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Abstract

Shear-wave splitting estimates from recordings of 10 portable seismographic stations during the first year of the RETREAT
seismic deployment, in combination with broadband data from the Italian national seismic network, are associated with seismic
anisotropy within the upper mantle beneath the Northern Apennines. Anisotropic parameters derived from both shear-wave splitting
and P travel-time residuals vary geographically and depend on event back-azimuth, reflecting complexity in the underlying mantle
strain field. Variations of the splitting time delays and fast polarization seem to exclude a 2-D sublithosphere corner flow, associated
with the Apennines subduction, as the main source of the inferred anisotropy. The anisotropic signal may be generated by a frozen-in
fabric of the Adriatic and Tyrrhenian lithosphere domains, or by flow variations induced by episodic and fragmentary slab rollback.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Apennine fold and thrust belt developed from the
latest Cretaceous to early Pleistocene at the subduction-
collisional boundary between the European and the
westward subducted Adriatic and Ionianmicroplates [1–
3]. The chain developed through the deformation of
major palaeogeographic internal domains (tectono-sedi-
mentary sequences of the Ligurian-Piedmont Ocean) and
external domains (sedimentary sequences derived from
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the deformation of the continental Adria passive mar-
gin). From the late Miocene, the geometry of the thrust
belt was strongly modified by extensional faulting, vol-
canic activity, crustal thinning and formation of oceanic
crust correlated with the development of the Tyrrhenian
Basin [4,5].

Since that time, the Apennine orogeny has been paired
with simultaneous extension in the Tyrrhenian Sea and,
in general, eastward slab rollback of the subducting
Adriatic plate, as a part of the ongoing collision of the
Eurasian and African plates [5,6]. In other words, the
contact of the Tyrrhenian (over-riding) retro-plate and
the Adriatic pro-plate moves in the direction opposite to
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convergence at the subduction zone, and it is often de-
noted as “trench retreat”. The Apennines orogen is
largely continuous along its strike from Liguria in the
north to Calabria in the south, suggesting a similarly
continuous mantle process beneath the orogen. If sub-
duction and trench retreat are ongoing processes in the
Northern Apennines, the seismic hazard of central Ita-
ly would be much greater than suggested by the mod-
est level of 20th century seismic activity. The scarcity
of large earthquakes in the historical record (roughly
2500 yr) has motivated hypotheses that subduction is not
a steady-state process. Faccenna et al. [5] argue that past
subduction in the Apennines convergence zone has oc-
curred at rates as large as 5 cm/yr during isolated epi-
sodes since 30Ma, but current motion is much smaller, if
not absent [7,8]. Wortel and Spakman [9] argue that
portions of the Apennines slab have begun to detach
from the surface plate. A study of mantle anisotropy by
the multidisciplinary project RETREAT (REtreating-
TRench, Extension and Accretion Tectonics) aims at
developing a self-consistent dynamic model of syn-
convergent extension in the Northern Apennines [10]. If
Apennines uplift can be modelled as a consequence of a
steady subduction process, details of the 2-Dmantle flow
will help constrain the lower boundary conditions of the
deforming crust. If subduction has halted or the slab has
begun to founder, a 3-D mantle flow pattern may have
developed. Finally, because continental lithosphere often
preserves mantle fabrics from its formation, fossil aniso-
tropy may be substantial [13,14].

Lithosphere on both sides of the orogen is continen-
tal, so parallels with typical subduction zones must use
analogies. The Northern Apennine orogen occupies a
position usual for forearc orogenic belts in ocean–con-
tinent subduction settings, such as the Olympics Moun-
tains in Cascadia and Nias Island offshore Sumatra. The
Northern Apennines are composed largely of accumu-
lated sediments and metasedimentary rocks. The Po
River valley of northern Italy and the Adriatic Sea oc-
cupies the position of the offshore trench. The subduct-
ing Adriatic pro-plate is identified to the northeast of the
Apennines orogen, underlying an uncertain fraction of
the Adriatic Sea. The complicated geometry of Adriatic
plate subduction [9–12] suggests that the formerly con-
tinuous Apennines–Maghrebides subduction is now
fragmented along the Italian peninsula in two arcuate
orogenic segments: the Northern Apennines (NA) and
the Calabrian Arc (CA). The Calabrian Arc still exhibits
many features of an active subduction zone, including
arc volcanism in the Aeolian Islands and deep seismicity
down to 600 km. The Northern Apennines lacks both
these features. Its high wavespeed feature imaged in
tomographic studies may represent stalled subduction or
lithospheric detachment.

