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Recordings of teleseismic earthquakes from a dense set of temporary and permanent broadband seismic
stations reveal the lithospheric structure of the northern Apennines and support the scenario of a
retreating detachment within the mid-crust. Lithospheric delamination appears crucial to the formation
and evolution of the Apennines orogen. Receiver-function (RF) stacks outline a continuous west-dipping
Ps converted phase from a positive velocity jump that we interpret as the top of the lower crust
and mantle of the Adria continental lithosphere, which is descending into the shallow mantle. The
correlation of seismicity with two RF profiles across the northern Apennines suggests distinct stages of
lithospheric delamination. Active penetration of the detachment into the Adria lithosphere seems evident
in the south/east, with induced shallow-mantle flow facilitated by slab dehydration. Penetration of the
detachment in the north/west seems to have arrested, and is possibly marked by crustal underplating.
This layer atop the Apennines slab is visible only down to 80 km depth and suspends above an
oppositely-dipping paired positive/negative Ps converted phase in stacked receiver functions. The break
in the west-dipping Adria lithosphere conflicts with a westward-subduction scenario continuous from the
Oligocene. Lateral changes of deep structure and seismicity along the northern Apennines suggest that
underplating of crustal material and delamination-retreat are distinct mechanisms active today in the
western and eastern sectors, respectively, of the northern Apennines. Negative Ps-pulses at 100-120 km
depth help to define a seismic lithosphere-asthenosphere boundary (LAB), but cross-cut a volume of
high-velocity mantle rock, as inferred from tomographic models. We hypothesize that this seismic LAB is
a rheological discontinuity that affects the frequency band of seismic body waves, but not the long-term
viscous response that governs the evolution and eventual detachment of the continental slab.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction slab models (Elter et al., 1975; Bally et al., 1986; Jolivet et al.,
1998; Royden, 1988; Malinverno and Ryan, 1986; Doglioni, 1991;
Faccenna et al., 2001). Although this simplification is attractive,
recent experiments and studies argue that a simple process of

subduction by a retreating slab cannot be applied to the northern

The central Mediterranean region has been shaped by subduc-
tion of Mesozoic oceans associated with the Alpine and Apen-
nines orogenic events, as part of the collision between the Eu-

ropean and African plates (Dewey et al., 1989). In most plate
reconstructions, several continental terranes, intercalated by fully-
developed, but poorly-defined, oceans, are introduced to explain
ophiolite fragments and continental units accreted within the
mountain belts (Stampfli and Borel, 2002; Handy et al., 2010;
Carminati et al.,, 2012).

The northern Apennines is part of this puzzle (Fig. 1). Its
evolution is usually described by the eastward migration of
paired compression- and extension-tectonics related to retreating-
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Apennines belt, either spatially or temporally. Apatite fission tracks
outline an orogen-parallel segmentation of wedge kinematics and
a non-synchronicity of tectonic processes (Thomson et al., 2010).
The asthenospheric flow identified by SKS birefringence is not
consistent with a typical retreating slab (Plomerova et al., 2006;
Salimbeni et al., 2007). Slab tears and slab windows have been rec-
ognized by seismic tomography suggesting a disruption of the sub-
duction process (Lucente et al., 1999; Wortel and Spakman, 2000;
Piromallo and Morelli, 2003; Chiarabba et al., 2008; Benoit et al.,
2011; Giacomuzzi et al., 2012).

The distribution of seismicity, along with GPS velocities
(Serpelloni et al., 2007; D’Agostino et al., 2009), helps to de-
scribe the active processes of the Apennines (Fig. 1). We observe a
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Fig. 1. Hypocentral map of the northern Apennines. Seismicity of the past 20 years
is plotted with color code representing hypocentral depth. Stars show locations
of events with M < 5.0. Shallow seismicity (light blue dots) occurs in the region
currently undergoing extension along the Apennines belt, while compression is re-
stricted to the Apennines front. Arrows indicate GPS velocities with respect to fixed
Eurasia for some reference points taken from Serpelloni et al. (2007) and D’Agostino
et al. (2009). The trace of the vertical section reported in Fig. 2 is plotted.

strip of shallow earthquakes that accommodate about 3-5 mm/yr
of extension along the mountain range, while compressional
earthquakes occur along the eastern Adriatic front, accommo-
dating a few mm/yr of compression (Pondrelli et al., 2006;
Bennett et al., 2012). Sub-crustal earthquakes are located on a
west-dipping plane, down to a depth of 70-80 km (e.g. De Luca
et al.,, 2009; Carannante et al., 2013).

The availability of seismological broadband data collected dur-
ing the past decade yields a strong improvement in the defini-
tion of the bulk lithospheric structure of the Apennines, mostly
achieved by seismic tomography (Benoit et al., 2011; Piccinini et
al., 2010; Giacomuzzi et al., 2011, 2012), receiver-function analyses
(Bianchi et al., 2010; Agostinetti et al., 2011; Miller and Agostinetti,
2012) and the modeling of Moho geometry (Agostinetti and Am-
ato, 2009; Di Stefano et al.,, 2011; Spada et al., 2013).

In this study, we present high-resolution Ps receiver-function
(RF) profiles on 2D swaths that cross the northern Apennines along
two distinct sectors, sampling the orogeny-parallel variation sug-
gested by apatite fission-track data. We apply an RF-migration
procedure to data collected by broadband seismic stations, from
both the permanent network managed by INGV and the temporary
RETREAT project (Margheriti et al., 2006). We use the procedure
developed by Bianchi et al. (2010) that is similar to those applied
in other subduction zones or collisional belts (Hetenyi et al., 2009;
Kawakatsu and Watada, 2007; Rondenay et al., 2008). Depth-
migration targeted at 40 and 100 km depths focus on the topmost
mantle, in a volume where the resolution of tomographic models is
usually weak (Di Stefano et al., 2009; Giacomuzzi et al., 2012). En-
hancing the resolution in this topmost part of the mantle is crucial
for better understanding of active-tectonic processes in the region
and how they formerly connected to older processes whose rem-
nants are now buried at depth in the mantle.

Ps-converted phases that are implied by our receiver-function
profiles relate to velocity interfaces in the upper mantle, or to
sharp anisotropic gradients. We compare upper-mantle structural
features consistent with the RF profiles with seismicity recorded
over the past 20 years to formulate an evolution scenario of active
processes in the Apennines.

a
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Fig. 2. Geometry of the seismic network used in this study. Red triangles show lo-
cations of seismic stations; black crosses represent piercing points at 40 (top) and
100 (bottom) km depth, for each teleseismic ray recorded at the stations. Blue dots
are the discrete nodes along the profiles (spacing 10 km). Boxes A and B are rela-
tive to the profiles shown in Fig. 4 and 5. The yellow dashed line traces the extent
of the high velocity slab present in the mantle at depth >160 km (from Giacomuzzi
et al., 2012). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

2. Data and RF stacking

We selected high signal-to-noise P-wave coda of teleseismic
events in the 30°-100° epicentral-distance range, and computed
Receiver Functions (RF) from seismic records, after LQT rotation
into ray-based coordinates, via frequency-domain multi-taper cor-
relation estimates (Park and Levin, 2000). We used both permanent
and temporary broadband seismic stations, collecting a variable
number of teleseismic records with high signal/noise ratio for each
station. For temporary networks, we obtained an average of 60
high-quality RFs for each station, while, for permanent stations, we
selected an average of 100 high-quality RFs for each station. Our
data show a good back-azimuthal coverage (see the distribution of
piercing points in Fig. 2). The RFs were depth-migrated using a
common-conversion-point technique (Dueker and Sheehan, 1998),
to enhance the converted signals around a chosen depth (Bianchi
et al., 2010). The migration accounts for different relative arrival



