucchi, 2003). Therefore,
the accretionary prism was providing material to
the plate boundary shear zone (Vannucchi et al.,
2008) (Fig. 2).

(2) Slope apron and thrust-top basin sedi-
ments, including mass wasting deposits (Modino
succession, Porretta succession, and epi—Sub-
ligurian Units; Fig. 2) (Bettelli et al., 2002a,
2002b; Cerrina Feroni et al., 2002a; Plesi, 2002;
Remitti et al., 2007, 2011). This material was
deposited on the frontal part of the Ligurian-
Subligurian oceanic prism starting from the
middle Eocene (Vannucchi et al., 2012).

Most of the material in the Northern Apen-
nine interplate shear zone derives from the toe
of the overriding plate and its overlying slope
deposits (Vannucchi et al., 2008, 2012; Remitti
et al., 2012). Locally small (less than 100 m)
fragments of the Adria sedimentary cover (i.e.,
the footwall) are present (e.g., the Triassic evap-
orite rocks of the Scaglie del Secchia: see Plesi,
2002), as well as possible scrapes eroded from
the base of the upper plate. Frontal tectonic ero-
sion must be invoked to explain the incorpora-
tion of slices from the frontal part of the upper
plate within the plate boundary (Vannucchi
et al., 2008). The proposed model suggests that
the erosion occurred through the progressive
backward migration of the upper décollement
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(Vannucchi et al., 2008, 2012). An alternative
hypothesis suggests the underthrusting, and
subsequent shearing inside the shear zone itself,
of olistostrome accumulations generated at the
front of the advancing upper plate (Lucente and
Pini, 2008; Festa et al., 2010a).

In any case, the age of the youngest block
present in the tectonic mélange gives a lower
limit to the time of its incorporation in the plate
boundary shear zone (Remitti et al., 2007, 2011,
and references therein) (Fig. 2). A detailed
reconstruction of the distribution and ages of the
blocks forming this plate boundary shear zone
shows that, in general, the time of the incorpora-
tion of the blocks ranges from the Aquitanian
where the mélange overthrusts the internal
Aquitanian-Burdigalian foredeep turbidites, to
the Langhian where the mélange overthrusts
the external Langhian-Serravallian foredeep
turbidites (Figs. 1 and 2). Therefore, the mate-
rial cropping out downdip in the plate bound-
ary shear zone entered earlier than the material
cropping out in its shallowest part.

A regional thermochronological study by
Thomson et al. (2010) constrains the thermal
imprint of the material cropping out in the
southwesternmost sector of the Sestola-Vidicia-
tico tectonic unit. Data indicate that this material
underthrust from the Aquitanian (early Mio-
cene) to the Langhian (middle Miocene) and
that it reached temperatures sufficient to reset
the AFT system (>120 °C). The material was
exhumed after 10 Ma, therefore after the com-
plete deactivation of the shear zone.

In the Emilia sector of the Northern Apen-
nines, which represents the frontal part of the
overriding plate, the few available bedrock data
(Thomson et al., 2010) suggest that the thermal
imprint for the shallower Ligurian Units and the
overlying Epiligurian Units was less than 70 °C.
A detrital AFT study on the modern sands of the
rivers flowing toward the Po Plain (Malusa and
Balestrieri, 2012) suggests that it is likely that
the deeper part of the Ligurian Units, especially
in the northwestern sector of the Emilia Apen-
nines, might be totally reset with an exhuma-
tion age between 6.5 and 4.5 Ma. No bedrock
data are available on the deeper portion of the
Ligurian Units and on the units below (i.e., the
underthrust units such as the Sestola-Vidiciatico
tectonic unit).