Although much of Apennines tectonics may arise
from crustal processes, deformation in the underlying
mantle likely determines the overall orogenic setting.
The distribution of seismic anisotropy in the upper man-
tle, the crust and lithosphere thicknesses, and the location
and geometry of the Adriatic slab should help define
mantle dynamics in the region, and are specific objec-
tives of the RETREAT project in the Northern Apen-
nines (Fig. 1). The RETREAT seismic array covers the
Northern Apennines (NA) of central Italy, including
bordering areas of Liguria, the Apuane Alps and the
southern Po River plain (Fig. 1). The temporary deploy-
ment started operation in October 2003 with 10 broad-
band stations, augmented by permanent observatories
of the Istituto Nazionale di Geofisica e Vulcanologia
(INGV).

Large-scale seismic anisotropy in a peridotite man-
tle is due primarily to olivine lattice preferred orienta-
tion (LPO). LPO anisotropy can arise from fossil rock
textures in the continental mantle lithosphere [13,14]
and from present-day sublithosphere mantle flow (e.g.,
[15,16]). Plate subduction and slab retreat can induce
mantle flow that is very complicated [17,18], e.g., due
to flow around slab margins or through a slab window
[19,20]. To investigate the upper mantle, we estimate
body-wave anisotropic parameters—shear-wave split-
ting and P-residual spheres. To analyze splitting, we use
seismic data from portable broadband stations, as well
as from permanent three-component INGV observato-
ries. P-wave anisotropy has been the subject of previous
studies [21–23]. These use larger datasets than available
from the initial year of the RETREAT deployment, albeit
largely with single-component high-frequency data.
Each shear-wave splitting measurement integrates a
vertical profile beneath the observing station. Because
multiple crossing raypaths are not critical to the inter-
pretation, an analysis of the RETREAT dataset after a
single year's deployment can resolve important struc-
tural issues.

Previous measurements of azimuthal variability in
shear-wave splitting at 10-station Northern Apennines
Profile (NAP) in 1994, south of the RETREAT array,
have been interpreted in terms of compressional tecton-
ics involving at least the entire subducting lithosphere
[24], or of mantle flow due to the subduction of Adriatic
pro-plate [25–27]. Orogen-parallel fast polarization at
the Apennines crest was observed to rotate to orogen-
normal on the Tyrrhenian side, suggesting a transition
from trench-parallel mantle flow associated with slab
deformation and rollback to upper mantle extension
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associated with back-arc spreading [28]. The extensional
Lau Basin behind the Tonga subduction zone shows
similar splitting behaviour [29]. This effect has been
modeled byHall et al. [30], but different results are found
in other subduction contexts [31–33].

Mantle xenoliths close to the NAP deployment show
well-developed LPO [34], though samples are scarce,
small and restricted to the Torre Alfina area (see Fig. 3).
If the orogen-parallel splitting [24–26] of some NAP
stations continued northwest along the Apennines, this
would be strong evidence for a 2-D mantle flow associ-
ated with the subduction and rollback of the Adriatic pro-
plate. However, variations in initial RETREAT splitting
results suggest either an influence of pre-existing litho-
sphere mantle fabric or a 3-D mantle flow in the sub-
lithospheric mantle. Using shear-wave birefringence and
the direction dependence of P travel-time residuals, we
can characterize these two possibilities in the broad fea-
tures of upper mantle anisotropy beneath the Northern
Apennines.
Fig. 1. Relief map of the RETREAT field area in central I
2. Shear-wave anisotropy

Seismic stations in Italy receive core-refracted shear
waves from a variety of back-azimuths. We analyzed
shear-wave birefringence with several methods [35–37]
to check the self-consistency of our dataset. We report
results mainly from strong earthquakes (magnitude
MN6) analyzed with the method employed by Šílený
and Plomerová [36]. We evaluate the fast polarization
strike and time delay between slow and fast waves in
rotated LQT coordinates, so that information from verti-
cal motion is included. Data are typically bandpass-
filtered to 3–30 s before analysis. We minimize energy
on the transverse component (Fig. 2) and apply a boot-
strap estimate of variance for the splitting parameters
[37]. We apply a stringent stability test on the splitting
parameters, in which we require the fast polarization to
remain stable to random noise fluctuations.

Time delays for robustly determined birefringence vary
between 0.7 and 2 s, with a typical delay of 1.2 s (Fig. 3
taly with seismographic stations used in this study.
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and Table 1). For mantle peridotite with 4%Vs anisotropy
and a mean Vs=4.4 km/s, a 1.2-s splitting delay would be
generated in a layer 130 km thick, assuming a horizontal
‘fast’ symmetry axis. However, birefringence varies
Fig. 2. Examples of shear-wave splitting parameters evaluated (A) at station
orogenic wedge and PIIR in the extensional Tyrrhenian plate. Splitting of she
SKS phase splits at stations BARR and ZOCR with the time delays of 1.7 s a
deviations of the splitting parameters are determined by the bootstrap metho
greatly in the region and many observed SKS waves
deviated from simple birefringence patterns. Although
the signal level of most seismograms in our dataset was
good, a large proportion of SKS phases failed one or
BARR in the Po Plain and (B) at stations ZOCR, located within the
ar waveforms of the same event with back-azimuth 64° is shown. The
nd 1.5 s, whereas the null split was evaluated at station PIIR. Standard
d [37].



