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[1] We study the upper mantle P wave velocity structure below the Euro-Mediterranean
area, down to 1000 km depth, by seismic travel time tomography. We invert summary
residuals constructed with both regional and teleseismic first arrival data reported by the
International Seismological Centre (ISC) (1964—1995), introducing some alternative
strategies in the travel time tomographic approach and a new scheme to correct teleseismic
data for global mantle structure. Our high-resolution model PMO.5 is parameterized with
three-dimensional (3-D) linear splines on a grid of nodes with 0.5° spacing in both
horizontal directions and 50 km vertical spacing. We obtain about 26% root-mean-square
(RMS) reduction of residuals by inversion in addition to roughly 31% reduction after
summary rays formation and selection. Sensitivity analyses are performed through several
test inversions to explore the resolution characteristics of the model at different spatial
scales. The distribution of large-scale fast anomalies suggests that two different stages of a
convection process presently coexist in very close regions. The mantle dynamics of
western central Europe is dominated by blockage of subducted slabs at the 660 km
discontinuity and ponding of seismically fast material in the transition zone. Contrarily, in
the eastern Mediterranean, fast velocity material sinks into the lower mantle, suggesting
that the flow of the cold downwelling here is not blocked by the 660 km discontinuity. On a
smaller scale, the existence of tears in the subducted slab (lithospheric detachment) all
along both margins of the Adriatic plate, as proposed by some authors, is not supported by
our tomographic images.  INDEX TERMS: 7203 Seismology: Body wave propagation; 7218
Seismology: Lithosphere and upper mantle; 8180 Tectonophysics: Evolution of the Earth: Tomography; 9335
Information Related to Geographic Region: Europe; KEYWORDS: travel time, body wave tomography, upper

mantle, Europe-Mediterranean area, Earth structure
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1. Introduction

[2] The Alpine-Mediterranean region developed under
continuous rearrangement with time of the oceanic space
during the progressive shortening of the Tethyan belt. The
closure of the Tethys ocean started with subduction of
oceanic lithosphere below the southern Eurasian plate at
the time of opening of the central Atlantic (Jurassic—Creta-
ceous boundary, about 140 Myr), and continued until the
beginning of Oligocene. On the site of this Mesozoic
seaway, several stages of subduction, oceanic accretion
and continental collision, originated the main tectonic
features of a complex domain. A location map and names
of the main tectonic units are given in Figure la. Large-
scale reconstructions of the evolution of the Alpine-Medi-
terranean region, based on syntheses of kinematic, paleo-
magnetic, and geological data, are discussed by Dercourt et
al. [1986] and Dewey et al. [1989] and, in spite of the many
unsolved uncertainties, are widely accepted in their main
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points. Before Oligocene, though continental collision was
already present between Apulia and Eurasia, and between
Arabia and Eurasia, most of the convergence was taken up
by sinking of oceanic lithosphere along the Eurasian active
margin. The tectonic style east of Apulia was subduction
dominated. During Oligocene, oceanic basins remained
progressively trapped in a wide area, which later on, by
Early Miocene, underwent the passage from subduction-
dominated to continental collision-dominated convergence.
The orogenic activity in the Alps and the Pyrenees was
paralleled by the development of the European Cenozoic
Rift System (ECRIS) [Ziegler, 1992]. The formation of the
Apennines began through northwestward subduction of
oceanic lithosphere and eastward migration of the trench.
After Oligocene, to the east, subduction progressed below
the Hellenic-Cyprean Arc and Taurides, possibly initiated in
the Black and southern Caspian Seas, and ceased in the
Dinarides and Pontides. To the west, by Early Miocene,
extension between the Sardinia-Corse Block and Iberia
determined the formation of new oceanic crust and opening
of the Ligurian and Alboran Sea. The Tyrrhenian Sea
opened during late Miocene to Pliocene, as a later exten-
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Figure 1. (a) Location map of the Euro-Mediterranean region and nomenclature of the main tectonic units

here referred to. AnB = Antalya Basin, AIB = Alboran Basin, AM = Armorican Massif, Ar = Arabian Plate,
Bal = Balcans, Bet = Betics, BM = Bohemian Massif, BSh = Baltic Shield, CA = Calabrian Arc, CAl =
central Alps, CAp = central Apennines, Cau = Caucasus, CM = Massif Central, CyA = Cyprus Arc, DS =
Dead Sea, EAl = eastern Alps, ECar = eastern Carpathians, EEP = east European platform, HAt = High
Atlas, HeA = Hellenic Arc, MAt = Middle Atlas, MP = Moesian Platform, NAp = northern Apennines,
PaB = Pannonian Basin, PoB = Po Basin, Pon = Pontides, PrB = Provencal Basin, Py = Pyrenees, RhM =
Rhodope Massif, Rif = Rif, RM = Rhenish Massif, SAp = southern Apennines, SaAt = Saharian Atlas, SC =
Sicily Channel, SCar = southern Carpathians, SCB = Sardinia-Corse Block, Tau = Taurides, TeAt = Tell
Atlas, TuAt = Tunisian Atlas, VrZ = Vrancea Zone, VT = Valencia Trough, WA = western Alps, WCar =
western Carpathians, ZZ = Zagros Zone. (b) ISC seismic stations location inside the Euro-Mediterranean
area. (c) Shallow, # < 50 km, earthquake epicenters from ISC Bulletin data (1964 —1995) after relocation in
sp6 reference model (see text for details). Oblique cylindrical projection centered at 10°W, 45°N with pole
at 170°E, 45°N is used.
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sional episode driven by the retreat of the Calabrian trench
[Malinverno and Ryan, 1986]. To date, oceanic space is still
present within the collisional belt, both in terms of recently
formed oceanic crust (Algero-Provencal Basin and Tyrrhe-
nian Basin) and of oceanic remnants of Mesozoic age
(eastern Mediterranean) [Horvath and Berckhemer, 1982].
Subduction of this old lithosphere is still occurring below
the Calabrian and Hellenic Arcs.