The Three Tectonic Windows within the
Ligurian Units: Nature and Composition
of the Sampled Units

In the Emilia Apennines at 10-20 km from
the Ligurian deformation front, as it is preserved
today, three distinct tectonic windows expose
a complex structural assemblage surrounded

by the External Ligurian Units and the overly-
ing Epiligurian Succession. We refer to these
three tectonic windows as the Monte Staffola,
Coscogno, and Montepastore tectonic windows
(Figs. 1 and 3). The outcropping complex struc-
tural assemblage is a mélange composed of
kilometer-scale slices of:

(1) Cretaceous oceanic dark-gray shales with
interbedded sandstone and/or micritic carbonate
turbidites and varicolored shales (APA, SCB,
AVV in Figs. 2 and 3); Late Cretaceous—Paleo-
cene marls and calcareous turbidites (ELM
in Figs. 2 and 3); fragments of ophiolites and
ophiolitic sedimentary breccias with clasts
coming from their original sedimentary cover
(OPH in Figs. 2 and 3). The shale-rich slices
are internally variably deformed, from folded
to completely disrupted with a block-in-matrix
fabric. All these components were recognized as
related to the External Ligurian Units and their
basement (Bettelli et al., 1989a, 1989b, 2002b;
Bettelli and Panini, 1989; Panini et al., 2002).

(2) Paleocene-Eocene shales with interbed-
ded sandstone and micritic carbonate turbi-
dites (AVN, MSF1, MSF2 in Figs. 2 and 3) and
Eocene marls and calcareous turbidites (MPA
Figs. 2 and 3). They are internally deformed,
from folded to completely disrupted with a
block-in-matrix fabric. All these components
were recognized as related to the Subligurian
Units older than the middle Eocene (Papani
et al., 2002; Panini et al., 2002).

(3) Decameter- to kilometer-size sparse slices
of early Oligocene—early Miocene (Aquita-
nian)-age turbiditic sandstone and rare shale
(ARB, PET, MSF3 in Figs. 2 and 3). They have
been recognized as related to the Epiligurian
and epi—Subligurian Units (Bettelli et al., 1989a,
1989b, 2002b; Bettelli and Panini, 1989; Capi-
tani, 1997; Festa et al., 2010b; Gasperi and Preti,
2005; Panini et al., 2002; Papani et al., 2002).

All the various slices are out of stratigraphic
order and mixed together at the map scale.
Where visible their contacts are clearly repre-
sented by faults (Fig. 3) and the whole assem-
blage has been therefore defined as a block-on-
block tectonic mélange at the map scale (blocks
are of kilometric size) (the Coscogno mélange;
see Bettelli and Panini, 1989; Bettelli et al.,
2002b; Capitani, 1997; Gasperi and Preti, 2005).

On the basis of age, lithological characteris-
tic, and internal state of deformation, it is pos-
sible to correlate this tectonic mélange with the
Sestola-Vidiciatico tectonic unit and the Sub-
ligurian Units (Gasperi and Preti, 2005; Bettelli
et al., 2002b; Panini et al., 2002; Papani et al.,
2002). This correlation allows the interpreta-
tion of the tectonic mélange cropping out in the
three tectonic windows as an underthrust por-
tion of the toe of the Cretaceous—middle Eocene
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Figure 3. Schematic geological maps of the studied outcrop areas of the three tectonic windows (red squares in Fig. 1) with sample
locations (see Table 1). (A) Monte Staffola tectonic window (modified from the Geological Map of Italy, sheet no. 218 [Papani et al.,
2002]). (B) Montepastore tectonic window (modified from the Geological Map of Italy, sheet no. 237 [Panini et al., 2002]). (C) Coscogno
tectonic window (modified from the Geological Map of Italy, sheet nos. 219 [Gasperi and Preti, 2005] and 236 [Bettelli et al., 2002b]).
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Ligurian accretionary prism with its sedimentary
cover (Bettelli et al., 2002b; Panini et al., 2002;
Gasperi and Preti, 2005). The same interpreta-
tion has been proposed for the origin of the
Sestola-Vidiciatico tectonic unit (Vannucchi
et al., 2008) and the Subligurian Units (Remitti
et al., 2011; Vannucchi et al., 2012).

Because in the three tectonic windows there
are no blocks younger than the Aquitanian
(early Miocene), the underthrusting must have
occurred during or after that time. Moreover,
the contact between the tectonic mélange and
the surrounding Ligurian Units is locally sealed
by the Epiligurian Units of Burdigalian (early
Miocene) to late Miocene age. This occurrence
suggests an early exhumation (i.e., during the
early Miocene, 25-20 Ma) of the outcropping
tectonic mélange (Bettelli et al., 2002b; Panini
et al., 2002; Papani et al., 2002). This pos-
sible early Miocene exhumation age indicates
that, after its underthrusting, the evolution of
the tectonic mélange in the three tectonic win-
dows followed a different path than the Sestola-
Vidiciatico tectonic unit and Subligurian Units.
All the above-mentioned units were underthrust
together, but the Sestola-Vidiciatico tectonic
unit and the Subligurian Units were exhumed
less than 10 m.y. ago with the whole Apennine
chain (Thomson et al., 2010) (Fig. 1).