110

CAFI PIEI CING (Adriatic)

MAON (Tyrrhenian)

C. Chiarabba et al. / Earth and Planetary Science Letters 403 (2014) 108-116

n n
o yd L 1) gl y_2 2 1) R 4 15 ) N
S eSS o FEES
L 4 IJ“M Fﬂ,.— (— (4 ’,P;!’ > 4“ o
m m by & r 3 |W| } S N
Q. L2 ) 5 41 2D > ”N\J\‘ %)
g ., |m|a\.;, < 2 o <
£ o S SRS € e
Al 2 - G ul ] m
8 m o — A AJ,II'.AM' - o o
5< = . a— W ) N = - Qo
<- o (— (! o] a
=z q %]
S LbIJD.
8
o
0
1
s. £ r PId & I Y ) &2 Ul - FAN I L/ s my
BT e ST 2 i bl LN ey
5 vl SCESS nMu N ) (= ’as) SO SES S ca
= Ee DS s S N B Pkt = s
> -6 5SS ¢ i o ot 4 o
=R =R RSy e gD =G Eatdeeded] © &
ez == 3 A== ST
a { > AT
5 b, SeSEE e o
I+ @ ur = 2 -
- BESE < ¢ >> > 2
q==E SHSSIISS o
© _ i 3 &
-2 — e ‘ < sy ,h
- = o
f — ) oW C NN =
58 ESIeRas Y IBEsE
LA W_Ui Lo > —.ﬂ_u
(=] o o o o o o
© n o = © o«
2 e B
1ze-yoeg
wv
Ewn
&
& s
a
[ %]
— o
]
I
I
i
o o
2 2
yinwize-yoeg
n n
N oYy v ) 1 - T¢ 1A'y 21 P T N
- Na/_u ﬁe | —— A /~c- T4 _ws DEDIAY w & M 4
4 ) B 2 L
[=] N\v “Q\,fav « " AH@& i Cedd S
N ‘MIJ.A Al -IA - ] i " § "B ppA I\ oN
Fe e e ¢ P EEIEETLIE S
2 par Mlv|.lw||H| { B e |M_U.Ilawl.l 2 m
Rl ) P 2y WA L I
ara < » a v
o = I oY 2] Pr O HHECT Y o v g
> = By v _.w ﬁ =7 1] iy e a
< QN 4 . o
s P = ey ™ < ALasd i — >
¢ R = = 5 p 3 Llw.wu Tod o
a - j 1 [ iy wiwlphn
. P — = CEEC——4
= - ez
e D S Y 2~ L - ) )5 >
HIG 6 By 1 e e 1 o
0 I — 1]
! o (=] (=] o o o o (=] o !
© (] (=] ~ < - © (]
@ « () o N o - -
yinwize-yoeg
<
@ . n
2 3 Q
,m ﬂnae m m
5] [Shhe] =
< 55 © o
T >
% e <
2 e i © 7]
5 N s O, ©n =
@) kI L a
o q- ro% 14
. Ve =} <
. z s
/ ]
& . 1S S
' & 1
°/ 2 g °
2 g
v . g 38
; i ) o o
/ N 1PN @
& S - <
7 =]
P
/ o
/ <
< o
<+ <

Time [s]

Time [s]

Fig. 3. Binned RFs at four stations along profile A-A’ (see Fig. 2 for location), showing the converted phases at the main interpreted interfaces and the multiples (PpPms, PsPms) of the converted phase at the Moho (Ps). Note that

the interpreted deep features (yellow and purple lines) are clearly visible out of the Moho multiples. Abbreviations: Tym

top of the Adria lithosphere.

Tyrrhenian Moho; Deephv = deep high velocity; TopAl
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Fig. 4. Vertical sections of stacked receiver functions migrated at 40 (middle panels) and 100 km (bottom panels) depth for the eastern section (A-A’, left column) and
western section (B-B’, right column) of northern Apennines. Top panels show topographic heights. Each profile shows major features: a), b), c) the positive (blue) phases
relative to the sinking Adria Moho (purple line) and the flat Tyrrhenian Moho (yellow line); a), b) orange dashed line marks the top of a low velocity layer atop the sinking
Adria Moho. b), d) NE-dipping layer marked by positive (earlier) and negative (later) phases (green and yellow dashed lines respectively).

times between the P-direct and P-to-S converted waves, due to dif-
fering locations of the conversion points along the same interface
for different seismic paths (Bianchi et al., 2010). Migrated RFs were
then grouped according to the surface projection of the conversion
point and associated to the nearest node along a discretized pro-
file (nodes are spaced at 10 km, see Fig. 2). For each node along
the profile, the ensemble of Q-RFs is stacked together. The stan-
dard deviation of the stacked RFs was estimated using a bootstrap
method with re-sampling of the entire RF dataset. The procedure
allows focusing to the desired depth, while reducing the signal as-
sociated with multiples generated by shallow discontinuities (e.g.
the Moho). The analysis of the RF data-set is given along two pro-
files that strike almost normal to the local axis of the orogen. One
profile (box A in Fig. 2) transects the Apennines in the area where
a number of geophysical observations (e.g. SKS splitting, Margheriti
et al, 1996) suggest the presence of a retreating slab at depth.
The second profile (box B in Fig. 2) crosses the Apennines where a
crustal kinematics dominated by vertical motion has been recently
proposed (Thompson et al., 2010).

Examples of the high-quality data used in this study are shown
in Fig. 3 for four stations that best represent the Tyrrhenian and
Adria lithospheric domains and the interposed Apennines orogen.
Signals associated with the Moho discontinuities are clear and
immediately point to a substantial depth difference of the Moho
interface over the area. Multiples associated with the Moho inter-
faces are marked to show that the most prominent signals outlined
by our study do not overlap their theoretical arrivals. The main fea-
tures include:

- The shallowing and progressive disappearance of the Tyrrhe-
nian Moho signal (Tym), eastward of the Apennines divide
(visible at stations MAON - PIEI).

- The progressive westward deepening of the Adria lithosphere
(TopAl). We refer to the part of the Adria microplate that
plunges into the mantle, either of crustal or mantle origin,
suggesting a peeling-back of the units stacked in the belt.

- The presence of a deep positive Ps converted phase (Deephv),
slightly east-dipping beneath the entire region, paired with a
deeper negative Ps converted phase (arriving at 15-20 s).

3. Results

Fig. 4 shows stacked RF profiles for two migration depths
(namely 40 and 100 km) for profile A-A" (Figs. 4a and 4b) and pro-
file B-B’ (Figs. 4c and 4d). Comparison of the two migration depths
demonstrates that certain features come into better focus after
an appropriate moveout correction. The stacked Q-RF in the two
profiles can be interpreted structurally, in terms of major S-wave
velocity contrasts in the upper mantle, or else as anisotropic gradi-
ents related to anisotropy. Our stacks use constant weighting with
back azimuth, so anisotropic signals should be suppressed. We in-
terpret positive (negative) amplitudes that are shown in blue (red)
to represent positive (negative) velocity contrasts with depth.

Along profile A-A’, the positive pulses of the crust-mantle in-
terfaces are clearly visible (Fig. 4a). West-dipping positive con-
trasts outline the west-dipping Adria lithosphere (TopAl) that ends
abruptly at roughly 80 km depth. In the Tyrrhenian side, the dis-
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continuity (Tym) is almost flat at 20-24-km depth. Further Ps
converted phases are prevalent at depths beneath the Tyrrhenian
Moho, consistent with positive velocity contrasts (yellow dashed
circle). Negative amplitudes are present in the volume between
the two Moho interfaces in Profile A (orange dashed line), indi-
cating the presence of a low-velocity zone beneath the mountain
range. At greater depth, positive pulses (green dashed line, Fig. 4b)
suggest an eastward-deepening velocity contrast, detectable from
60-70-km depth and dipping eastward down to 120 km. Deeper
negative Ps conversions are present along the entire profile (yellow
dashed line Fig. 4b) with a dip that parallels the overlying positive
Ps conversion. The west-dipping Adria lithosphere lies above these
east-dipping seismic features.