[3] Seismic tomography developed in the last two deca-
des to map the three-dimensional (3-D) heterogencous
velocity structure of the Earth’s interior. Through tomog-
raphy on a regional and global scale, seismology is able to
provide useful information to answer questions of geo-
dynamics and tectonics. Indeed, tomography yields more
realistic estimates of the amount of subducted lithosphere
than seismicity alone can do, detects possible upwellings of
hot (low velocity) material from different depths in the
mantle, images roots of orogens and allows to argue about
the style of convection. The Alpine-Mediterranean area is a
wide and complex geophysical laboratory where many
questions regarding these topics are still open. In fact,
numerous studies appeared in the literature with the goal
of imaging the mantle compressional and shear velocity
structure of the area, from scales ranging from regional to
local, using different methods and data. On a regional scale,
P wave velocity structure has been studied for example by
Romanowicz [1980], Hovland et al. [1981], Granet and
Trampert [1989], Spakman [1991], Spakman et al. [1993],
Piromallo and Morelli [1997], and Bijwaard et al. [1998]. §
wave velocity structure was revealed through inversion of
surface wave phase or group velocities by Panza et al.
[1980], Calcagnile and Panza [1990], Ritzwoller and Lev-
shin [1998], and Curtis et al. [1998] and through waveform
inversion of surface waves by Snieder [1988] and body and
surface waves [Zielhuis and Nolet, 1994; Marquering and
Snieder, 1996]. Tomographic studies of the lithosphere—
mantle structure of smaller areas exploited data from local
networks or temporary deployments of arrays: in the Betic-
Alboran region [Blanco and Spakman, 1993; Seber et al.,
1996a, 1996b; Calvert et al., 2000], in the ECRIS [Glahn et
al., 1993; Granet et al., 1995; Ritter et al., 2001], in the
Italian peninsula [Panza and Mueller, 1979; Babuska et al.,
1990; Amato et al., 1993; Selvaggi and Chiarabba, 1995;
Solarino et al., 1996, Lucente et al., 1999], in the Carpa-
thian region [Fan et al., 1998; Wenzel et al., 1998], and in
the Hellenic-Aegean area [Ligdas and Main, 1991; Papa-
zachos et al., 1995; Papazachos and Nolet, 1997; Tiberi et
al., 2000]. Though local studies can obtain an extremely
good resolution, they are however limited in depth and to
small geographical areas, thus hindering sometimes a com-
prehensive image of the deep structure.

[4] These studies show that the complex tectonic structure
of the region is reflected on the heterogeneous distribution of
seismic velocities in the lithospheric and sublithospheric
mantle. Finer detail is usually revealed by tomographic
modeling of the travel times of P waves, characterized by
high resolution because of wide data availability and because
of the short wavelength. Roecker et al. [1993] and Spakman
et al. [1993] suggested the importance of the joint inversion
of local/regional and teleseismic travel times to reach better
vertical resolution in upper mantle structure. In a previous
tomographic study [Piromallo and Morelli, 1997], using
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data from the Bulletins of the International Seismological
Centre (ISC), we proposed a different, finer, parameter-
ization and a different processing scheme with respect to
those adopted until then. Our results yielded a preliminary
model for 3-D P wave velocity heterogeneities, which will
be referred to as PM97P hereafter. In the present work the
investigated volume is broadened both in horizontal and
vertical dimensions, and the grid of nodes over which the
model is defined has a different orientation to get an
improved regional distance ray coverage in the central and
eastern part of the model. The model reaches 1000 km depth
(300 km deeper than the previous model PM97P), thus
improving the ray sampling, not only at depth. Six years
of additional data (1990—1995) with respect to PM97P are
used. A new scheme to correct teleseismic data for global
mantle structure is introduced.

[s] This paper presents the new model, and a discussion
of resolution and robustness of its main features. We first
describe the data and the method, then the ability of our data
to image test structures at different spatial wavelengths, and
we finally illustrate the tomographic model with horizontal
maps at different depths, and vertical cross sections sliced
through selected areas. We provide a discussion of our
results and a comparative analysis both on a large and
small scale, although a detailed presentation and interpreta-
tion of the tomographic model in terms of tectonics and
geodynamics is out of the scope of this paper and will be
given elsewhere.

2. Data Selection and Earthquake Relocation

[6] The convoluted tectonic setting of the Mediterranean
region originates a complex pattern of seismic activity.
Seismicity is characterized by the occurrence of frequent
low to moderate magnitude events, and occasional large
magnitude earthquakes. As illustrated in Figure 1c, the most
active areas are interplate regions located at the margins
between the main interacting plates (Africa, Eurasia, and
Arabia) and microplates (Anatolia and Iberia) of the Med-
iterranean domain. However, intraplate shallow seismicity is
also present. Shallow earthquakes have a rather uniform
distribution over the area (Figure 1c). Deep and intermedi-
ate-depth events are instead clustered in the Hellenic Arc
(depth <180 km), Cyprus Arc (depth <130 km), Calabrian
Arc (depth <500 km), Betic-Rif (depth <160 km and three
isolated events at ~600 km depth), and eastern Carpathians
(depth <220 km). The pattern of both shallow seismicity
(Figure 1c) and station distribution in the area (Figure 1b)
justifies our choice for the volume to be investigated. We
define the cell model with a regular spacing in a coordinate
system rotated with respect to the geographical one, as given
by an oblique cylindrical projection, centered at (10°W,
45°N) with pole at (170°E, 45°N). This choice is intended
to have the model area lying astride the new Equator, which
allows to obtain cells of approximately the same size in both
directions. The model horizontal dimensions are 6600 km in
E-W direction, 3900 km in N-S direction, approximately,
and 1000 km in depth. The orientation and aspect ratio of the
volume allow to optimize the sampling by regional rays.

[7] P wave travel times reported by the ISC for the time
period 1964—1995 constitute our data set for the present
work [International Seismological Centre, 1997]. During
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the six additional years with respect to the data set used in
PMO7P a significant number of new stations have been
deployed throughout the Mediterranean, highly improving
coverage in some key areas (i.e., Morocco, Tunisia, Syria,
and Turkey). This study will benefit by a good ray sampling
especially in the central and western Mediterranean Basin.
The extreme paucity, or lack, of stations in the central
eastern part of the North African margin does not instead
allow a satisfactory illumination below the eastern Medi-
terranean basins (see Figure 1b).