Unfortunately, the reworking of the origi-
nal Epiligurian stratigraphic contacts by recent
high-angle normal faults (Fig. 3) makes the
interpretation of an early exhumation of the tec-
tonic mélange uncertain (see, for example,
Cerrina Feroni et al., 2002b). To better constrain
both the time of the underthrusting/exhumation
of the tectonic mélange cropping out in the tec-
tonic windows and the material pathways near
the toe of the Ligurian prism during the Aquita-
nian, we performed apatite fission-track analy-
ses on sandstone blocks from each of the three
tectonic windows.

APATITE FISSION-TRACK (AFT) DATA
Sampling and Method

We collected 16 samples of representative
sandstone blocks from the tectonic mélange
cropping out in the three tectonic windows of
the Emilia Apennines (Table 1; see also Fig. 3
for sample locations).

We choose to sample only blocks of well-
known stratigraphic age (Fig. 3) in order to
have a strong external constraint when per-
forming the AFT modeling (at the time corre-
sponding to their stratigraphic ages, our rocks
had to have been at surface temperatures). The
stratigraphic age (Table 1) was defined by bio-
stratigraphic analyses—using foraminifera and
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nannofossils—conducted during the CARG
project (Geological CARtography project, aim-
ing to produce geological mapping of Italy in
its entirety at 1:50,000 scale; Bettelli et al.,
2002b; Panini et al., 2002; Papani et al., 2002;
Gasperi and Preti, 2005) for each sampled
block (Fig. 3).

The AFT method is used to reconstruct the
cooling history of the rocks as they moved
toward the surface. This technique also pro-
vides information on their maximum burial
depth. Fission tracks totally anneal at tempera-
tures higher than ~120 °C over geological time
scales, but partial annealing occurs starting from
60 °C. The 60-120 °C temperature range is
called the partial annealing zone (PAZ) (Laslett
et al., 1987). Usually, modeling procedures are
applied to determine temperature-time paths
compatible with AFT data (age plus track-length
distribution; Gallagher, 1995; Ketcham, 2005;
Ketcham et al., 2000). For the modeling we used
the HeFTy program (Ketcham et al., 2007a,
2007b). This program defines the envelopes in
a time-temperature space that contains all paths
that yield statistically “good” and “acceptable”
fits with the AFT data, respectively. In HeFTy,
fission-track lengths normalized for track angle
using c-axis projection (Ketcham et al., 2007a,
2009) and the annealing model of Ketcham et al.
(2007b) were used. Only TINTS (tracks reached
by etching through another track intercepting
the polished apatite surface) were measured as
recommended by Carlson et al. (1999).

In many instances, because of low fission-
track density, only few (or no) tracks can be
measured in each sample. Because a statisti-
cally consistent distribution is well determined
by ~100 measurements, modeling procedures
cannot always be applied. In these cases, when
dealing with sedimentary rocks, it is critical to
analyze the relationships between single-apatite-
grain FT ages and their stratigraphic age. If all
the single-grain ages are younger than the strati-
graphic age of the sample, then all the grains
have been annealed and the maximum tempera-
ture (Tmax) must have been equal to or greater
than the temperature for complete annealing.
The number of grain ages older than the strati-
graphic age generally increases with decreasing
Tmax. The proportion of single-grain ages older
or younger than the stratigraphic age provides
a qualitative means for estimating the paleo-
Tmax. Radial plots give a visual description of
the relationships between the grain ages and the
stratigraphic age. The grain-age distributions of
partially reset samples may be decomposed into
different age components. Usually the grain-age
distribution is subjected to a > test (Galbraith,
1981) to detect whether a distribution is nor-
mally or overall dispersed. A P()?) probability

less than 5% indicates a mixed discordant dis-
tribution, which is a distribution containing two
or more grain-age components (Galbraith and
Laslett, 1993). To decompose grain-age distribu-
tions, a binomial peak-fitting method (Brandon,
1996; Brandon et al., 1998; Galbraith, 1988)
was used. This method is a statistical treatment
that isolates the youngest group of concordant
grain ages (minimum age; Galbraith and Laslett,
1993). For a sample that has been exposed to
temperatures within the PAZ, the minimum age
corresponds to the time when the sample cooled
to a temperature outside the PAZ (Brandon
et al., 1998). These minimum ages allow us to
evaluate the time of exhumation, even for par-
tially reset samples for which it is not possible
to perform a modeling procedure due to few to
no length measurements.