Along profile B-B’, the same overall features are visible indi-
cating a first-order similarity of structures and tectonics along the
strike of the northern Apennines. The principal difference resides
in the shallow structure beneath the mountain range at the con-
nection between the two Moho interfaces (grey dashed circle). In
profile B-B/, the negative Ps converted phases, present in profile
A-A’, do not extend beneath the orogen. This suggests that the
northernmost segment of the orogen is not underlain by a low-
velocity mantle nose.

4. Seismicity distribution

Seismicity in the Apennines is abundant. Historical (Stucchi
et al, 2013) and digital-era catalogues (Chiarabba et al., 2005;
Pondrelli et al., 2006) outline a main NW-trending strip of ex-
tensional earthquakes along the mountain range (Chiaraluce et al.,
2004), a diffuse external belt of compressional earthquakes in the
Adriatic foreland (De Luca et al., 2009; Carannante et al., 2013)
and “sub-crustal” earthquakes along a broadly west-dipping plane
(Amato and Selvaggi, 1993). The complete instrumental catalog
yields a significantly improved characterization of tectonics and re-
veals some interesting features relevant to our RF stacks (Fig. 5).
Shallow earthquakes (<100-km depth) dominate directly beneath
the Apennines orogen. The seismicity cutoff is shallow (15 km)
on the Tyrrhenian side, and numerous deep crustal earthquakes
(20-30 km depth) are common on the Adriatic side. This seismicity
has been ascribed to scraping process within the crust (Chiarabba
et al.,, 2009; Carannante et al., 2013).

The distribution of intermediate-depth seismicity (depth greater
than 30-40 km) distinguishes profiles A-A’ and B-B’ across the
northern Apennines. Intermediate-depth seismicity is distributed
beneath the orogen in profile B-B’, while it only occurs within
the Adria lithosphere that plunges in the mantle in profile A-A’
(Fig. 5). This distribution is consistent with the difference in the
“mantle nose” structure implied by the Ps converted-wave polarity.
In the southern segment of the Northern Apennines, a low-velocity
mantle nose is paired with a lack of co-located seismicity. In the
northern segment, the mantle nose does not exhibit a velocity in-
version, and is brittle enough for earthquakes.

5. Discussion

The similarity in the structure of the upper mantle observed
in the two profiles indicates that a common process of delamina-
tion occurred at the expense of the Adria microplate. We distin-
guish delamination from subduction for the northern Apennines,
based on the lack of evidence that the upper 20 km of crustal
rock is carried into the mantle. The type-locality for continen-
tal subduction, the India-Eurasia plate convergence at the edge
of the Tibetan plateau, has abundant evidence that the surface
rocks of the Indian plate underthrust the Himalaya (Pandey et al.,
1999; Ding et al.,, 2003; Leech et al., 2005; Kumar et al., 2006;
Nabelek et al., 2009). By contrast, the uppermost sedimentary
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Fig. 5. Vertical sections of seismicity (CSI catalog, updated after Chiarabba et al.,
2014) along profiles A-A” and B-B’ (Fig. 1 for location). The geometry of the Tyrrhe-
nian Moho and the top of delaminated Adria lithosphere are taken from Fig. 4.
In the bottom of the figure, a cartoon shows the different processes active along
the Apennines mountain range. In the western profile, deep underplating of crustal
material prevails, while asthenosphere propagation prevails in the eastern profile
(delamination-retreat).

units in the Po river foredeep at the margin of the “downgoing”
Adria microplate can be traced into the northern Apennines orogen
across a deeply-buried blind thrust (Picotti and Pazzaglia, 2008;
Bruno et al., 2011), suggesting that only the lower portion of
the Adria microplate descends into the mantle (Chiarabba et al.,
2009: Carminati et al., 2012). Ps receiver-function transects across
the northern Apennines (Bianchi et al., 2010; Agostinetti et al.,
2011; this study) and seismic tomography (Chiarabba et al., 2009)
strongly suggest that the Tyrrhenian Moho represents a detach-
ment surface with its leading edge beneath the Apennines crest,
beneath which the lower crust and continental lithosphere of the
Adria microplate separate from the upper crust.

The nature of the delamination process beneath the northern
Apennines is not uniform along strike. For profile A-A’, the evi-
dence suggests that delamination induces the flow of mantle rocks
into the migrating detachment, in agreement with SKS fast direc-
tions that change from trench-normal to trench-parallel following
the lithospheric delamination (Margheriti et al., 1996). The seis-
micity in the Adria-microplate lower crust that marks the terminus
of the Tyrrhenian Moho is diffuse (Fig. 5), suggesting a broadly
distributed deformation suggestive of a crack propagating into the
Adria lithosphere (Reches and Lockner, 1994), even though most of
the larger events have thrust mechanisms consistent with a simple
blind fault (Pondrelli et al., 2006). The wedge between the Tyrrhe-
nian Moho and the dipping surface of the descending Apennines
slab is free of earthquakes, consistent with the ductile motion of
asthenosphere. Piccinini et al. (2010) report high attenuation be-
neath the Tyrrhenian side of profile A-A’ consistent with hydrated
rocks within this seismicity-free wedge.

The negative-polarity Ps conversions in the mantle wedge lo-
cate where Agostinetti et al. (2011) argued for dehydration meta-
morphism of the delaminated crust and upward fluid migration
into the wedge beneath the mountain range. Hydration of the
mantle wedge at the slab interface could bring peridotite closer to
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Fig. 6. Map of Bouguer anomalies (M.G. Ciaccio personal communication). Limits of the deep degassing region (green line) (from Chiodini et al., 2004), heat flow (orange
dashed line) (from Della Vedova et al., 2008), and extent of the Tyrrenian Moho (Tym, grey dashed line) inferred from this study are shown. The trace of the two profiles
and the topography along the profile are plotted. Note the difference in topography across the Apennines between the two regions.

its solidus, decrease Vs, and induce a wavespeed inversion within
the wedge, leading to negative-polarity Ps conversions. Geody-
namic models (Gogus and Pysklywec, 2008) predict that a rapid in-
crease in Moho temperature would migrate along the lithospheric
gap, and continue to increase while sub-lithospheric flow is active.
This scenario would help explain the anatectic magmatism of the
region (Peccerillo, 2005).

Under profile B-B/, by contrast, small-event seismicity is present
in the mantle wedge between the Tyrrhenian Moho and the top of
the Apennines slab, and Ps converted phases in the wedge have
positive polarity. We argue that hot ductile asthenospheric man-
tle is not sucked here into a growing lithospheric detachment.
The seismicity suggests brittle rheology, and positive-polarity Ps
argues against dehydration here in the downgoing slab. Piccinini
et al. (2010) report lower t* values for stations west of profile
B-B’, suggesting lower attenuation at the northern extreme of the
orogeny, though not consistently for stations on the profile itself.
An explanation for the differing mantle-wedge properties beneath
profiles A-A’ and B-B’ are suggested by the Bouguer anomalies
(M.G. Ciaccio personal communication, Fig. 6). There is a promi-
nent long-wavelength negative Bouguer anomaly in the western
sector (—150 mgal), consistent with the low-density crustal mate-
rial we infer beneath the mountain range. The negative Bouguer
anomalies weaken southeast along the orogen, leading to a clear
distinction between the cross-orogen profiles. Beneath profile B-B’,
the absence of a velocity inversion beneath the mountain range,
combined with the distributed pattern of sub-crustal seismicity
(Fig. 5), suggest the accumulation of crustal material underplat-
ing the belt. This model is consistent with interpretation of recent
tectonic uplift by Thomson et al. (2010), based on fission-track
and (U-Th)/He ages, that the Apennines segment beneath profile
B-B’ undergoes uniform uplift via crustal underplating, while the
segment beneath profile A-A’ has undergone accretionary-wedge
internal deformation.