[s] Earthquakes are carefully selected on the basis of a
few simple but stringent criteria, meant to sort out only the
well recorded ones. Each event is required to have the
following characteristics: (1) a shallow hypocentral depth
(<50 km), (2) at least 30 first arrivals reported by stations at
regional or teleseismic distance, and (3) a largest open
azimuth of no more than 2 over 8 adjacent azimuthal sectors
(in the worst case it can be close to 180°). Application of
these selection criteria limits location bias due to uneven ray
path distribution and ensures more homogeneity in earth-
quake geographical distribution and path coverage; inter-
mediate-depth and deep earthquakes are rejected because
they are heavily clustered in small volumes. Focal depth is
not always very reliable in bulletin data [e.g., Engdahl et al.,
1998]. However, as we only use shallow hypocenters, this is
not expected to have an appreciable effect on our model
because direct P first arrivals are in fact rather insensitive to
source depth (due to trade-off with origin time). For all
analyses, we only retain arrivals in the epicentral distance
range 3° < A < 90° to avoid crustal Pg arrivals and core—
mantle boundary diffractions.

[¢] The ISC Bulletin is the most widely used data set for
travel time tomography at this wide scale, since it includes a
large number of earthquakes and stations, and a massive
collection of arrival times. It is a rather heterogeneous data
set (varied instrumentation and technology for data acquis-
ition, different analysts, and picking procedures). Its arrival
times are affected by random and systematic sources of
errors and data quality may vary significantly [i.e., Grand,
1990; Gudmundsson et al., 1990; Rohm et al., 1999]. In
spite of this, ISC data set is the one with the highest possible
resolution for this kind of studies.

[10] We process all selected earthquakes, relocating them
using the radial global Earth model sp6 [Morelli and
Dziewonski, 1993], to remove the systematic bias in hypo-
central parameters due to the ISC location procedure based
on JB travel time tables [Jeffreys and Bullen, 1940]. The
location is performed by means of an iterative least squares
optimization of first arrival residuals. Initial residuals are
calculated using hypocenters and arrival times given by the
ISC reports, and travel times computed in the sp6 model.
Each first arriving phase is always associated to the
theoretical first arrival at that distance. Pn arrivals follow
the same association criterion as the other first arrivals,
regardless of any identifier reported in the ISC data set.
Tables of travel times as a function of slowness are
interpolated using the T-spline method [Buland and Chap-
man, 1983] to find the theoretical travel time for the
reference model at any given epicentral distance. Source
depth is fixed and standard corrections such as for ellipticity
[Dziewonski and Gilbert, 1976] and station elevation are
applied.
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[11] Worldwide available first arrival P phases, at tele-
seismic and regional distance, are used to locate the events.
The procedure adjusts origin time and epicentral coordi-
nates to minimize the summed squared weighted residuals
for each event, following the uniform reduction scheme
[Jeffreys, 1932], with average distribution parameters
appropriate for regional and teleseismic P residuals [Pir-
omallo and Morelli, 1998, 2001]. Event mislocations can be
computed with respect to a selected set of ground-truth test
events [Piromallo and Morelli, 2001]. Root-mean-square
(RMS) difference between known hypocentral parameters
and those found after 1-D location in sp6 model is 16.39
km for earthquakes and 9.95 km for explosions recorded at
teleseismic distance. RMS values of this magnitude, which
are an improvement with respect to the bulletin estimates,
represent the largest advancement that can be attained using
just a 1-D reference Earth model. The effects of relocation
in sp6 and in a heterogeneous Earth are specifically
addressed by Piromallo and Morelli [1998, 2001].

[12] We locate over 52,000 selected events using more
than 5,000,000 observations. All rays having either source
or receiver in the study area, are then stored for subsequent
use.

3. Tomographic Method
3.1. Summary Rays and Static Corrections

[13] Summary residuals are often used, rather than indi-
vidual observations, as input data to the inversion because
summary rays reduce spatial imbalance in data coverage,
they minimize noise related to small-scale crustal hetero-
geneities, and they limit the redundancy of data in the
inversion, at the same time retaining the geographically
dependent character of travel times [i.e., Morelli and
Dziewonski, 1991; Robertson and Woodhouse, 1995]. To
compute summary residuals the Earth’s surface is subdi-
vided in cells and all individual rays connecting the same
pair of cells, regardless of which of the two contains the
source and which the receiver, are grouped into a summary
ray. To this purpose, we use two nested grids: 1656
approximately equi-areal trapezoidal cells on the whole
globe (cell size is 5° x 5° at the Equator), and 8400
smaller cells (0.5° x 0.5°) in the Mediterranean area.
Summary rays therefore stem from each cell of the target
area containing stations, events, or both. This strategy
increases the coverage with respect to studies based only
on rays travelling to stations inside the area. To each
summary ray a residual is then associated, defined as the
weighted average of all individual residuals contained in the
bundle [Piromallo and Morelli, 2001], where the data
weighting function is the uniform reduction weight speci-
fied by Jeffreys [1932].

[14] Residuals of regional distance summary rays (A <
28°) are used in the inversion only if they travel entirely
within the volume, in order to prevent mapping of lateral
heterogeneities close, but external, to the inversion domain
into our model. Moreover, only summary rays with residual
less than 3 s, and composed by at least 3 individual
observations, are retained as input to the inversion. This
procedure and further selection isolate a total of 112,139
(52,514 regional and 59,625 teleseismic) summary rays, out
of 334,723. The RMS reduction of residuals due to sum-
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Figure 2. Mantle corrections computed for roughly equal area 5° x 5° cells used to account for
aspherical velocity structure outside the model volume. Pluses and circles indicate positive and negative
corrections, respectively. Each correction is obtained through a selective sampling of the mantle by paths
travelling to the Mediterranean from a cell located at teleseismic distance outside the investigated region

(see text for details).

mary ray formation before inversion is about 31%, the
initial RMS being 1.44 s.