Results

The AFT data are shown in Table 1 and Fig-
ure 4 (radial plots) and modeling in Figure 5.
We are showing the modeling only for those
samples where we measured >50 tracks. We
made an exception for only one sample from the
Coscogno area (SLAV), where only 30 lengths
were measured, in order to have some possible
hints about its substantially different FT age
with respect to the other samples (see Table 1
and Figs. 4 and 5). As stated in the previous
paragraph, the stratigraphic age of the original
rocks, strongly variable for each outcrop (from
75 to 23 Ma), is included in the modeling. The
stratigraphic age of the sample is also reported
in the sample radial plots, so that it can be com-
pared with the ages of the single grains in order
to get a qualitative evaluation of the degree of
annealing of each sample. First we will discuss
the results for each tectonic window.

Montepastore Tectonic Window

Five samples were analyzed from this tectonic
window (APE1, APE2, ARBI, ARB2, ARB3;
see Table 1 and Fig. 4; see also Fig. 3 and Table 1
for sample locations). Sample stratigraphic age
ranges from the early Oligocene (34-28 Ma)
(APE1, APE2) to the late Oligocene—early Mio-
cene (ARB1, ARB2, ARB3). AFT ages vary
from 26.7 = 3.9 to 15.9 + 2.6 Ma; they are all
younger than the stratigraphic age, implying
that all the samples entered inside the PAZ and
were partially to totally annealed. The number
of measured FT lengths is small in all samples
except in ARB2 (54 tracks; see modeling results
in Fig. 5). For sample ARB2 modeling indicates
maximum heating at temperatures of ~120 °C
or more and a subsequent cooling starting at
ca. 25-20 Ma. As mentioned above, the sample
stratigraphic age (Rupelian—Chattian) has been
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Figure 4. Radial plots of the samples showing single-grain ages. Each black dot
represents a crystal. The age (in Ma) can be read as the intersection between
a line passing from the origin through a dot and the radial scale on the right.
Precision in age is reported on the x-axis (relative error %). The left-hand axis
represents the height of the error bar for each grain age, which is of the same
height for each grain. The error limits for each grain can be seen by projecting
a line from the origin through the top and bottom if its error bar, so that a grain
which is farther to the right will subtend a smaller error range on the radial
axis and therefore be more precise than one further to the left. The shaded
areas represent the sample depositional ages.
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Figure 5. For each modeled sample, time-
temperature histories obtained with the
HeFTy program (Ketcham et al., 2007a,
2007b) are shown. The program defines
envelopes in a time-temperature space
containing all paths that statistically yield
“good” and “acceptable” fits with ob-
served data, respectively. A model is con-
sidered “good” if all statistical parameters
are greater than (.50, while it is considered
‘“acceptable” when statistical parameters
are above 0.05. On the left, the dark-gray
regions bound the envelopes for statisti-
cally good fit, while the light-gray ones, the
acceptable fit. Thick black lines represent
the best fitting paths. On the right, the mea-
sured track-length distributions are shown
as black curves. Fission-track lengths are
normalized for track angle using c-axis pro-
jection (Ketcham et al., 2007a, 2009) and the
annealing model of Ketcham et al. (2007b)
was used. The y-axis reports the track length
frequency that is normalized to 1.0. Model
Age is the fission-track age predicted by
HeFTy. Meas(Measured) Age is the pooled
age from the measured data. Age GOF is
the value of goodness-of-fit statistic for com-
paring the model to the measured. Model
Length is the mean and standard deviation
of the track length distribution predicted by
HeFTy. Meas(ured) Length is the mean and
standard deviation of the measured track
length distribution. Length GOF is the value
of the goodness-of-fit between the model and
measured length distribution.