The extent of the Tyrrhenian Moho matches the limit of the
negative Bouguer anomalies and that of the strongly degassing,
high-temperature flux region. This indicates that mantle substi-
tution is complete underneath the Tyrrhenian side and part of
the mountain range, responsible for high flux (Della Vedova et al.,
2008) and deep-fluid degassing (Chiodini et al., 2004) related to a

temperature increase at the base of the crust. We infer that a broad
process of asthenospheric substitution is taking place beneath the
mountain range only in the sector of the northern Apennines south
and east of profile B-B’, roughly where high body-wave atten-
uation (Piccinini et al., 2010) overlaps the low-velocity anomaly
in the uppermost mantle and the region of anomalous CO, flux
(see also Chiarabba and Chiodini, 2013). This process of propa-
gating mantle substitution is what we call delamination-retreat.
We speculate that volatile release from the detaching lower crust
(Agostinetti et al., 2011) facilitates delamination-retreat by lower-
ing the viscosity of mantle peridotite in the mantle wedge, encour-
aging it to flow into the detachment. Where mantle hydration is
lacking, delamination-retreat would stall, perhaps terminating the
orogen, or else drawing crustal rock into the detachment as under-
plated material.

Our results might change the view of central Mediterranean
tectonics. We propose that the evolution is better described as
discontinuous processes of continental downwelling after delam-
ination and buoyancy forces from the heterogeneous density dis-
tribution govern the present-day deformation of Central Italy, as
modeled by Aoudia et al. (2007). This delamination process dif-
ferentiates either in space and time along the belt, passing from
crustal underplating to the northwest, to delamination-retreat to
the southeast (Fig. 7). Despite the differentiation in the crustal and
shallow-mantle structure, the continental sinks seems to be con-
fined above a paired positive and negative velocity contrasts in
migrated RF stacks at 100 km depth (Fig. 4).

The velocity jump has an apparent eastward dip toward the
orogen and might be interpreted as a structural feature, in par-
ticular, as relict lithosphere from the earlier Alpine collision event.
The negative-polarity Ps phase, that appears stronger than the pos-
itive Ps phase, could define the lithosphere-asthenosphere bound-
ary (LAB) of the relic Europe lithosphere. Typically imaged via
Sp receiver functions, Jones et al. (2010) report the LAB to lie
at 96 £ 17 km in Phanerozoic Europe. Geissler et al. (2010) re-
port the LAB to lie at 98 km beneath station VLC in Tuscany,
from Sp receiver functions, which is largely corroborated by Miller
and Agostinetti (2012) for RETREAT stations within the orogen.
Both estimates are shallower than the negative Ps phase in our
study, which lies at 100-140-km depth in the 100-175-km inter-
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Fig. 7. Vertical sketches describing two different evolution models of the Apennines:
a) subduction-retreat model, b) subduction via delamination model for the western
(b1) and eastern profile (by).

val within profiles A-A” and B-B’. A better agreement is found
with LAB estimates from shifts in anisotropic fabrics (Plomerova
and Babuska, 2010), which average 133 4+ 49 km in Phanerozoic
Europe (Jones et al., 2010).

The placement of an east-dipping tabular body beneath the
northern Apennines at this depth contradicts conventional inter-
pretations of seismic tomography. When used to reconstruct the
evolution of the Mediterranean mountain belts (see Faccenna et
al., 2001; Wortel and Spakman, 2000; Rosenbaum and Lister, 2004;
Faccenna and Becker, 2010; Handy et al., 2010), high-velocity
mantle anomalies in tomographic models (Amato et al., 1998;
Spakman et al., 1993; Lucente et al., 1999; Piromallo and Morelli,
2003; Giacomuzzi et al.,, 2011, 2012) have been interpreted as
remnants of lithosphere subducted during the evolution of the
Apennines system. Seismic tomography sustains a subduction-
retreat model (discussed and reviewed by Faccenna et al., 2001;
Lustrino et al., 2009, and Carminati et al., 2012). In these models,
the evolution of the area, at least for the past 35 Myr, is domi-
nated by the south-eastward retreat of a mixture of either oceanic
or continental slab, usually referred as the Ionian/Adria slab.

In the southern Tyrrhenian region, consistent traces for this
prolonged Ionian/Adria subduction are clearly outlined by high ve-
locity anomalies in the mantle that are continuous. Here, the deep
structure is easily imaged by teleseismic data (see the more re-
cent results by Giacomuzzi et al., 2011, 2012) and local-earthquake
data (see Chiarabba et al., 2008) allow imaging the shallow struc-

ture in detail. Conversely, in the central-northern Apennines the
resolution of tomographic images based only on teleseismic body
waves has been too coarse to resolve the upper 100-150 km. In
particular, the sub-vertical high-velocity body found in the upper
mantle by teleseismic tomography is too steep to define the slab
polarity independently (see the most recent papers by Benoit et
al.,, 2011 and Giacomuzzi et al., 2011, 2012), and a near-horizontal
high-velocity layer 20-30-km thick (hypothetically a relict Alpine
lithosphere, see Fig. 7) could remain unresolved by tomography.

Alternatively, it is possible to consider the negative velocity
jump as a rheological transition and reconcile it with its occur-
rence within the Adria slab. Karato (2012) proposes that the seis-
mic LAB is a rheological feature that marks the onset of grain-
boundary sliding (GBS) as a deformation mechanism. Olugboji et
al. (2013) explores how the GBS dissipation frequency wgps de-
pends on pressure, temperature and water content, fitting a pa-
rameterized model to the laboratory data of Jackson and Faul
(2010). Using the Karato (2012) hypothesis, a transition in the
grain-boundary sliding rheology creates a frequency-dependent Vg
inversion in the slab at 120-140-km depths by shifting the natural
GBS dissipation from low to high frequencies within the seismic
band. The GBS transition occurs without weakening the long-term
strength of the slab, because long-period elasticity is unaffected by
the shift in wgps.

Although it can explain how a discontinuity in elastic proper-
ties might develop across the grain of a downwelling lithospheric
slab, the grain-boundary-sliding hypothesis for an LAB within the
slab is still speculative and leaves other LAB-like features in the
stacked RFs enigmatic. The negative polarity Ps phase under the
Tyrrhenian Sea (50-125 km within Profiles A and B) is shal-
lower than that within the delaminated Adria lithosphere, con-
sistent with the latter body being cooler. However, negative-Ps
is found at depth >100 km in this interval, implying that the
Tyrrhenian plate has thickness typical of continental lithosphere,
with no trace for a recent thermal event. This conflicts with the
conventional model of Apennines-slab rollback, in which astheno-
sphere replaced the Tyrrhenian uppermost mantle no earlier than
15 Ma. The GBS model for the seismic LAB is thusfar speculative,
and was formulated for an oceanic-plate model, so its application
to continental regions may involve additional factors that we are
not yet taking into account. However, extrapolation of the mod-
els derived by Olugboji et al. (2013) predict that a transition to
the grain-boundary-sliding rheology in cold, dry continental litho-
sphere should be deeper than in warm, hydrated continental litho-
sphere, and this is consistent with our observations.

6. Conclusions

Velocity contrasts in the upper mantle defined by RF modeling
support an evolutionary model for the northern Apennines that
is based on the delamination of the Adria continental lithosphere.
Lateral changes along the belt, envisaged by our new seismologi-
cal data and consistent with previous inferences, indicate that the
process is diachronous and heterogeneous in space passing from
lithospheric underplating to delamination-retreat from northwest
to southeast. These two different processes also have differing sig-
natures in the topography of the belt and expression in seismicity,
surface evolution, heat flow and magmatism.