[15] Due to the large-scale character of this study, ray
paths of teleseismic observations do not entirely lay within
the model volume, thus providing a sampling of both the
target volume and of the mantle heterogeneities located
outside. An erroneous mapping of these anomalies into our
model may occur, unless we apply an appropriate correction
for teleseismic data. To this purpose, regional tomographic
studies often use station static corrections, either as model
parameters in a joint inversion for the 3-D velocity structure
[e.g., Spakman et al., 1993] or as independent parameters in
a stepwise sequence [e.g., Calvert et al., 2000]. Other
studies reduce the effect of outside structure by embedding
their regional model in a global (more coarsely parameter-
ized) mesh [Fukao et al., 1992; Widiyantoro and van der
Hilst, 1996] or by doing global inversions with an adaptive
grid to achieve high resolution locally [Bijwaard et al.,
1998; Sambridge and Gudmunsson, 1998; Karason and van
der Hilst, 2001].

[16] We follow a different approach and devise a scheme
which allows the use of teleseismic rays, by introducing a
straightforward alternative to a global inversion to correct for
structure outside the model volume. For each 5° x 5° cell of
our global grid, we estimate the contribution of the external
mantle structure to the total delay, by averaging all summary
residuals from summary rays connecting that cell to any
small cell in the Alpine-Mediterranean region. Our mantle
corrections represent a path-integrated account of large-scale
velocity structure, as a result of a selective sampling of the
mantle in the ““fat beam” based on the 5° x 5° cell, on one
end, and the 35° x 60° base of the model volume, on the other
end. This is better than using static teleseismic station
corrections, which instead give a global sampling of the
whole mantle as seen from each station. In addition, our
reciprocal summary rays, combining sources and stations in

each cell, permit the calculation for several more cells at
teleseismic distance.

[17] Mantle corrections are plotted in Figure 2. Analo-
gously to station statics [e.g., Robertson and Woodhouse,
1997] our selective mantle corrections represent a first
approximation account of large-scale mantle velocity struc-
ture. Each correction, shown in Figure 2, is the result of a
selective sampling of the mantle by paths travelling from,
or to, the Mediterranean, and therefore represents the
contributions of long-wavelength lower mantle structure,
and shorter-wavelength (~5°) upper mantle structure out-
side the model volume. Some general features of these
mantle corrections are nonetheless similar to classic station
statics [Dziewonski and Anderson, 1983; Hager and Clay-
ton, 1989; Zhou and Wang, 1994] insofar they are corre-
lated with lithospheric structure beneath the remote
receiver or cell: negative delays therefore mark shield
areas, and positive delays are present in younger tectoni-
cally active continental regions, and across ocean ridges
and rifting areas. The mantle corrections range from —2.9
to +4.2 s, with RMS 0.64 s and average 0.24 s. This
positive regional average is a consequence of the upper
mantle beneath the Mediterranean being slower than the
global reference, and has no effect for our goal of
reconstructing lateral variations of velocity, but should be
taken into account if absolute velocities are sought. For
scarcely populated cells, up to about 10 summary rays, the
norm of regionally averaged cell terms decreases as the
number of summary rays increases [Piromallo and Mor-
elli, 2001], but this effect is not crucial for more populated
cells.

3.2. Parameterization and Inversion

[18] We parameterize the perturbation of the slowness
field by means of local basis functions, represented by 3-D
linear splines on a 3-D lattice of 180,411 nodes (121 and
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71 nodes, respectively, in the EW and NS direction,
21 nodes in depth). The horizontal spacing is again 0.5°
in both horizontal directions, while the vertical spacing is
50 km. In general, the use of a continuous interpolator
gives a more realistic description of the velocity field, if
compared to a block-wise model with the same number of
parameters [Nolet, 1996]. Travel times of P waves, with
period of the order of 1 s and wavelength of about 10 km
in the mantle, are able to resolve structures of 30—80 km
wavelength at upper mantle depths and of 100—200 km at
lower mantle depths [Nolet, 2000]. Our parameterization,
with node interspacing of about 55 km, is thus potentially
suitable for describing features not smaller than this size.
Of course, structures are not necessarily resolved to the
block size (nominal resolution), as will be explained in
the next section. Moreover, the station and event distri-
bution in the Alpine-Mediterranean region (some of the
0.5° x 0.5° squares may not even contain any seismo-
graphic station or earthquake), may map shorter-wave-
length structure into a larger-scale, smoother model, and
hence introduce some artifacts in the upper layers in
correspondence of these scarcely sampled areas. However,
a fine grid is the best measure we can take to limit this
aliasing effect.

[19] The forward problem is solved by 1-D ray tracing
through a ray shooting algorithm in spherical geometry in
sp6 background model. Pn ray paths result analytically as
the effect of refraction at the 35 km deep Moho. In the area
encompassed by this study, velocity anomalies rarely
exceed a few percent, so that 1-D ray tracing can be
considered a legitimate approximation. The use of a 1-D
ray tracing algorithm may have a smoothing effect on the
resulting model of a strongly heterogeneous region of the
upper mantle. A rough estimate of this smoothing effect is
given by Bijwaard and Spakman [2000, Figure 3a]. Differ-
ences in RMS amplitudes between models resulting after 3-
D or 1-D ray tracing are of the order of 0.2% in the crustal
layer (35 km) and attain a maximum 0.5% in the litho-
spheric layers (70,120 km), below which they become
negligible.

[20] The solution to the inverse problem is sought by
least squares minimization through the iterative LSQR
algorithm [Paige and Saunders, 1982; Nolet, 1987].
Though LSQR is intrinsically damped, we introduce an
additional explicit roughness damping through an isotropic
gradient minimization condition, to constrain ill-deter-
mined model parameters. We assume that observational
errors are Gaussian and uncorrelated, with standard devia-
tion 1 s, and we assign an a priori probability density
distribution for the change of seismic velocity between
any couple of adjacent nodes shaped as a Gaussian with
zero mean and standard deviation 0.5%. The gradient
constraint is applied both horizontally and vertically; only
the top layer (at 0 km depth) is kept unconstrained, in
order to limit the contamination of the layer below (at 50
km depth) by unmodeled crustal heterogeneities. The
overall regularization applied is thus a combination of
norm and gradient damping, isotropic and without any
depth dependence.

[21] Our P velocity model PMO.5 is obtained after 15
iterations of the LSQR algorithm. The RMS reduction in
the residuals due to data fit in the inversion is about
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26%, comparable to 28% obtained by Spakman et al.
[1993].