»
>

included as a constraint in the modeling and is
represented in Figure 5 by the small box at sur-
ficial temperatures between 28 and 23 Ma. For
ARB3, the radial plot (Fig. 4) shows that almost
all grains are younger than the stratigraphic age
indicating that this mélange block was close
to total annealing (i.e., Tmax of ~110-120 °C)
before being exhumed at a time approximate
to its FT age (ca. 16 + 2 Ma). APE1 and APE2
samples have slightly older AFT ages of 25.2 +
2.9 Ma and 26.7 + 3.9 Ma, respectively, and
sample APE1 shows a P(y?) value lower than
1. The radial plots of both samples APE1 and
APE2 show that some grains are older than the
Rupelian (33.9-28.1 Ma) stratigraphic age, thus
we tentatively interpreted them as partially reset
samples. We decomposed sample APE1 grain-
age distributions (Table 1) and obtained its
minimum age which represents the time of the
cooling below PAZ temperatures (~60 °C). It
is not well-defined, due to the large error being
17.1 £ 13.2 Ma.
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The AFT data from the Montepastore tec-
tonic window point to a Tmax between 80 °C
and 120 °C or more with a subsequent exhuma-
tion starting at ca. 25-20 Ma, and a possible
phase of rapid exhumation at ca. 17 Ma.
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Monte Staffola Tectonic Window

From the Monte Staffola tectonic window we
analyzed seven samples (15MSF2, 16MSF3,
17MSF1, 18MSF1, 21MSF3b, 22MSF3a,
23MSF3; see Table 1 and Fig. 4; see also Fig. 3

Geological Society of America Bulletin, November/December 2013



Early exhumation near the toe of an ancient erosive subduction zone

and Table 1 for sample locations). The strati-
graphic age of the samples ranges from the late
Paleocene (ca. 65-55 Ma) to the late Oligocene
(26-23 Ma). AFT ages range between 30.5 +
3.8 Ma and 17.3 + 2.3 Ma. Also, for the samples
from the Monte Staffola tectonic window, all of
the AFT ages are younger than the stratigraphic
age, implying that all the samples at least
entered the PAZ.

Modeling was performed on sample 15SMSF2
(AFT age of 22.3 + 2.8 Ma, number of mea-
sured lengths = 81). The stratigraphic age of
this sample is late(?) Paleocene-middle Eocene
(see also Fig. 5). AFT modeling indicates that
the Tmax were higher than 120 °C, with a total
resetting of the FT system and a subsequent
cooling that began between 25 and 22 Ma.

All the other samples, except 18MSFI,
have AFT ages indistinguishable from that
of sample 15MSF2 within a one-sigma error
interval. Therefore, they are also interpreted as
completely reset samples with a time of cool-
ing below ~100 °C that corresponds approxi-
mately to their AFT age. Sample 18MSF1,
with its slightly older AFT age and a Paleocene
stratigraphic age, is interpreted as having expe-
rienced a similar thermal history but probably
being exposed to lower Tmax.

Coscogno Tectonic Window

Four samples were analyzed from the Cos-
cogno tectonic window (1BRA, 2BRA, SLAYV,
COS11; see Table 1 and Fig. 4; see also Fig. 3
and Table 1 for sample locations). The AFT
ages of samples IBRA, 2BRA and COS11 span
a narrow range between 27.1 £ 3.9 Ma to 25.0 =
2.3 Ma. Sample SLAY, collected near the bound-
ary with the surrounding Ligurian Units, dis-
plays an AFT age of 70.0 + 5.1 Ma, much older
than the other three samples. In all samples,
some of the AFT single-grain ages are younger
than the stratigraphic age, implying that all the
samples were heated to PAZ temperatures. Of
the three youngest samples, we performed the
modeling only on sample 2BRA (67 measured
lengths). Modeling shows heating with a Tmax
of ~100 °C and a subsequent cooling starting
at ca. 23-20 Ma. We interpret the other two
younger samples (IBRA and COS11) as almost
completely reset samples with their AFT ages
(25.3 3.1 Ma and 25.0 + 2.3 Ma, respectively)
roughly corresponding to their cooling below
~100 °C. The radial plot of sample COSI11
(Fig. 4) shows that the grain ages are younger
than the stratigraphic age (Ypresian—Lutetian,
ca. 55-40 Ma), which supports this interpreta-
tion. The samples 1BRA and 2BRA show low
P(y?) values and grain-age distributions with a
certain number of grains older than their Rupe-
lian (ca. 36-26 Ma) stratigraphic age. All three

Geological Society of America Bulletin, November/December 2013

of the younger samples yielded decomposed
minimum ages ranging between 20.1 + 4.1 Ma
and 18.7 £ 4.4 Ma.