The dipping Ps phase that marks the top of the Apennines slab
begins at the Tyrrhenian Moho in the mid-crust of the Adria litho-
sphere. A cluster of seismicity in the crust of southern Tuscany
(profile A-A’) suggests strains caused by the further penetration of
this detachment into the Adria lithosphere. An absence of seismic-
ity in the mantle wedge suggests that upper-mantle rocks, perhaps
hydrated by the release of fluids from blueschist-to-eclogite meta-
morphism within subducted Adria lower crust (Agostinetti et al.,
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2011), flow up the slab to fill the wedge-volume opened by the
detachment. In southern Tuscany the negative-polarity Ps within
the mantle wedge could be caused by hydration of the lower part
of the wedge. In northern Tuscany the seismicity at the incipi-
ent Tyrrhenian-Moho detachment extends into the wedge-volume,
suggesting that rocks sucked into the detachment are brittle and
resistant to flow, probably not hydrated and perhaps associated
with crustal underplating, rather than asthenospheric flow. Ps in
the wedge has positive polarity, consistent with no fluid release
from the downgoing Adria lower crust. Termination of the Apen-
nines slab near this profile is consistent with this evidence that
the Tyrrhenian-Moho detachment in the northwest experiences
greater resistance to further penetration of the Adria lithosphere.

We associate deeper (100-140 km) negative-polarity Ps con-
versions in the RF stacks with either a relict piece of lithosphere
delaminated during the early stage of the Apennines formation
or to a rheologic transition that has been associated in other
regions with the “seismic” lithosphere-asthenosphere boundary
(LAB). A relict Alpine lithosphere, however, would need to cross
a “fast” tomographic feature that has been associated with the
downwelling Apennines slab. The rheologic transition, alternatively,
could occur within the Apennines slab, and create a seismic fea-
ture without a requiring a compositional or structural layering.
In either case, the deep Ps conversions underneath the Tyrrhe-
nian side of the Apennines argue against large-scale asthenosphere
uplift under southern Tuscany. We favor instead the local uplift
of slab-hydrated mantle under southern Tuscany, in conflict with
conventional subduction-retreat models for the Apennines conver-
gence zone.

Acknowledgements

J. Park has been supported by NSF grant EAR-0952281. Helpful
comments by Shun-Ichiro Karato are acknowledged. We thank the
Editor and two reviewers for constructive comments.

References

Agostinetti, N.P, Amato, A., 2009. Moho depth and Vp/Vs ratio in peninsular
Italy from teleseismic receiver functions. J. Geophys. Res. 114, B06303. http://
dx.doi.org/10.1029/2008]B005899.

Agostinetti, N.P, Bianchi, I, Amato, A., Chiarabba, C., 2011. Fluid migration in
continental subduction: the Northern Apennines case study. Earth Planet. Sci.
Lett. 302 (3-4), 267-278. http://dx.doi.org/10.1016/j.epsl.2010.10.039.

Amato, A., Margheriti, L., Azzara, R, Basili, A., Chiarabba, C., Ciaccio, M.G., Cimini,
G.B.,, Di Bona, M., Frepoli, A., Lucente, FP, Nostro, C., Selvaggi, G., 1998. Pas-
sive seismology and deep structure in central Italy. Pure Appl. Geophys. 151,
479-493. http://dx.doi.org/10.1007/s000240050124.

Amato, A., Selvaggi, G., 1993. Aftershock location and P-velocity structure in the
epicentral region of the 1980 Irpinia earthquake. Ann. Geofi. 36, 3-15.

Aoudia, A., Ismail-Zadeh, A.T., Romanelli, F.,, 2007. Buoyancy-driven deformation and
contemporary tectonic stress in the lithosphere beneath Central Italy. Terra
Nova 19, 490-495. http://dx.doi.org/10.1111/j.1365-3121.2007.00776.X.

Bally, A.W., Burbi, L., Cooper, C., Ghelardoni, R., 1986. Balanced sections and seis-
mic reflection profiles across the central Apennines. Mem. Soc. Geol. Ital. 35,
257-310.

Bennett, R.A., et al, 2012. Syn-convergent extension observed using the RETREAT
GPS network, northern Apennines, Italy. ]. Geophys. Res., Solid Earth 117 (B4).
http://dx.doi.org/10.1029/2011]B008744.

Benoit, M.H., Torpey, M., Liszewski, K., Levin, V., Park, J., 2011. P and S wave upper
mantle seismic velocity structure beneath the northern Apennines: new evi-
dence for the end of subduction. Geochem. Geophys. Geosyst. 12 (6), Q06004.
http://dx.doi.org/10.1029/2010GC003428.

Bianchi, 1., Park, ]., Agostinetti, N.P., Levin, V., 2010. Mapping seismic anisotropy us-
ing harmonic decomposition of receiver functions: an application to Northern
Apennines, Italy. J. Geophys. Res. 115 (B12), B12317. http://dx.doi.org/10.1029/
2009JB007061.

Bruno, P.P.G., Pazzaglia, FJ., Picotti, V., 2011. Evidence for active folding and
faulting at the northern Apennines mountain front near Bologna, Italy from
high resolution seismic reflection profiling. Geophys. Res. Lett. 38, L16302.
http://dx.doi.org/10.1029/2011GL047828.

Carannante, S., Monachesi, G., Cattaneo, M., Amato, A., Chiarabba, C., 2013. Deep
structure and tectonics of the northern-central Apennines as seen by regional-
scale tomography and 3-D located earthquakes. J. Geophys. Res., Solid Earth 118,
5391-5403. http://dx.doi.org/10.1002/jgrb.50371.

Carminati, E., Lustrino, M., Doglioni, C., 2012. Geodynamic evolution of the cen-
tral and western Mediterranean: tectonics vs. igneous petrology constraints.
Tectonophysics 579, 173-192. http://dx.doi.org/10.1016/j.tecto.2012.01.026.

Chiarabba, C., Jovane, L., DiStefano, R., 2005. A new view of Italian seismicity us-
ing 20 years of instrumental recordings. Tectonophysics 395, 251-268. http://
dx.doi.org/10.1016/j.tecto.2004.09.013.

Chiarabba, C., De Gori, P, Speranza, F., 2008. The southern Tyrrhenian subduction
zone: deep geometry, magmatism and Plio-Pleistocene evolution. Earth Planet.
Sci. Lett. 268 (3,4), 408-423. http://dx.doi.org/10.1016/j.epsl.2008.01.036.

Chiarabba, C., De Gori, P, Speranza, F,, 2009. Deep geometry and rheology of an
orogenic wedge developing above a continental subduction zone: seismologi-
cal evidence from the northern-central Apennines (Italy). Lithosphere 1, 95-104.
http://dx.doi.org/10.1130/L34.1.

Chiarabba, C., Chiodini, G., 2013. Continental delamination and mantle dynamics
drive topography, extension and fluid discharge in the Apennines. Geology 41
(6), 715-718. http://dx.doi.org/10.1130/G33992.1.

Chiaraluce, L., Amato, A., Cocco, M., Chiarabba, C., Selvaggi, G., Di Bona, M., Piccinini,
D., Deschamps, A., Margheriti, L., Courboulex, E, Ripepe, M., 2004. Complex nor-
mal faulting in the Apennines thrust-and-fold belt: the 1997 seismic sequence
in central Italy. Bull. Seismol. Soc. Am. 94 (1), 99-116. http://dx.doi.org/10.1785/
0120020052.