Fig. 2 (continued).
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more criteria for a stable estimate of anisotropic
parameters. In addition, many of the stable birefringence
estimates returned no splitting (circles in Fig. 3).

Splitting parameters depend on back-azimuth and in-
cidence angle of the incoming shear waves if anisotropic
properties of the upper mantle vary with depth or laterally,
or else if anisotropic symmetry axes are inclined. By
grouping the RETREAT dataset into events from the
west and events from the northeast, we contrast paths
that arrive from the Adriatic, or pro-plate, side of the



Fig. 3. Shear-wave birefringence estimates for teleseismic data recorded by the temporary RETREAT deployment (green diamonds), at INGV
permanent stations (yellow diamonds) and the NAP (North Apennine Profile—blue diamonds, [24]), plotted at piercing points at a depth of 100 km.
The big arrows on the top mark the SW–NW (blue) and NE (red) fans of azimuths of arriving shear waves. Dashed green curve marks labelled terrane
boundaries as deduced from the variations of the splitting parameters. The dot-dashed line locates the cross-sections of Fig. 5.
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Apennines orogen with paths that arrive from the
Tyrrhenian, or retro-plate, side. The birefringence of
shear waves that arrive from the Adriatic pro-plate, or
downgoing, side differs from the Tyrrhenian retro-plate,
or overriding, side. Fig. 3 plots the fast polarizations of
split shear waves of these two groups respectively with
red and blue colours highlighting these differences. The
birefringence estimator [36] scales the fast shear-wave
polarization inclination with the SKS incidence angle,
which is helpful in some situations. For comparison of the
RETREAT dataset with previous results on azimuthal
anisotropy in the Northern Apennines [25], however, we
show only the fast polarization azimuths in Fig. 3.

We distinguish several regions that we refer to as
“domains” (Fig. 3) based on splitting characteristics. Slab-
normal fast polarization is common in the centre of our
field area in the buried Ferrara arc domain but shows an
azimuthal dependence. Strong splitting from the northeast
contrasts with weak splitting from the west. Fast
polarization trends toward slab-parallel in the southern
part of the deployment. Null splits occur throughout the
Tuscan extensional region for core-refracted shear waves
arriving from the northeast. Null or unstable splits from
the northeast are also seen in splitting measurements from
MEDNET (INGV) station VLC, which lies in the exten-
sional region. For western back-azimuths, the VLC split-
ting behaves similar to RETREATstation PIIR (Certosa di
Pisa, see also Fig. 5) with predominantly NW–SE fast
polarization subparallel to the orogen trend. This polari-
zation trends smoothly into the fast shear-wave polariza-
tions in the Tyrrhenian region recorded in 1994 by the
western part of the NAP array and confirmed by MAO
station measurements (Table 1). The splitting in this do-
main is direction sensitive for both RETREAT and NAP
datasets, e.g., along theNAP line null splitswere observed
for the WNW back-azimuths. By contrast, we measured
null splitting for two stations in the northwest of the
RETREAT deployment (station SCUR and nearby INGV



Table 1
Shear-wave splitting at RETREAT array in the Northern Apennines, shown in Fig. 2

Station
name

Station lat. Station long. Event date Hypo. lat. Hypo. long. Hypo. depth BAZ ϕ dϕ δt dδτ

(°N) (°E) YYMMDD (°) (°) (km) (°) (°) (°) (s) (s)