4. Sensitivity Analyses

[22] Ray paths provide a rather inhomogeneous illumina-
tion of the mantle structure. Before inspecting the results of
the inversion, it is therefore important to analyze the path
distribution over the model volume. Figure 3 depicts, in
map view and logarithmic scale, the ray density for some
layers of the model. Ray density is the cumulative value of
the partial derivative of slowness with respect to travel time,
a quantity analogous to the cell hit-count in studies based on
block parameterization.

[23] The consequence of the inhomogeneous distribution
of seismicity and stations in this area on ray illumination is
clearly seen from a comparison of Figure 3 with Figures 1b
and lc. There is substantial difference, especially in the
shallower layers, in the coverage provided by teleseismic
rays, confined to areas right below stations and events, and
regional rays, more extensively sampling the regions in
between the ray foci. In fact, the 50 km depth layer is
largely dominated by horizontally travelling Pn rays, sam-
pling the lithosphere and crossed by vertical teleseismic rays
in correspondence of stations and events (which give the
spot-like features in some regions). Earthquakes in the
Hellenic-Aegean region, recorded by European stations,
provide an extremely good coverage of the central western
part of the model, although most rays have a SE-NW trend.
At 150 km, the ray coverage is more uniform, but the
maximum density is lower than above. In both layers, the
coverage of the African margin, the eastern European plat-
form, and the Arabian Plate is limited to small areas,
unevenly sampled, due to sparse station and event locations
and to the location of these regions in the periphery of the
domain. At intermediate depths (250 km) the illumination
gaps in these regions are partially filled by incoming tele-
seismic rays, and we observe a more uniform ray density all
over the area. This is even more evident moving from 350
to 450 km depth, with the fairly illuminated area extending
northward and eastward. Moving to deeper layers (600—
700 km) ray sampling gradually extends to the border of the
region, practically achieving a full coverage of the area by
teleseismic rays in the lowermost 200 km. An enhanced
sampling in the layer below each discontinuity (450 and
700 km) can be noticed, due to the refraction at the
interfaces of regional rays and subsequent subhorizontal
sampling.

[24] In the case of a manageable number of parameters,
the best way to assess the reliability of the estimated model
is to compute the full resolution matrix, which contains the
whole information, and the a posteriori error matrix. When
we are faced with an very large number of unknowns,
presenting a readable matrix is however a problem. We can
alternatively resort to “sensitivity tests” [e.g., Spakman and
Nolet, 1988; van der Hilst and Engdahl, 1991; van der Hilst
et al., 1993; Lévéque et al., 1993], which address the
resolution of the inversion scheme in terms of its ability
to retrieve a known input model, given the same ray
coverage which will be used for the real data inversion.
Sensitivity analyses allow for a comprehensive, relatively
rapid, visual inspection in the spatial resolution of a model



Figure 3. Ray density (cumulative value of the partial derivative of slowness with respect to travel time)
distribution in a logarithmic scale. The ray density field does not vary rapidly with depth. Therefore, we
only display maps located at representative depths: two shallow layers (50 and 150 km), an intermediate
one (250 km), one layer above and one below each upper mantle seismic discontinuity (350, 450, 600,
and 700 km), and one in proximity of the base of the model (900 km). Solid black is used for regions of
no sampling. See text for comments.

with a large number of parameters, provided that the The synthetic travel times used to retrieve a sample structure
assumptions made hold true. However, they only provide are computed with the same theoretical apparatus, and
qualitative estimates of accuracy and resolution, and they simplifications, that are used for the actual inversion, and
only show a limited representation of the resolution matrix. ~do not therefore test the effect of “errors™ in the theory.
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Table 1. Parameters and Characteristics of the LSQR Inversion of
Real Data and Synthetic Models®

Input Anomaly RMS of Residuals

Length  Amplitude Before  After Reduction

Model (km) (%) o (s) (s) (s) (%)
Real data - - - 0.99 0.73 26
chess 1 ~110 4 0.85 0.85 0.72 14
chess 2 ~200 4 0.85 0.85 0.72 14
harmo 1 ~300 4 0.85 0.99 0.72 27
harmo 2 ~600 4 0.85 1.18 0.72 39
impulse ~110 7 0.40 0.63 0.52 17

“The size and amplitude of the input velocity anomalies for the sensitivity
tests are specified together with the standard deviation of the Gaussian
noise (0). The damping parameter and the number of iterations in the
inversion are always the same as for the data inversion. The RMS values of
residuals before and after inversion are listed together with the RMS
reduction in percent, both for the real data and for the synthetic models.

Furthermore, only specific features (e.g., chessboard and
harmonic fields) can be used, and therefore only sensitivity
to those particular shapes, very different from the real Earth
structure, can really be addressed [Lévéque et al., 1993]. In
spite of these shortcomings, sensitivity tests have become a
standard way of addressing model resolution as their results
can be promptly visualized.

[25] We perform several synthetic tests, in order to study
the resolution for patterns of long, intermediate and short
wavelengths of geodynamical interest and for sharp or
smooth anomaly contrasts. The input synthetic models are
constructed as regular patterns of velocity variations relative
to the surrounding reference velocity profile. Travel times
are then computed by forward calculation through the
synthetic model, and Gaussian random noise, with standard
deviation o, is added to the data before inversion. The value
of o for the Gaussian noise is chosen to approximately
reproduce the signal-to-noise ratio of the actual data, as
explained in detail by Piromallo and Morelli [1998]. The
same inversion parameters as for actual data are then
applied, i.e., number of iterations and regularization. Their
values are reported in Table 1, together with the variance
reduction obtained in the inversion for each test and for the
real data.