Chiodini, G., Cardellini, C., Amato, A., Boschi, E., Caliro, S., Frondini, F, Ven-
tura, G., 2004. Carbon dioxide Earth degassing and seismogenesis in central
and southern Italy. Geophys. Res. Lett. 31, L07615. http://dx.doi.org/10.1029/
2004GL019480.

D’Agostino, N., Mantenuto, S., D’Anastasio, E., Avallone, A., Barchi, M., Collettini, C.,
Radicioni, F, Stoppini, A., Fastellini, G., 2009. Contemporary crustal extension
in the Umbria-Marche Apennines from regional CGPS networks and compari-
son between geodetic and seismic deformation. Tectonophysics 476 (1-2), 3-12.
http://dx.doi.org/10.1016/j.tecto.2008.09.033.

Della Vedova, B., Vecellio, C., Bellani, S., Tinivella, U., 2008. Thermal modelling of
the Larderello geothermal field (Tuscany, Italy). Int. J. Earth Sci. 97, 317-332.
http://dx.doi.org/10.1007/s00531-007-0249-0.

De Luca, G., Cattaneo, M. Monachesi, G. Amato, A., 2009. Seismicity in
Central and Northern Apennines integrating the Italian national and re-
gional networks. Tectonophysics, (ISSN 0040-1951) 476 (1-2), 121-135.
http://dx.doi.org/10.1016/j.tecto.2008.11.032.

Dewey, J.E, Helman, M.L., Torco, E., Hutton, D.H.W., Knott, S., 1989. Kinematics of the
western Mediterranean. In: Coward, M.P,, Dietrich, D. (Eds.), Alpine Tectonics.
Geol. Soc. Spec. Public, London, pp. 265-283.

Ding, L., Kapp, P, Zhong, D., Deng, W., 2003. Cenozoic volcanism in Tibet: evidence
for a transition from oceanic to continental subduction. J. Petrol. 44, 1833-1865.
http://dx.doi.org/10.1093/petrology/egg061.

Di Stefano, R., Kissling, E., Chiarabba, C., Amato, A., Giardini, D., 2009. Shallow
subduction beneath Italy: three-dimensional images of the Adriatic-European-
Tyrrhenian lithosphere system based on high-quality P wave arrival times.
J. Geophys. Res., Solid Earth 114 (B5). http://dx.doi.org/10.1029/2008]B005641.

Di Stefano, R., Bianchi, I, Ciaccio, M.G., Carrara, G., Kissling, E., 2011. Three-
dimensional Moho topography in Italy: new constraints from receiver functions
and controlled source seismology. Geochem. Geophys. Geosyst. 12, Q09006.
http://dx.doi.org/10.1029/2011GC003649.

Doglioni, C., 1991. A proposal for the kinematic modelling of W-dipping subduc-
tions - possible applications to the Tyrrhenian Apennines systems. Terra Nova 3
(4), 423-434. http://dx.doi.org/10.1111/j.1365-3121.1991.th00172.x.

Dueker, K.G., Sheehan, A.F, 1998. Mantle discontinuity structure beneath the Col-
orado Rocky Mountains and High Plains. ]J. Geophys. Res. 103, 7153-7169.
http://dx.doi.org/10.1029/97JB03509.

Elter, P, Giglia, G., Tongiorgi, M., Trevisan, L., 1975. Tensional and compressional
areas in the recent (Tortonian to present) evolution of the Northern Apennines.
Boll. Geofis. Teor. Appl. 17 (65), 3-18.

Faccenna, C., Becker, TW., Lucente, EP, Jolivet, L., Rossetti, F, 2001. History of
subduction and Back-arc extension in the Central Mediterranean. Geophys. J.
Int. 145, 809-820. http://dx.doi.org/10.1046/j.0956-540x.2001.01435 x.

Faccenna, C., Becker, TW., 2010. Shaping mobile belts by small-scale convection.
Nature 465, 602-605. http://dx.doi.org/10.1038/nature09064.

Geissler, W.H., Sodoudi, F,, Kind, R., 2010. Thickness of the central and eastern Euro-
pean lithosphere as seen by S receiver functions. Geophys. ]. Int. 181, 604-634.
http://dx.doi.org/10.1111/j.1365-246X.2010.04548.x.

Giacomuzzi, G., Chiarabba, C, De Gori, P, 2011. Linking the Alps and Apennines
subduction systems: new constraints revealed by high-resolution teleseismic to-
mography. Earth Planet. Sci. Lett. 301 (3-4), 531-543. http://dx.doi.org/10.1016/
j.epsl.2010.11.033.

Giacomuzzi, G., Civalleri, M., De Gori, P, Chiarabba, C., 2012. A 3D Vs model of
the upper mantle beneath Italy: insight on the geodynamics of central Mediter-
ranean. Earth Planet. Sci. Lett. 335-336, 105-120. http://dx.doi.org/10.1016/
j-epsl.2012.05.004.


http://dx.doi.org/10.1029/2008JB005899
http://dx.doi.org/10.1016/j.epsl.2010.10.039
http://dx.doi.org/10.1007/s000240050124
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib416D6153656C31393933s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib416D6153656C31393933s1
http://dx.doi.org/10.1111/j.1365-3121.2007.00776.x
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib42616C6574616C31393836s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib42616C6574616C31393836s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib42616C6574616C31393836s1
http://dx.doi.org/10.1029/2011JB008744
http://dx.doi.org/10.1029/2010GC003428
http://dx.doi.org/10.1029/2009JB007061
http://dx.doi.org/10.1029/2011GL047828
http://dx.doi.org/10.1002/jgrb.50371
http://dx.doi.org/10.1016/j.tecto.2012.01.026
http://dx.doi.org/10.1016/j.tecto.2004.09.013
http://dx.doi.org/10.1016/j.epsl.2008.01.036
http://dx.doi.org/10.1130/L34.1
http://dx.doi.org/10.1130/G33992.1
http://dx.doi.org/10.1785/0120020052
http://dx.doi.org/10.1029/2004GL019480
http://dx.doi.org/10.1016/j.tecto.2008.09.033
http://dx.doi.org/10.1007/s00531-007-0249-0
http://dx.doi.org/10.1016/j.tecto.2008.11.032
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib4465776574616C31393839s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib4465776574616C31393839s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib4465776574616C31393839s1
http://dx.doi.org/10.1093/petrology/egg061
http://dx.doi.org/10.1029/2008JB005641
http://dx.doi.org/10.1029/2011GC003649
http://dx.doi.org/10.1111/j.1365-3121.1991.tb00172.x
http://dx.doi.org/10.1029/97JB03509
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib456C746574616C31393735s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib456C746574616C31393735s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib456C746574616C31393735s1
http://dx.doi.org/10.1046/j.0956-540x.2001.01435.x
http://dx.doi.org/10.1038/nature09064
http://dx.doi.org/10.1111/j.1365-246X.2010.04548.x
http://dx.doi.org/10.1016/j.epsl.2010.11.033
http://dx.doi.org/10.1016/j.epsl.2012.05.004
http://dx.doi.org/10.1029/2008JB005899
http://dx.doi.org/10.1029/2009JB007061
http://dx.doi.org/10.1016/j.tecto.2004.09.013
http://dx.doi.org/10.1785/0120020052
http://dx.doi.org/10.1029/2004GL019480
http://dx.doi.org/10.1016/j.epsl.2010.11.033
http://dx.doi.org/10.1016/j.epsl.2012.05.004

116 C. Chiarabba et al. / Earth and Planetary Science Letters 403 (2014) 108-116

Gogus, O.H., Pysklywec, R.N., 2008. Near-surface diagnostics of dripping or de-
laminating lithosphere. J. Geophys. Res. 113, B11404. http://dx.doi.org/10.1029/
2007JB005123.