As mentioned above, we also present the
modeling performed on sample SLAV despite
the few (30) measured lengths. This has been
done in order to have some indication about
how to interpret its “older” age: modeling shows
Tmax at or below 80 °C and a subsequent cool-
ing possibly starting later at ca. 10 Ma. These
results, particularly the time of the last cooling,
have to be taken with caution, because the mod-
eling performed on a length distribution of only
30 length measurements can produce mislead-
ing results. Nevertheless, as it comes out from
the modeling, the thermal history of sample
SLAV could be similar to that of the External
Ligurian Units cropping out outside of the tec-
tonic window (Thomson et al., 2010) and com-
patible with its peculiar mapped position close
to the boundary of the tectonic window.

Apart from sample SLAV, samples from
the Coscogno tectonic window show a Tmax
between 80 °C and 110 °C, with cooling start-
ing between 25 and 20 Ma.

DISCUSSION
Thermal History of the Sampled Units

All the analyzed samples (except SLAV),
irrespectively of their stratigraphic age and the
tectonic window from which they were col-
lected, share a common thermal history with a
thermal overprint between 80 °C and 120 °C
or more (Table 1; Figs. 4 and 5). If heating
was mainly due to burial, assuming a geother-
mal gradient for the outer side of the Northern
Apennines of 20 °C/km (Zattin et al., 2002),
then all samples were buried at depths rang-
ing from 3 to 5 km. The AFT data also indi-
cate that these rocks began to cool down at ca.
25-20 Ma. As the maximum sedimentary load
that we can infer in the Aquitanian time (ca.
23-20 Ma)—i.e., the maximum thickness of
the pre-Burdigalian Epiligurian Succession—
is less than 1 km, a sedimentary burial alone
cannot explain the data. This interpretation is
strengthened by a regional thermochronologi-
cal study which shows that the Ligurian Units
adjacent to the tectonic windows, and underly-
ing the whole Epiligurian Succession, reached a
Tmax <70 °C before being exhumed in the last
10 m.y. (Thomson et al., 2010). This tempera-
ture is much cooler than what we found in the
tectonic windows, therefore a component of tec-
tonic overburden must be inferred.

At present, the thickness of the Ligurian Units
in the study area is >2 km (from boreholes; see
http://unmig.sviluppoeconomico.gov.it/videpi

/en/) implying that if the material exposed in the
three tectonic windows was underthrust beneath
the Ligurian prism and its sedimentary cover
(i.e., the Epiligurian Succession), it could have
reached a maximum depth between 3 and 5 km,
compatible with the data. This result agrees
with an Aquitanian underthrusting of the sam-
pled material and with the interpretation that
the material cropping out in the three tectonic
windows is a lateral equivalent of the Sestola-
Vidiciatico tectonic unit and the Subligurian
Units, i.e., the material forming the plate bound-
ary shear zone between the overlying Ligurian
Units and the underlying Tuscan and Umbrian
successions.

A 25-20 Ma age of cooling and exhuma-
tion below 80 °C is recorded in all sampled
blocks, including those with a Chattian (28—
23 Ma, sample ARB2) stratigraphic age. The
youngest blocks in the mélange are Aquitanian
(23-20 Ma), but they are unsuitable for AFT
sampling because they have a marly composi-
tion. Nonetheless, in the mélange the Aquita-
nian blocks are tied together with the Chattian
blocks and must share the same evolution. The
implication is that the heating and successive
cooling of the tectonic mélange occurred soon
after the deposition of its components (<3 m.y.)
(see location 1 in Fig. 6). Today the sampled
tectonic mélange is cropping out at a very
short distance (~10-20 km) from the inferred
Aquitanian deformation front implying that
both heating/burial and cooling/exhumation
resulted from rapid tectonic processes involv-
ing the frontal part of the upper plate. Based on
our reconstruction, the closure of the complete
heating/burial-cooling/exhumation cycle of
the tectonic mélange is possible considering an
Aquitanian underthrusting rate for the Adriatic
foredeep of >~7 mm/yr.