BARR 44.2828 12.0797 031118 12.025 125.416 35 65 188 3 1.7 0.1
BARR 44.2828 12.0797 040503 −37.649 −73.439 21 240 41 10 1.1 0.4
CSNR 43.47311 11.29017 031118 12.025 125.416 35 64 – – Null –
MCUR 44.0050 11.1797 031118 12.025 125.416 35 64 228 2 2.1 0.2
PIIR 43.7219 10.5250 031118 12.025 125.416 35 64 – – Null –
PIIR 43.7219 10.5250 040503 −37.649 −73.439 21 240 112 10 1.5 0.3
RAVR 44.75587 11.11880 031118 12.025 125.416 35 64 185 2 2.7 0.1
RSMR 43.9303 12.4497 031118 12.025 125.416 35 65 201 9 1.1 0.2
RSMR 43.9303 12.4497 040503 −37.649 −73.439 21 240 – – Null –
RSMR 43.9303 12.4497 040423 −9.275 122.807 71 80 188 2 2.1 0.3
SCUR 44.4156 9.5361 031118 12.025 125.416 35 63 – – Null –
SCUR 44.4156 9.5361 040423 −9.275 122.807 71 80 – – Null –
SFIR 43.90477 11.84695 031118 12.025 125.416 35 65 169 3 2.1 0.2
VOLR 43.54778 10.8572 031118 12.025 125.416 35 64 – – Null –
ZOCR 44.35085 10.97650 031118 12.025 125.416 35 64 205 3 1.5 0.1
ZOCR 44.35085 10.97650 040503 −37.649 −73.439 21 240 354 26 0.8 0.6
ZOCR 44.35085 10.97650 040423 −9.275 122.807 71 80 196 7 1.2 0.2
BOB 44.7679 9.4478 031031 37.812 142.619 10 35 – – Null –
BOB 44.7679 9.4478 031118 12.025 125.416 35 63 – – Null –
BOB 44.7679 9.4478 031210 23.039 121.362 10 59 – – Null –
BOB 44.7679 9.4478 040529 34.3 141.33 38 38 – – Null –
CING 43.3756 13.1954 040128 −3.12 127.4 17 75 −26 6 1.64 1.0
CING 43.3756 13.1954 040403 36.428 141.008 31 40 −21 18 0.68 1.0
CING 43.3756 13.1954 040503 −37.649 −73.439 21 239 28 18 1.44 1.0
CING 43.3756 13.1954 040519 22.62 121.45 20 61 2 5 1.24 0.2
CING 43.3756 13.1954 040529 34.3 141.33 38 41 – – Null –
CRE 43.6188 11.9516 040403 36.428 141.008 31 39 −32 6 1.55 0.3
ERBM 44.4194 10.4126 031118 12.025 125.416 35 64 −39 18 1.10 1.0
ERBM 44.4194 10.4126 031225 −22.252 169.488 10 278 −56 10 1.35 0.3
FIU 44.6403 11.4916 031031 37.812 142.619 10 37 53 8 1.25 0.5
FIU 44.6403 11.4916 031118 12.025 125.416 35 65 22 2 1.45 0.1
FNVD 44.16782 11.1229 040503 −37.649 73.439 21 238 – – Null –
FNVD 44.16782 11.1229 040519 22.62 121.45 20 60 −7 6 1.12 0.2
FNVD 44.16782 11.1229 040529 34.3 141.33 38 39 – – Null –
MAON 42.4283 11.1309 031031 37.812 142.619 10 36 −85 6 2.28 0.3
MAON 42.4283 11.1309 031118 12.025 125.416 35 65 – – Null –
MAON 42.4283 11.1309 031210 23.039 121.362 10 60 −88 10 0.64 0.8
MAON 42.4283 11.1309 040403 36.428 141.008 31 38 −87 13 1.92 0.7
MURB 43.263 12.4256 040403 36.428 141.008 31 39 – – Null –
MURB 43.263 12.4256 040519 22.62 121.45 20 61 −6 4 1.24 0.2
MURB 43.263 12.4256 040529 34.3 141.33 38 40 – – Null –
PESA 43.941 12.840 031031 37.812 142.619 10 38 – – Null –
PESA 43.941 12.840 031118 12.025 125.416 35 66 9 2 1.35 0.1
PESA 43.941 12.840 040503 −37.649 73.439 21 239 – – Null –
PESA 43.941 12.840 040519 22.62 121.45 20 61 4 4 1.10 0.2
VLC 44.1591 10.3862 010626 −17.745 −71.649 24 251 −46 10 1.07 0.5
VLC 44.1591 10.3862 010703 21.641 142.984 290 44 – – Null –
VLC 44.1591 10.3862 010705 −16.086 −73.987 62 254 −83 5 1.04 0.4
VLC 44.1591 10.3862 010707 −17.543 −72.077 33 252 −73 10 1.03 0.4
VLC 44.1591 10.3862 010907 −13.166 97.297 10 101 – – Null –
VLC 44.1591 10.3862 011012 12.686 144.980 37 48 – – Null –
VLC 44.1591 10.3862 011019 −4.102 123.907 33 76 – – Null –
VLC 44.1591 10.3862 011218 23.954 122.734 14 58 – – Null –
VLC 44.1591 10.3862 020305 6.033 124.249 31 69 – – Null –
VLC 44.1591 10.3862 020814 14.101 146.199 30 57 – – Null –

(continued on next page)
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Table 1 (continued)

Station
name

Station lat. Station long. Event date Hypo. lat. Hypo. long. Hypo. depth BAZ ϕ dϕ δt dδτ

(°N) (°E) YYMMDD (°) (°) (km) (°) (°) (°) (s) (s)