[26] We show here the results of chessboard tests where
input heterogeneities of alternating sign (+4%) are super-
imposed on the ambient velocity profile. The positive/
negative anomaly is attributed to the same number of nodes
in each direction, separated by an equal number of zero
amplitude anomaly nodes. Gaussian random noise, with
standard deviation o = 0.85 s, is added to the data. Different
wavelength patterns are tested, among which we show two
representative results. The first test, in the left panels of
Figure 4, is aimed at estimating retrieval of small-scale
structures (boxcar anomalies of two nodes in each direction,
approximately 110 km in size). Horizontal smearing of
anomalies of this size occurs in regions where ray sampling
is poor and/or strongly anisotropic. All over the depth range
of the model this effect is particularly pronounced in the
Red Sea, Arabian Plate, and eastern European platform,
sometimes even joining the anomalies over several nodes.
In the Northern African margin, the western and eastern
Mediterranean, northern Europe, Black Sea, eastern Turkey,
Caucasus and Zagros region smearing is still present but
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less critical. In the remaining regions, small-scale hetero-
geneities are satisfactorily retrieved in the depth range
sampled by both regional and teleseismic rays, while their
amplitude decays in the lowermost 200 km of the model.
Vertical leaking of anomalies is confined to the closest layer
in areas of good sampling and at shallow depths. In each
layer, amplitudes of the anomalies are strongly dependent
on the ray density, as may be expected. In the right panels of
Figure 4, larger-scale structures (four-node anomalies,
approximately 220 km, in each direction) are analyzed.
With respect to the previous pattern, this is more easily
retrievable in amplitude, and the area over which reliable
images are obtained is enlarged horizontally and extends to
the bottom of the model (though some noise distorts the
shape of the input model). For example also the western
Mediterranean, Northern African margin, Black Sea, Tur-
key, Caucasus, and Zagros region are nicely retrieved.
Moving to the deeper layers, the area of recovered features
extends to the north, NE, but the portion of Africa and
Arabian plate still remains unresolved or highly smeared.

[27] We also did a harmonic model recovery test. The input
pattern is given by 2-D smoothly varying features, obtained
by superposition of sine functions, with amplitudes ranging
between 4% and delay times are again contaminated by
Gaussian random noise before inversion (see Table 1).
Wavelengths of ~300 and ~600 km in both horizontal
directions are considered. Figure 5 shows the RMS ampli-
tude of both retrieved models (lengths ~300 and ~600 km)
and of the input model, as a function of depth. The RMS
profiles indicate that retrieved amplitudes are rather uniform
with respect to depth, the only exceptions being at the top
and bottom of the model. The amplitude of the layer at
50 km depth is better recovered, due to the strong sampling
provided by Pn rays. The two extremal layers, at 0 and
1000 km, have instead lower amplitudes, a geometric effect
due to the lower sampling provided by rays to the nodes
located at the boundaries of the inversion volume (only the
ray segments inside the volume are considered). The layer
at 0 km is also affected by a more irregular sampling, due to
ray clustering at stations and hypocentral areas. The RMS
amplitudes of the reconstructed model are about 60% of the
input pattern, larger for broader anomalies.

5. Main Features of Model PMO0.5

[28] For sake of completeness, and to preserve the 3-D
continuity of its features, the resulting model is displayed in
its totality, by means of map views at all the different depth
levels. Model PMO.5 is expressed as percentage velocity
perturbation with respect to the reference model sp6. The
average anomaly over a horizontal layer is always sub-
tracted for clarity. Layer averages are shown in Figure 6 as a
function of depth. Since the values are always rather small,
less than 0.2%, the new average P velocity profile is almost
undistinguishable from the background model sp6.

[29] An overall decreasing structural complexity and
amplitude weakening is observed moving from the surface
to depth, since the Earth structure is particularly heteroge-
neous with strong regional variations in the uppermost 250
km. This is clearly illustrated by Figure 7a, where we show
the RMS amplitude of model PMO0.5 and of separate test
inversions of teleseismic and regional data, plotted as a
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Figure 4. Chessboard recovery test in map views at some selected depths. Input heterogeneities of
opposite sign (whose location is indicated by +£2% contouring) are alternately superimposed on the
ambient velocity profile and are marked by contouring. The input anomaly is attributed to the same
number of nodes (2 nodes in the left panels, 4 nodes in the right ones) in each direction, separated by an
equal number of unperturbed nodes. Gaussian random noise is added to the data before inversion. The
output model is given in gray shades. The rectangle in the top left panel identifies the region best resolved
at all scale lengths.
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Figure 5. RMS amplitude as a function of depth for
harmonic sensitivity tests. The input pattern of the harmonic
models is given by the superposition, in each layer, of sine
functions in the two orthogonal directions, giving a 2-D
harmonic slowness anomaly pattern, with amplitudes
ranging +4% and characteristic lengths of ~300 and
~600 km. Delay times are contaminated with Gaussian
random noise (Table 1). The retrieved harmonic models for
anomalies of ~300 km (harmo 1) and ~600 km (harmo 2)
size are shown together with the RMS amplitude of the
input model (dashed line). RMS amplitudes are computed
within the best resolved region of the model shown in
Figure 4 (top left panel).

function of depth. Comparison with Figure 5, showing
instead that input patterns are retrieved with rather uniform
RMS amplitudes, indicates that the behavior of Figure 7a is
not an artifact of ray sampling. Overall, model RMS
amplitudes decrease rapidly going from the shallow part
of the model to larger depth [see also Fukao et al., 2001].
The transition zone is marked by a relative increase of RMS
amplitudes, mainly retrieved by regional rays. Although
characterized by smaller-depth sensitivity, teleseismic rays
detect the decrease of RMS amplitude with depth, and
obviously contribute the most to constrain the model at
larger depths. In Figure 7b we show instead the relative
contribution of positive and negative velocity anomalies to
the RMS amplitude of PMO0.5. At shallow depths (<250
km) slow anomalies have slightly larger RMS amplitudes
than fast ones. Below 250 km, instead, fast anomalies have
larger RMS amplitudes than slow ones, sensibly higher in
the transition zone, less pronounced in the shallowest lower
mantle. High RMS amplitude in the transition zone are only
present in positive anomalies.

[30] Each map in Figure 8 reports relative P velocity
variations on the horizontal layer of the 3-D grid at that
depth. Some selected vertical cross sections, obtained from
the 3-D model with average velocity profile subtracted, are
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shown in Figure 9, along with the ray density distribution
and an impulse recovery test (two-node input anomalies by
+7% in each direction, separated by six unperturbed nodes,
see Table 1). Additional material can be found on the Web
site (http://www.ingv.it/seismoglo/ptomo).