Cooling could have been the result of the
development of either thrust faults or normal
faults in the upper plate. A compression-induced
exhumation in the frontal prism might have
been accommodated either by out-of-sequence
thrusts or by the progressive growth of an anti-
formal stack linked with enhanced seafloor ero-
sion (Fig. 6B). We do not favor this hypothesis
because the detailed geological mapping of the
study area does not show doubling of the Ligu-
rian Units and/or pre-Aquitanian Epiligurian
Succession as would be expected for a thrust
that cuts through the prism (as for instance at
Nankai; cf. Strasser et al., 2009). An alternative
hypothesis for the reduction of the prism thick-
ness, the exhumation of the studied units, and
their exit from the PAZ (Fig. 6C), is represented
by normal faults cutting the frontal part of the
forearc. Widespread syn-lithification exten-
sion has been recorded in the frontal part of the
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AQUITANIAN (23-20 Ma)
Epiligurian Succession

Ligurian/Subligurian Units
A) Stage 1
——"
Diate boundary shear 2PN
— s
Tuscan Units
Yooy
new material entering in the
plate boundary shear zone
B) Stage 2
Hypothesis 1
new material entering in the
plate boundary shear zone
C) Stage 2
Hypothesis 2

Figure 6. Conceptual model of the evolution of the frontal part of the subduction zone of the
Northern Apennines in the Aquitanian (early Miocene, 23-20 Ma). Location 1 represents
the path followed by the sampled material which is today cropping out in the three studied
tectonic windows (Montepastore, Monte Staffola, and Coscogno tectonic windows); location
2 represents the path followed by the material which is today cropping out 70 km south-
westward of the sampled material. (A) Stage 1. Deposition of slope sediments of Aquitanian
age and underthrusting of the toe of the prism (tectonic erosion) which entered in the plate
boundary shear zone. (B) Stage 2, hypothesis 1. Deactivation of the former roof décollement.
A portion of the plate boundary shear zone (location 1) cools to <80°C because of the activa-
tion of an out-of-sequence thrust coupled with enhanced erosion. The plate boundary shear
zone is still active because a new roof décollement allows the other portion (location 2) to
keep on moving. (C) Stage 2, hypothesis 2. Deactivation of the former roof décollement. A
portion of the plate boundary shear zone (location 1) cools to <80°C because of the thinning
of the upper plate through normal faulting. The plate boundary shear zone is still active
because a new roof décollement allows the other portion (location 2) to keep on moving.

Sestola-Vidiciatico tectonic unit (Vannucchi
et al., 2008; Remitti et al., 2012), which is a lat-
eral equivalent of the sampled mélange. In gen-
eral, this “extensional” hypothesis is compatible
with the structural setting of the frontal part of
erosive margins as it has been imaged in many
modern examples (see von Huene et al., 2004;
Ito et al., 2011). Exhumation was also a main
effect triggered by the massive mass-wasting
event that completely disrupted the sedimen-
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tary cover in the frontal part of the prism during
the Aquitanian as documented by Remitti et al.
(2011) and Codegone et al. (2012).

Comparison with the Thermal History of
the Sestola-Vidiciatico Tectonic Unit

The AFT analysis coupled with the existing
detailed geological data allows us to trace the
pathways followed by the sampled units (Fig. 6).

These units entered the plate boundary shear
zone in the Aquitanian (ca. 23-20 Ma), as sug-
gested by the age of the younger blocks in the
mélange. We can now compare their trajectory
to the path followed by the Sestola-Vidiciatico
tectonic unit, which was underthrust in the
same period (Aquitanian) and is now cropping
out near the Northern Apennines water divide
(~70 km to the southwest of the three tectonic
windows; see Fig. 1).