VLC 44.1591 10.3862 021012 −8.295 −71.738 534 258 −27 4 1.07 0.3
VLC 44.1591 10.3862 030122 18.770 −104.104 24 300 – – Null –
VLC 44.1591 10.3862 030310 1.692 127.296 93 69 – – Null –
VLC 44.1591 10.3862 030526 38.849 141.568 68 36 – – Null –
VLC 44.1591 10.3862 030526 2.354 128.855 31 67 – – Null –
VLC 44.1591 10.3862 030620 −30.608 −71.637 33 242 −42 10 1.04 0.5
VLC 44.1591 10.3862 031118 12.025 125.416 35 64 – – Null –
VLC 44.1591 10.3862 040207 −4.003 135.023 10 81 – – Null –
VLC 44.1591 10.3862 040423 −9.362 122.839 65 80 – – Null –
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station BOB to the north) for both the SW and NE back-
azimuths (see also Table 1). These stations straddle the
regional transition from the Apennines to the western
Alps, a transition evident in P-residual analysis (see
Section 3 and Fig. 4).

Details of the birefringence estimates confirm the
likely complexity of the anisotropy beneath the Apen-
nines. We found some frequency dependence in the
anisotropic parameters, which Rumpker et al. [38],
Matcham et al. [39] and Marson-Pidgeon and Savage
[40] associate with a vertically varying anisotropy. We
tested a simpler birefringence estimator, based on cross-
correlation, that does not test for stability. For this
estimator, many more core-refracted shear waves appear
to be split, but the variance of splitting parameters is
much larger, e.g., some time delays as large as 3 s are
obtained. In an independent analysis of 3 yr of data for
MEDNET station VLC with the method described by
Menke and Levin [41], only nine stable birefringence
estimates were obtained, with only two of these from the
data-rich northeast back-azimuth sector. Attempts to
model all nine splitting estimates with a single model
returned fast polarization for VLC at 124° strike with
1.2-s time delay, a value similar to that obtained for four
single records using the [36] estimator (Table 1).
Attempts to fit splitting parameters at station VLC with
a two-layer anisotropic model failed to improve sub-
stantially a one-layer model, suggesting that the back-
azimuth variation is caused by 3-D anisotropic structure
and not by a 1-D layered model.

Complex splitting seems to exclude a simple 2-D
sublithosphere mantle flow as the main source of an-
isotropy. There are geographical variations among the
robust birefringence time delay and fast polarization
estimates (Fig. 3), but the pattern of variation in the
southern part of the array exhibits continuity with split-
ting parameters derived from the 1994 North Apennine
Profile (NAP) as reported by Margheriti et al. [24]. This
earlier study derived parameters both via covariance
matrix decomposition and a cross-correlation algorithm
from a collection of events and found similar averaged
splitting measurements. Rough agreement for splitting
parameters from independent datasets (NAP and the
southern part of RETREAT) and varying splitting esti-
mators argues that the strong lateral variations reflect
underlying structure and not data problems.

3. P-wave anisotropy

Careful processing of the P travel-time residuals,
which minimizes effects of distant heterogeneities and
isolates relative velocity variations beneath a station
[21], can reveal directional P-velocity variations, which
can be compared with shear-wave anisotropic param-
eters. P residuals also are the datasets used in regional
tomography studies, so an interpretation of P anisotropy
often implies a trade-off with 3-D isotropic structure.
Fig. 4 presents the direction-dependent parts of the
relative residuals in P-residual spheres [22], plotted in
lower hemisphere projection, from which a directional
mean of the relative residuals, related to the isotropic
velocity variations, is eliminated. The ‘bipolar pattern’
of the P spheres indicates that waves arrive earlier from
one side compared with waves from the opposite side. In
the western Alps of northwest Italy, olivine LPO of the
mantle lithosphere, characterized by the high-velocity
foliations (a,c) dipping to the east, was inferred by [21]
to explain P residuals for stations marked by solid blue
triangles in Fig. 4. Stations in the Northern Apennines
and to the east (marked by full red triangles in Fig. 4)
show high velocities dipping consistently to the SW.
Both the Alpine and the Northern Apennine P-residual
patterns are independent of normalization, time period
and data source, i.e., whether bulletin data (ISC, region-
al bulletins) or waveform picking [42] were used.