[31] The “crustal” layer at 0 km depth is shown but it is
not interpreted since it suffers from the strongly inhomoge-
neous distribution of stations and events, the effects of
unmodeled shallow structure, and of smearing from the
close layer at 50 km. The contribution of regional rays is
dominant, amplitudes are very large in well sampled areas
and velocity contrasts are quite sharp. This velocity pattern
is affected by a trade-off between variations in crustal
thickness and velocity anomalies. Since no crustal correc-
tion is taken into account, neglected heterogeneities in
crustal thickness (with horizontal scales comparable to those
of main tectonic features) may induce quite large variations
in the travel times of shallow travelling rays. Smaller-scale
heterogeneities (less than about 50 km) are instead filtered
out by the use of summary rays.

5.1. Large-Scale Features

[32] The most prominent large-scale feature of PMO0.5 at
shallow depth is the difference in the upper mantle structure
between the Precambrian Baltic and east European Shields,
marked by high velocities, and the low velocities of the
western and central Euro-Mediterranean young tectonic
provinces. The high velocity below the east European
platform and Baltic shield is continuous in PMO0.5 from
50 to 350—400 km, and particularly pronounced in the
depth range 100-300 km. The western Mediterranean
Basin and Europe are instead overall dominated by slow
velocity anomalies between 100 and 400 km depth on a
large scale. This pattern of large-scale shallow anomalies is
in accord with results from other P and S tomographic
models [Romanowicz, 1980; Snieder, 1988; Spakman et al.,
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Figure 6. Averages of velocity anomalies over horizontal
layers as a function of depth. These values are subtracted,
layer by layer, from the model to produce the map views in
Figure 8.



PIROMALLO AND MORELLI: P WAVE TOMOGRAPHY OF THE MANTLE

Model RMS

O.I.I.I.I.I.I.I.I.I.

ESE 1-11

Model RMS

O.I.I.I.I.I.I.I.I.I.

100 .
200 ]
300 .
400 ]
500 .

Depth (km)

600

700

. regional
* teleseismic
o regio.+tele. (PM0.5)

800
900
1000

-—100—-
-—200—-
-300—-
-—400—-
-500—-
-600—- '

- 700 %

+ PMO.5 positive n
PMO.5 negative
o PMO.5 B

1
- 800 !
- 900 { ..

1000 T T T T T T T

RMS Vp (%)

04 06 08 1.0 1.2 1.4 16 1.8 20 22 24

04 06 08 1.0 12 14 16 1.8 20 22 24
RMS Vp (%)

Figure 7. (a) RMS amplitude of model PM0.5 velocity anomalies and of the separated inversions for
teleseismic and regional rays only, plotted as a function of depth. (b) RMS amplitude of PMO0.5 velocity
model, as a function of depth, computed separately for positive (pluses) and negative (dashed line)
anomalies. RMS amplitudes are computed within the best resolved domain marked in the left top panel of

Figure 4.

1993; Zielhuis and Nolet, 1994; Marquering and Snieder,
1996; Curtis et al., 1998]. However, in our model the sharp
gradient of the boundary between east and central Europe,
running along the ancient suture of the Tournquist-Teisseyre
zone, extends to depths of at least 300 km, larger than in
previous models [Zielhuis and Nolet, 1994].

[33] Another dominant feature is the approximately con-
tinuous S-shaped fast anomaly that can be followed, through
the four layers at 250—450 km depth, from the North African
margin, to the Calabrian Arc, the Apennines, the Alps and
the Carpathians. It represents the signature of subducted
lithosphere along the Alpine collisional belt [Wortel and
Spakman, 1992; Spakman et al., 1993; Piromallo and
Morelli, 1997]. In the 500—700 km depth range the ray
sampling is clearly more uniform for the whole area, due to
the contribution of teleseismic rays. The pattern of fast
anomalies of the previous layers joins into a wide and strong
high velocity feature, approximately located in the central
part of the model. The most remarkable heterogeneity lies
beneath the area interested by the Alpine orogeny, the
Turkish promontory and, to the east, the Zagros Zone. A
large amount of fast velocity material stagnant in the
transition zone below Europe [e.g., Spakman et al., 1993;
Marquering and Snieder, 1996] is particularly evident in
PMO.5 (see also cross section Cc, Figure 9), and could be the
remnant of the Tethyan oceanic lithosphere.

[34] Only teleseismic rays illuminate the structure below
the 670 km discontinuity. At these depths teleseismic rays
are not as vertical as in the lithosphere, therefore we do not
expect too strong vertical smearing. Two deep large-scale
anomalies are present in the 850—1000 km depth range: the
slow velocity region under northwestern Europe and the
high velocity area from the Ionian Sea to Turkey. The low
velocity is part of a broader and deeper slow anomaly
possibly related to a lower mantle upwelling [Goes et al.,
1999]; the fast velocity anomaly corresponds instead to the
westernmost edge of the Tethyan subduction belt [Grand et

al., 1997; van der Hilst and Karason, 1999; Faccenna et
al., 2003]. The bottom layers of the model are the ones most
prone to contamination from neighboring, external, Earth
structure. The good agreement of our results with whole-
mantle models, however, supports the robustness of these
features. We regard to this result as to a significant verifi-
cation of the effectiveness of mantle travel time corrections,
and of the reliability of both approaches.

5.2. Small-Scale Features

[35] On a smaller scale, fast velocity anomalies character-
ize the lithosphere of the basins. Some of them are well
confined to the shallowest layer at 50 km (like the western
Mediterranean, Adriatic and lonian Basin), some others
propagate to the layer below at 100 km (as Black and
Caspian Sea), or even down to 150—200 km (as in the
eastern Mediterranean Basin, where however some vertical
smearing is likely). Low velocities at these depths mark
instead areas of rifting (as the ECRIS, the Sicily Channel,
and the Dead Sea), back arc regions (as the Alboran, the
Tyrrhenian and the Aegean Sea, and the Pannonian Basin)
and magmatic provinces (as the volcanic provinces of central
Italy and central Europe). A fast velocity feature, laterally
discontinuous, along the North African margin is imaged,
though at the border of the illuminated region, gaining
amplitude from shallow (50 km) to deeper layers (400 km).