These units shared the first part of their tra-
jectory, being underthrust to a (map) distance of
~10-20 km from the inferred prism front where
they reached a temperature of ~80-120 °C, i.e., a
depth of ~3-5 km. There, the portion of the plate
boundary shear zone presently cropping out in
the three tectonic windows started to cool down.
The beginning of exhumation is now fixed at ca.
25-20 Ma. The rest of the material kept on mov-
ing along the plate boundary, reaching a depth
at which the temperature exceeded 120 °C. This
latter part was then exhumed starting at <10 Ma
(AFT and [U-Th]/He data in Thomson et al.,
2010). During the exhumation stage at 25-20 Ma,
the plate boundary shear zone was active. In fact,
the age of the underthrusting Adria sedimentary
cover suggests that the basal décollement of the
shear zone remained active until the middle Mio-
cene. Moreover, the stratigraphic age of the slope
sediment blocks inside the plate boundary shear
zone becomes progressively younger toward
the front, where blocks of middle Miocene (ca.
15 Ma) age are present. This implies that at that
time the plate boundary shear zone was still
incorporating new material at the front, through
a process of frontal tectonic erosion and through
the activity of a roof décollement of the shear
zone (sensu Vannucchi et al., 2008).

The different fates of these two exposed por-
tions of the plate boundary shear zone imply
that there was an episode of underplating and
exhumation during the period of activity of
the shear zone itself. Underplating implies that
locally the roof décollement of the plate bound-
ary shear zone was deactivated, and the differ-
ential displacement between the upper plate and
the subducting plate migrated toward a lower,
newly formed fault (a new roof décollement)
within the plate boundary shear zone (Fig. 6).

CONCLUSIONS

In the Northern Apennines, the early Miocene
subduction of the continental Adria plate under
the frontal part of the European plate occurred
with a tectonic process of frontal subduction
erosion (Vannucchi et al., 2008). The Apennine
plate interface is preserved and is formed by a
~500 m thick shear zone accommodating the
relative displacement between the two plates.
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Early exhumation near the toe of an ancient erosive subduction zone

We analyzed the plate boundary shear zone
material that crops out in three tectonic win-
dows located ~15 km from the inferred position
of the original deformation front. This material
was sampled for apatite fission-track (AFT)
analysis. The results were compared with those
obtained from the material of the plate bound-
ary shear zone that underthrust at the same time
of the sampled material, but that is now crop-
ping out 70 km to the southwest as the Sestola-
Vidiciatico tectonic unit. The new AFT data
combined with geological and stratigraphic con-
straints, including the regional thermochrono-
logical study by Thomson et al. (2010), suggest
the following:

(1) The material cropping out in the three
tectonic windows and the Sestola-Vidiciatico
tectonic unit were transported using different
pathways in the frontal part of the plate bound-
ary shear zone. While the Sestola-Vidiciatico
tectonic unit was incorporated within the plate
interface and underthrust toward the deeper lev-
els of the forearc, a portion of it was underplated
close to the front and soon started to be exhumed
at ca. 25-20 Ma inside the frontal prism.

(2) The deactivation of at least part of the roof
fault is the mechanism controlling the different
pathways inside the plate boundary shear zone.
The deactivation must have been followed by
the generation of a new fault cutting inside the
shear zone which could accommodate further
the observed displacement.

(3) Although frontal erosion was still active,
allowing material transfer from the tip of the
upper plate to the plate interface, episodic
underplating of underthrust material occurred.

(4) The frontal part of the upper plate under-
went a strong phase of deformation, probably
extensional, during the activity of the plate
boundary shear zone.

These data give a new insight into the
mechanics of the frontal prism in subduc-
tion zones. In particular here we demonstrate
that the frontal prism can deform internally to
a point that it can allow exhumation of mate-
rial even in the shallowest portions of the sys-
tem. Moreover, multiple faults with different
kinematic behavior can cut through a range
of possible material, for instance, upper plate
material or mélange material. These faults can
potentially lead to different seismic behavior
of the frontal prism through time. In fact, dif-
ferent incremental processes of lithification,
or fluid pressure changes, coupled with fault
kinematics, strongly influence fault properties.
‘We now know, for example, that in certain situ-
ations, earthquake rupture can propagate to the
frontal prism (Kodaira et al., 2012) with a great
tsunamogenic potential. The sampled mélange
records a wide spectrum of processes that not

Geological Society of America Bulletin, November/December 2013

only help constrain the paleotectonic setting of
the Miocene Northern Apennines, but also can
have important implications for the study of the
seismic behavior of segments of plate bound-
aries in subduction zones.
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