If we interpret the above pattern in terms of litho-
spheric domains with distinct anisotropic features, sta-
tions with an unclear P-residual pattern (yellow triangles



Fig. 4. Travel-time residuals for P-waves observed at stations in north-central Italy [21,22,42]. Stations with the Northern Apennine P-residual pattern
(solid red triangles), i.e., with relatively early arrivals from the SW azimuth (blue triangles in the residual spheres—lower hemisphere projection);
stations with the Alpine P-residual pattern (solid blue triangles), i.e., with relatively delayed arrivals from the W (red circles in the spheres), and
stations with no clear-cut pattern (solid yellow triangles), i.e., with close to zero deviations (crosses). The diagrams with ‘zero’ deviations are
computed from correlated measurements of Lucente et al. [11] and shown for stations PII and MAO. Two large spheres represent the P pattern at the
Alpine and NA groups of stations [22]. Size of the signs is proportional to a value of the relative travel-time deviations. The residuals exhibit
dependence on event back-azimuth and incidence angle. The dependence is strongly correlated within distinct geographic areas, indicated on the map.
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in Fig. 4) would mark a boundary zone between them.
This interpretation is supported by several observations
of “null” birefringence at these stations (Fig. 3). Hypo-
thetically, the boundary of the Alpine and Apennine
lithosphere roots continues from the Ligurian seashore to
the NNE through the Po plain [42]. P-residual spheres
with no clear-cut pattern at stations on the Tyrrhenian
lithosphere (PII, MAO, Fig. 4; data from [11]) suggest
that there might be only a weak upper mantle anisotropy,
or an anisotropy with horizontal symmetry axis, which
does not generate a bipolar P-residual pattern [43].

The use of P-residual spheres to map inclined litho-
spheric fabrics was developed for regionswithout an active
subduction zone [44]. P-residual analysis has also been
used to trace isotropic Pwavespeed slab signatures [45], so
an isotropic contribution to the patterns in Fig. 4 must be
considered. The residual spheres appear to define a
patchwork of geographic terranes.A slab-dominated signal
is plausible for the centre of the RETREAT field area, but
not to the west. A discontinuous slab or a more complex
lithospheric downwelling has been hypothesized to explain
complexities in the tomographic models derived from P
travel-time anomalies in the region (e.g., [9]). Substantial
anisotropy in a patchwork of lithospheric domains, with
proper orientation, could influence such complexities.

4. Joint interpretation of body-wave anisotropy

Though the different types of seismic waves are sen-
sitive to different structures, large-scale upper mantle
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anisotropy affects all of them. Mantle anisotropy is
confirmed by the presence of shear-wave birefringence,
so a purely isotropic interpretation of P-wave travel-time
residuals must be re-evaluated. Because teleseismic P
waves in the Northern Apennines typically arrive with
steep incidence, anisotropy with a horizontal symmetry
axis would not affect travel-times greatly. The effect of
anisotropy with a tilted symmetry axis, however, can be
significant [13].

Fig. 5 shows the anisotropic observations evaluated
from the body waves together with two different iso-
tropic images of upper mantle velocity perturbations in
the RETREAT field area [11,12]. The contrast in mantle
structures sampled by different incoming rays is in-
structive. Both isotropic images of the upper mantle
show a high-velocity heterogeneity interpreted as the
subducting Adriatic lithosphere. The Lucente et al.
model [11] resolves the slab best at depths below
150 km, because teleseismic body-wave tomography has
poorer sensitivity to shallow structure. Piromallo and
Morelli [12] have much more resolution at shallower
depths, particularly 50–150-km depth, because it in-
cludes also local and regional phases (e.g., Pn) in the
inversion. Short-wavelength variation in SKS splitting
argues for a shallow source of anisotropy, where the use
of regional P travel-time residuals should give better
resolution of the velocity-perturbation image [12]. Fig. 5
shows that these isotropic velocity perturbation mod-
els can diverge significantly on individual transects.
Although resolution limitations could cause such
discrepancies, the presence of shear-wave splitting
suggests that anisotropy could also be at fault.

The temporary stations in the first year of the RE-
TREAT deployment can be divided into three groups
along the SW–NE profile crossing the Northern Apen-
nines (see Figs. 1 and 3): (1) stations in the extensional
region (PIIR, VOLR, CSNR), (2) stations within the
orogenic wedge (ZOCR, SFIR, MCUR), and (3) stations
in the Apennine foothills (RSMR) and in the Po Plain
(RAVR, BARR). Referenced to the P-wave tomographic
models, the lateral change along this section in splitting
parameters seems to be related to a transition from low-
to high-P wavespeed associated with the subducting
Adriatic lithosphere (sketched by the purple lines in
Fig. 5). Nulls and unstable splits (the ray shown sche-
matically by the red dashed line) are found at the bound-
ary between fast and slow tomographic anomalies,
hypothetically at the bend of the subducting lithosphere.
Theoretically speaking, null splitting occurs if a shear
wave travels through a medium with no anisotropy or
propagates parallel to the symmetry axis of an aniso-
tropic medium. Alternatively, the null splits may indicate
a cancellation of opposing birefringence signals, either
along lithospheric domain boundaries [13,14] or at a
mantle-flow transition. Note that SKS arrivals from the
northeast that are observed near the crest of the Apen-
nines and in the Ferrara arc domain (see Fig. 3) exhibit
orogen-normal fast polarization. During the same ob-
servation period, SKS arrivals from the west observed on
the Tyrrhenian side of the Apennines exhibit orogen-
parallel fast polarization. Both these groups are separated
by a zone with null splits. In Fig. 5, the solid red and blue
lines, respectively, show how these SKS phases sample
the mantle. In general, phases with prevailingly orogen-
normal fast polarization propagate through a low-veloc-
ity anomaly in the mantle beneath the Apennines slab.
During the same observation period, phases with the
orogen-parallel fast polarization propagate up the high-
velocity body that we interpret as a slab and through the
low-velocity wedge above it (Fig. 5B).