Handy, M.R., Schmid, S.M., Bousquet, R., Kissling, E., Bernoulli, D., 2010. Reconciling
plate-tectonic reconstructions of Alpine Tethys with the geological-geophysical
record of spreading and subduction in the Alps. Earth-Sci. Rev. 102 (3-4),
121-158. http://dx.doi.org/10.1016/j.earscirev.2010.06.002.

Hetenyi, G., Stuart, G.W., Houseman, G.A. Horvath, F, Hegedus, E., Brueckl, E.,
2009. Anomalously deep mantle transition zone below Central Europe: evidence
of lithospheric instability. Geophys. Res. Lett. 36. http://dx.doi.org/10.1029/
2009GL040171.

Jackson, L., Faul, U.H., 2010. Grain-size-sensitive viscoelastic relaxation in olivine: to-
wards a robust laboratory-based model for seismological application. Phys. Earth
Planet. Inter. 183, 151-163. http://dx.doi.org/10.1016/j.pepi.2010.09.005.

Jolivet, L., et al., 1998. Midcrustal shear zones in postorogenic extension: exam-
ple from the northern Tyrrhenian Sea. ]. Geophys. Res., Solid Earth 103 (B6),
12123-12160. http://dx.doi.org/10.1029/97]B03616.

Jones, A.G., Plomerova, ]J., Korja, T, Sodoudi, F, Spakman, W. 2010. Europe
from the bottom up: a statistical examination of the central and northern
European lithosphere-asthenosphere boundary from comparing seismological
and electromagnetic observations. Lithos 120, 14-29. http://dx.doi.org/10.1016/
jlithos.2010.07.013.

Karato, S., 2012. On the origin of the asthenosphere. Earth Planet. Sci. Lett. 321,
1-14. http://dx.doi.org/10.1016/j.epsl.2012.01.001.

Kawakatsu, H., Watada, S., 2007. Seismic evidence for deep-water transportation in
the mantle. Science 316 (5830), 1468-1471. http://dx.doi.org/10.1126/science.
1140855.

Kumar, S., Wesnousky, S.G., Rockwell, TK., Briggs, R.W., Thakur, V.C., Jayangondape-
rumal, R, 2006. Paleoseismic evidence of great surface rupture earthquakes
along the Indian Himalaya. ]. Geophys. Res. 111, B03304. http://dx.doi.org/
10.1029/2004]B003309.

Leech, M.L, Singh, S., Jain, A.K,, Klemperer, S.L., Manickavasagam, R.M., 2005. The
onset of India-Asia continental collision: early, steep subduction required by
the timing of UHP metamorphism in the western Himalaya. Earth Planet. Sci.
Lett. 234, 83-97. http://dx.doi.org/10.1016/j.eps1.2005.02.038.

Lucente, EP, Chiarabba, C., Cimini, G.B., Giardini, D., 1999. Tomographic con-
straints of the geodynamics evolution of the Italian region. ]. Geophys. Res. 104,
20307-20327. http://dx.doi.org/10.1029/1999JB900147.

Lustrino, M., Morra, V., Fedele, L., Franciosi, L., 2009. Beginning of the Apennine
subduction system in central western Mediterranean: constraints from Ceno-
zoic “orogenic” magmatic activity of Sardinia, Italy. Tectonics 28 (5), TC5016.
http://dx.doi.org/10.1029/2008TC002419.

Malinverno, A., Ryan, B.F, 1986. Extension in the Tyrrhenian Sea and shortening in
the Apennines as a result of arc migration driven by sinking of the lithosphere.
Tectonics 5 (2), 227-245. http://dx.doi.org/10.1029/TC005i002p00227.

Margheriti, L., Nostro, C., Cocco, M., Amato, A., 1996. Seismic anisotropy beneath the
Northern Apennines (Italy) and its tectonic implications. Geophys. Res. Lett. 23
(20), 2721-2724. http://dx.doi.org/10.1029/96GL02519.

Margheriti, L., Pondrelli, S., Piccinini, D., Piana Agostinetti, N., Lucente, F.P., Am-
ato, A., Baccheschi, P, Giovani, L., Salimbeni, S., Park, J., Brandon, M.T,, Levin,
V., Plomerova, J., Jedlicka, P., Vecsey, L., Babuska, V., Fiaschi, A., Carpani, B., Ul-
bricht, P, 2006. Subduction structure of the Northern Apennines: results from
the RETREAT seismic deployment. Ann. Geofis. 49, 1119-1131.

Miller, M.S., Agostinetti, N.P, 2012. Insights into the evolution of the Italian
lithospheric structure from S receiver function analysis. Earth Planet. Sci.
Lett. 345-348, 49-59. http://dx.doi.org/10.1016/j.epsl.2012.06.028.

Nabelek, ]J., Hetenyi, G., Vergne, J.R.M., Sapkota, S., Kafle, B., Jiang, M., Su, H.
Chen, ., Huang, B.-S., the Hi-CLIMB Team, 2009. Underplating in the Himalaya-
Tibet collision zone revealed by the Hi-CLIMB experiment. Science 325 (5946),
1371-1374. http://dx.doi.org/10.1126/science.1167719.

Olugboji, T.M., Karato, S., Park, ], 2013. Structures of the oceanic lithosphere-
asthenosphere boundary: mineral-physics modeling and seismological sig-
natures. Geochem. Geophys. Geosyst. 14, 880-901. http://dx.doi.org/10.1002/
ggge.20086.

Pandey, M.R., Tandukar, R.P,, Avouac, J.P, Vergne, J., Heritier, Th., 1999. Seismotecton-
ics of the Nepal Himalaya from a local seismic network. J. Asian Earth Sci. 17,
703-712. http://dx.doi.org/10.1016/51367-9120(99)00034-6.

Park, J., Levin, V., 2000. Receiver functions from multiple-taper spectral correlation
estimates. Bull. Seismol. Soc. Am. 90 (6), 1507-1520. http://dx.doi.org/10.1785/
0119990122.

Peccerillo, A., 2005. Plio-Quaternary Volcanism in Italy: Petrology, Geochemistry,
Geodynamics. Springer, New York. 365 pp.

Piccinini, D., Di Bona, M., Lucente, FP, Levin, V., Park, ], 2010. Seismic attenua-
tion and mantle wedge temperature in the northern Apennines subduction zone
(Italy) from teleseismic body wave spectra. ]. Geophys. Res. 115, B09309. http://
dx.doi.org/10.1029/2009]B007180.

Picotti, V., Pazzaglia, FJ., 2008. A new active tectonic model for the construction
of the Northern Apennines mountain front near Bologna (Italy). J. Geophys.
Res. 113, B08412. http://dx.doi.org/10.1029/2007JB005307.

Piromallo, C., Morelli, C., 2003. P wave tomography of the mantle under the
Alpine-Mediterranean area. J. Geophys. Res. 108 (2065), B2. http://dx.doi.org/
10.1029/2002)JB001757. 2065.

Plomerova, ., Margheriti, L., Park, J., Babuska, V., Pondrelli, S., Vecsey, L., Piccinini,
D., Levin, V., Baccheschi, P, Salimbeni, S., 2006. Seismic anisotropy beneath the
northern Apennines (Italy): mantle flow or lithospheric fabric? Earth Planet. Sci.
Lett. 247. http://dx.doi.org/10.1016/j.epsl.2006.1004.1023.

Plomerova, J., Babuska, V., 2010. Long memory of mantle lithosphere fabric — Euro-
pean LVL constrained from seismic anisotropy. Lithos. http://dx.doi.org/10.1016/
j.lithos.2010.01.008.

Pondrelli, S., Salimbeni, S., Ekstrom, G., Morelli, A., Gasperini, P., Vannucci, G., 2006.
The Italian CMT dataset from 1977 to the present. Phys. Earth Planet. Inter. 159,
286-303. http://dx.doi.org/10.1016/j.pepi.2006.07.008.