Short-wavelength isotropic velocity variations inferred
from seismic travel-time tomography can be caused by
longer-wavelength anisotropic structures [46,47], because
an isotropic inversion of direction-dependent wavespeed
typically involves closely spaced volumes of low- and
high-velocity rocks. Unlike the shear-wave birefringence,
P-wave travel-time residuals are commonly interpreted in
terms of 3-D isotropic structure. However, both tomo-
graphic slices in Fig. 5 exhibit a strong contrast between a
positive slab anomaly beneath the Apennines and a
negative wavespeed anomaly beneath the Adriatic pro-
plate. Because there are few seismic stations in the seis-
mically noisy Po Valley and in the Adriatic Sea directly
above the anomaly, this velocity contrast is influenced
largely by the directionality of P residuals for stations in
the Northern Apennines. All or some of the slow anomaly
beneath Adria could be an artefact of the baseline velocity
chosen for tomographic display, but the geometry of SKS
splitting and P-residual spheres also allows the influence
of anisotropy with a trench-normal fast axis that plunges
SW with the Apennines slab.

Alternatively, if the anisotropy sensed by SKS splitting
has a horizontal symmetry axis, then the effect of
anisotropy will have a small influence on teleseismic P-
wave residuals. In this case, the splitting would reflect
anisotropy and the P residuals would reflect isotropic
variations [23]. This issue could be resolved with a larger
dataset of SKS birefringence estimates, to determine
whether their back-azimuth variation can bemodeled best
by 3-D structure or a dipping symmetry axis or multi-
layered structure—see, e.g., the analysis of Margheriti
et al. [25] for station AQU in the central Apennines.
Although our analysis of station VLC near the Apen-
nines crest did not favor a layered model (see Section 2),



Fig. 5. Selected ray paths for splitting observations plotted against transects of seismic wavespeed anomalies from tomographic models of Italy and
surrounding regions. Solid red lines correspond to prevailingly orogen-normal fast polarizations observed from the northeast and solid blue lines to
orogen-parallel fast polarizations observed from the west. The dashed red lines correspond to null splits and poorly determined fast polarization
observed from the northeast. Black lines mark the most shallow teleseismic P-wave propagation through the tomographic images. Upper (A): colours
indicate Vp anomalies (along the 50-km width profile; for its location, see Fig. 3) reported by Lucente et al. [11] from teleseismic body-wave
residuals. Lower (B): colours indicate Vp anomalies reported by Piromallo and Morelli [12] from regional and teleseismic travel-time anomalies.
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stations that represent the Northern Apennines/Ferrara arc
domain have different back-azimuth dependence.

Where S anisotropy exists, P anisotropy can be ex-
pected to occur as well, and to have strength at least as
large. Strong splitting and large P residuals are found in
the Northern Apennines/Ferrara arc domain, and can be
jointly interpreted in terms of anisotropy with a dipping
axis. Both body-wave types (S and P) localize a region
with scarce or null anisotropy in the northwest of the
RETREAT deployment, at the transition to the western
Alps. In the Tyrrhenian domain, stations exhibit a weak
P-residual pattern (Fig. 3), while SKS splitting varies
from weak to significantly orogen-parallel (Fig. 4). This
suggests the presence of anisotropy with a horizontal
symmetry axis in the asthenospheric wedge above the
slab and/or in the lithosphere of the overriding Tyrrhe-
nian plate. (In the Tyrrhenian domain, the back-azimuth
dependence of splitting would be attributed to 3-D struc-
ture, not dipping or multilayered anisotropy.) The cor-
respondence between domains depicted by P spheres and
splitting parameters is striking (Figs. 3 and 4) and argues
that a mixed anisotropy/isotropy model for the mantle
beneath Apennines is required.

Regional Pn velocities in the area [48] can help us
constrain the depth of the anisotropic structures, because
Pn samples the uppermost mantle beneath the Italian
peninsula. Pn propagates mostly subhorizontally, so Pn
velocities are sensitive mainly to azimuthal variability of
anisotropy within the uppermost mantle, typically shal-
lower than 50-km depth. Mele et al. [48] report orogen-
parallel orientation of fast Pn high velocity along the
whole Northern Apennines chain, orogen-parallel fast
velocity below western Alps and scarce anisotropy be-
neath the Tyrrhenian basin. Some of these features are
corroborated by our data interpretation.

5. Discussion

Each of the common models for extension in con-
vergent orogens implies a sublithospheric flow that
should be detectable in the pattern of LPO anisotropy. A
2-D slab retreat model can be applied to the shear-wave
splitting of the NAP array at the southern edge of the
RETREAT deployment [24], in which orogen-normal
fast polarization over the Tuscan extensional zone was
observed to rotate to orogen-parallel at the crest of the
Apennines. Levin et al. [26] found corroborative evi-
dence in receiver functions for an anisotropic fabric at the
base of the Adriatic lithosphere aligned with SKS fast
polarization near the Apennines crest. A retreating slab
would plausibly induce asthenospheric orogen-parallel
flow beneath it and orogen-normal extension and crustal
thinning above the retro-wedge (supra-slab) mantle. To
the south of the NAP profile, Margheriti et al. [25] show
that orogen-parallel fast polarization is common for
measurements near the Apennines crest and orogen-
normal fast polarizations can be found on the Tyrrhenian
side of the Apennines. Normal faulting and thin crust
characterizes the Tuscan region [49,50], so a continua-
tion of the NAP splitting pattern (and the inferred 2-D
mantle flow geometry) to the northwest was anticipated.

The continuation of birefringence measurements to the
Northern Apennines, however, reveals different trends.
Moving northwest from the NAP profile, our RETREAT
observations suggest that fast polarization varies from
orogen-parallel to orogen-normal along the Apennines
crest. The Tuscan extensional region has weak and back-
azimuth sensitive splitting. Nonzero birefringence is mea-
sured only for SKS that arrive from thewest, for which the
fast polarization is orogen-parallel. The interpretations of
birefringence in the Northern Apennines are many, but a
simple 2-D subduction corner flow is possible only under
conditions that seem unlikely. For example, mineralogical
variations or the presence of volatiles might cause a vary-
ing development of LPO fabric. Since subduction-arc
volcanism is absent, the mantle wedge is not likely vola-
tile-rich and we know of no evidence for strong mineral-
ogical variations in the mantle along the Apennines
orogen. A 2-D mantle flow fabric could be superimposed
within a complex pattern of pre-existing lithospheric fab-
ric. SKS waves on the Tyrrhenian retro-plate side propa-
gate only a short distance within the supra-slab mantle
wedge and may acquire their birefringence from anisot-
ropy within the slab. Finally, the mantle flowmay be 3-D,
suggesting that the Apennines slab is disrupted in this
region.

Although subduction is the conventional explanation
for Apennine tectonics, modifications and alternatives
have been proposed. Evidence for subduction-related
mantle flow is best developed in southern Italy, where the
generalised SKS splitting measurements suggest astheno-
spheric flow around the Calabrian slab with a leakage
through a slab window in the Sicily channel [19,27]. The
complexities of Italian volcanism have encouraged alter-
nate geodynamicmodels for the peninsula as a whole. For
instance, a rising plume beneath the western Mediterra-
nean has been proposed in [51–53], but see [54] for an
opposing view. The transition in P-residual and birefrin-
gence behaviour near the broad boundary between the
Apennines and the western Alps may reflect a fixed point
of attachment for the founderingAdriatic lithosphere [55],
disrupting subduction flow patterns.

Alternatively, the episodic history ofApennines subduc-
tion since 30 Ma may influence anisotropy development.
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Lucente and Speranza [4] argue that the Northern
Apennines slab detached at 3–4 Ma from the slab further
south and pivoted counter-clockwise, extending the Tus-
can region and rotating the orogen. Such a model could
explain the regional scale of anisotropic variations, but
must be elaborated to explain the details. In particular, the
weak splitting in the Tyrrhenian domain, combined with
orogen-normal fast polarization near Bologna, might
imply that the slab is retreating further beneath the Po
River Plain, extending asthenosphere beneath the Apen-
nines crest while leaving the upper crust in place. The
development of the Ferrara arc, a buried thrust complex at
the southern edge of the Po Plain, and evidence for Plio-
Pleistocene uplift of the Apennine front nearby [56] may
support this interpretation. Published tomographicmodels
do not yet resolve this issue, due to resolution limitations
at the base of the crust.

Complementary analyses of seismic wave speed and
anisotropy, e.g., with Pn and receiver functions, will be
needed to test the above hypotheses properly. Neverthe-
less, further analysis of a larger dataset of geographic and
azimuthal dependence of anisotropic parameters [57,58]
is to confirming the main result of this study, namely that
the mantle flow pattern beneath the inferred Adria sub-
duction zone departs strongly from the traditional 2-D
corner flow model. Contributions from pre-existing
lithospheric fabric and a 3-D sublithospheric mantle flow
beneath the Northern Apennines are both likely.
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