Reches, Z., Lockner, D.A., 1994. Nucleation and growth of faults in brittle rocks.
]J. Geophys. Res. 99, 18159-18173. http://dx.doi.org/10.1029/94]B00115.

Rondenay, S., Abers, G.A., van Keken, P.E., 2008. Seismic imaging of subduction zone
metamorphism. Geology 36 (4), 275-278. http://dx.doi.org/10.1130/G24112A.1.

Rosenbaum, G., Lister, G.S., 2004. Neogene and Quaternary rollback evolution of
the Tyrrhenian Sea, the Apennines and the Sicilian Maghrebides. Tectonics 23,
TC1013. http://dx.doi.org/10.1029/2003TC001518.

Royden, L., 1988. Flexural behavior of the continental lithosphere in Italy: con-
straints imposed by gravity and deflection data. ]. Geophys. Res., Solid Earth 93
(B7), 7747-7766. http://dx.doi.org/10.1029/JB093iB07p07747.

Salimbeni, S., Pondrelli, S., Margheriti, L., Levin, V., Park, J., Plomerova, ]., Babuska,
V., 2007. Abrupt change in mantle fabric across northern Apennines detected
using seismic anisotropy. Geophys. Res. Lett. 34 (7). http://dx.doi.org/10.1029/
2007GL029302.

Serpelloni, E., Vannucci, G., Pondrelli, S., Argnani, A., Casula, G., Anzidei, M., Baldi,
P, Gasperini, P, 2007. Kinematics of the Western Africa-Eurasia plate bound-
ary from focal mechanisms and GPS data. Geophys. J. Int. 169 (3), 1180-1200.
http://dx.doi.org/10.1111/j.1365-246X.2007.03367.X.

Spakman, W., van der Lee, S., van der Hilst, R., 1993. Travel-time tomography of the
European-Mediterranean mantle down to 1400 km. Phys. Earth Planet. Inter. 79
(1-2), 3-74. http://dx.doi.org/10.1016/0031-9201(93)90142-V.

Spada, M., Bianchi, L, Kissling, E., Piana Agostinetti, N., Wiemer, S., 2013. Combining
controlled-source seismology and receiver function information to derive 3-D
Moho topography for Italy. Geophys. J. Int. 194 (2), 1050-1068. http://dx.doi.org/
10.1093/gji/ggt148.

Stampfli, G.M., Borel, G.D., 2002. A plate tectonic model for the Paleozoic and Meso-
zoic constrained by dynamic plate boundaries and restored synthetic ocean
isochrons. Earth Planet. Sci. Lett. 196, 17-33. http://dx.doi.org/10.1016/S0012-
821X(01)00588-X.

Stucchi, M., Rovida, A., Gomez Capera, A.A., Alexandre, P, Camelbeeck, T., Demir-
cioglu, M.B., Gasperini, P, Kouskouna, V. Musson, RM.W, Radulian, M,
Sesetyan, K. Vilanova, S. Baumont, D., Bungum, H., Fih, D., Lenhardt, W,
Makropoulos, K., Martinez Solares, J.M., Scotti, 0., Ziv&i¢, M., Albini, P., Batllo,
J., Papaioannou, C., Tatevossian, R., Locati, M., Meletti, C., Vigano, D., Giardini, D.,
2013. The SHARE European Earthquake Catalogue (SHEEC) 1000-1899. ]. Seis-
mol. 17, 523-544. http://dx.doi.org/10.1007/s10950-012-9335-2.

Thomson, S.N., Brandon, M.T., Reiners, PW., Zattin, M., Isaacson, PJ., Balestrieri,
M.L,, 2010. Thermochronologic evidence for orogen-parallel variability in wedge
kinematics during extending convergent orogenesis of the northern Apennines,
Italy. Geol. Soc. Am. Bull. 122 (7-8), 1160-1179. http://dx.doi.org/10.1130/
B26573.1.

Wortel, M.J.R,, Spakman, W., 2000. Geophysics - subduction and slab detach-
ment in the Mediterranean-Carpathian region. Science 290 (5498), 1910-1917.
http://dx.doi.org/10.1126/science.290.5498.1910.


http://dx.doi.org/10.1029/2007JB005123
http://dx.doi.org/10.1016/j.earscirev.2010.06.002
http://dx.doi.org/10.1029/2009GL040171
http://dx.doi.org/10.1016/j.pepi.2010.09.005
http://dx.doi.org/10.1029/97JB03616
http://dx.doi.org/10.1016/j.lithos.2010.07.013
http://dx.doi.org/10.1016/j.epsl.2012.01.001
http://dx.doi.org/10.1126/science.1140855
http://dx.doi.org/10.1029/2004JB003309
http://dx.doi.org/10.1016/j.epsl.2005.02.038
http://dx.doi.org/10.1029/1999JB900147
http://dx.doi.org/10.1029/2008TC002419
http://dx.doi.org/10.1029/TC005i002p00227
http://dx.doi.org/10.1029/96GL02519
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib4D61726574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib4D61726574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib4D61726574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib4D61726574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib4D61726574616C32303036s1
http://dx.doi.org/10.1016/j.epsl.2012.06.028
http://dx.doi.org/10.1126/science.1167719
http://dx.doi.org/10.1002/ggge.20086
http://dx.doi.org/10.1016/S1367-9120(99)00034-6
http://dx.doi.org/10.1785/0119990122
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib50656332303035s1
http://refhub.elsevier.com/S0012-821X(14)00426-9/bib50656332303035s1
http://dx.doi.org/10.1029/2009JB007180
http://dx.doi.org/10.1029/2007JB005307
http://dx.doi.org/10.1029/2002JB001757
http://dx.doi.org/10.1016/j.epsl.2006.1004.1023
http://dx.doi.org/10.1016/j.lithos.2010.01.008
http://dx.doi.org/10.1016/j.pepi.2006.07.008
http://dx.doi.org/10.1029/94JB00115
http://dx.doi.org/10.1130/G24112A.1
http://dx.doi.org/10.1029/2003TC001518
http://dx.doi.org/10.1029/JB093iB07p07747
http://dx.doi.org/10.1029/2007GL029302
http://dx.doi.org/10.1111/j.1365-246X.2007.03367.x
http://dx.doi.org/10.1016/0031-9201(93)90142-V
http://dx.doi.org/10.1093/gji/ggt148
http://dx.doi.org/10.1016/S0012-821X(01)00588-X
http://dx.doi.org/10.1007/s10950-012-9335-2
http://dx.doi.org/10.1130/B26573.1
http://dx.doi.org/10.1126/science.290.5498.1910
http://dx.doi.org/10.1029/2007JB005123
http://dx.doi.org/10.1029/2009GL040171
http://dx.doi.org/10.1016/j.lithos.2010.07.013
http://dx.doi.org/10.1126/science.1140855
http://dx.doi.org/10.1029/2004JB003309
http://dx.doi.org/10.1002/ggge.20086
http://dx.doi.org/10.1785/0119990122
http://dx.doi.org/10.1029/2009JB007180
http://dx.doi.org/10.1029/2002JB001757
http://dx.doi.org/10.1016/j.lithos.2010.01.008
http://dx.doi.org/10.1029/2007GL029302
http://dx.doi.org/10.1093/gji/ggt148
http://dx.doi.org/10.1016/S0012-821X(01)00588-X
http://dx.doi.org/10.1130/B26573.1

	From underplating to delamination-retreat in the northern Apennines
	1 Introduction
	2 Data and RF stacking
	3 Results
	4 Seismicity distribution
	5 Discussion
	6 Conclusions
	Acknowledgements
	References