[36] Beneath the Alboran region, seismically slow mate-
rial at shallow depth (50—150 km) is underlain by a single
coherent fast body, SW-NE oriented, apparently continuous
from 250 down to 700 km depth. Most of the recent larger-
scale seismic tomography studies agree in detecting a large
positive anomaly interpreted as the image of a subducted
slab [Spakman et al., 1993; Blanco and Spakman, 1993;
Piromallo and Morelli, 1997; Bijwaard et al., 1998]. Our
model also reveals significant anomalies in northern Africa,
in correspondence of the Rif region, in the 50—150 km
depth range (see Figure 8), previously overlooked by larger-
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Figure 8. Map views of our best 3-D model PMO0.5. P velocity perturbation with respect to reference model sp6 is
displayed. Not illuminated areas are simply blanked out. The bottom layer of the model at 1000 km depth is not shown,
being very similar to the shallower one (950 km). See text for details.
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Figure 8. (continued)




ASH

vi-1

HTINVIN HHL 40 AHdVIDOWNWO.L JAVM d ITTHIOW ANV OTIVINOUId



HTINVIN HHL 40 AHdVIDOWO.L JAVM d ITTHIOW ANV OTIVINOUId

HSH

-1

Sl



91 -1 ASH

HTINVIN HHL 40 AHdVIDOWNWO.L JAVM d ITTHIOW ANV OTIVINOUId



60N

50N

40N

30N

MOt

410

660

PIROMALLO AND MORELLI: P WAVE TOMOGRAPHY OF THE MANTLE ESE 1-17
o1 {¢ ] Qoe 60N 1 5 ot [\ " ,50$ 60N 1 I\ ” ,bee
e 50N Pl 0N <Y
.d . S .d . S .d . &
=~ 40N 1 = 40N 1 =~
A R & &
30N 30N
° o % e % g ° NN 3 s W oy wm

500km

1000km

500km

1000km

o

410

660

P velocity variation (%) P velocity variation (%)

a B b c
x
a10 410 410

500km
660

1000km 1000km

Log density

Log density Log density

Figure 9. Cross sections through some of the main features of the velocity model. The top map
illustrates the section location. Each cross section has the same length (approximately 20° along a great
circle) and its vertical extent reaches the bottom of the model. Ticks along the line segment indicate the
distance from the extremities by 5° intervals. Below the map, three panels are plotted: the top panel for
the model, the central panel for the impulse recovery test results (contour levels of the input model at
+1% and +3% are shown), and the bottom panel for the ray density distribution. Ticks at 5° intervals
along the upper axis of each panel correspond to the locations along the section line segment plotted on
the map. The 410 and 660 km discontinuities are indicated as a thin and thick lines, respectively. (Aa)
Low velocity heterogeneity beneath the Massif Central (topmost 250 km). The synthetic test shows that
the central portion of the section is well resolved, but some vertical leaking occurs and the narrow,
conduit-like structure is probably not a robust feature. (Bb) Section running approximately along the
European Geotraverse [Blundell et al., 1992]. A fast feature deepens from the surface below the central
Alps, its strongest portion reaching about 200 km depth. From ray sampling and the impulse recovery
test, we expect a good resolution in the central portion of the section. Notice also the accumulation of fast
material between 400 and 800 km. (Cc) Shallow fast anomaly below the northern Adriatic Sea possibly
connected with the fast structure, below the northern Apennines. On the Tyrrhenian side, a wedge-shaped
slow anomaly just above the slab merges with the lower amplitude western Mediterranean slow anomaly
down to 400 km depth. (Dd) Strong slow anomaly beneath the central Apennines (0—250 km depth). To
the east, the fast Adriatic lithosphere deepens below the Dinarides. (Ee) High velocity anomaly on the
Ionian side of the Calabrian Arc connected to the fast structure steeply dipping below the arc into the
mantle and bending horizontally in the transition zone. The synthetic test indicates that horizontal
smearing may result in artifacts along this section at midmantle depths. (Ff) Fast material can be followed
from the surface through the upper mantle, across the 670 km discontinuity and down to the bottom of the
model in the Hellenic Trench. A large amplitude, well sampled, low anomaly wedge is found in
correspondence of the Aegean Basin. Correlation between density of rays and shape of input anomalies
indicates that smearing of these small anomalies likely occurs in the deeper part.
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Figure 9. (continued)

scale models. Seber et al. [1996a] image a high velocity
body beneath the Alboran Sea extending to the eastern Rif
area as well, from subcrustal depths down to 350 km
(bottom of their model). However, the limited vertical
dimension of their model does not allow to evaluate the
effective depth extent of the fast anomaly, which we show
to enter into the transition zone. Calvert et al. [2000],
though imaging fast anomalies also in the deep layers of
their model (down to 670 km), discard the existence of a
whole coherent body, favoring instead the hypothesis of two
smaller pieces of delaminated lithospheric material.

[37] Pronounced low velocity anomalies are displayed by
PMO.5 in the shallow layers below the Massif Central,
Rhenish Massif and Bohemian Massif, coalescing into a
broad anomaly in the 150—250 km depth range. The bulk of
this low velocity perturbation resides in the shallowest
200-250 km and gradually attenuates in amplitude while
approaching the transition zone. These heterogeneities in
central Europe cover a wide region in correspondence of the
ECRIS volcanic province, a belt of extensional thinning and
rifting [Wilson and Downes, 1992; Ziegler, 1992]. Below
the French Massif Central (cross section Aa, Figure 9) the
main low velocity body extends from the surface down to

250 km depth, showing very good agreement with the local
high-resolution teleseismic model of Granet et al. [1995]. In
the Eifel region (Rhenish Massif), instead, Ritter et al.
[2001] find evidence of low velocities down to at least
400 km, deeper than in PMO0.5. Some studies, combining
tomographic images with signatures from isotope geochem-
istry of mafic volcanic rocks of this province, led to
reconsider active mantle upwellings as sources of rifting
and volcanism [Granet et al., 1995; Hoernle et al., 1995;
Goes et al., 1999], as suggested in previous literature
[Duncan et al., 1972; Froidevaux et al., 1974]. However,
the detection of a possible direct, lower mantle, origin of
such upwellings by means of seismic studies is hampered,
on one side, by the insufficient resolution at depth of larger-
scale tomographic models, and, on the other hand, by the
limited depth extent of higher-resolution local studies.
Although below the Massif Central and the Rhine region
well-resolved slow anomalies are also present at the base of
PMO0.5 (see map views at 700—1000 km), the velocity
pattern is rather weak and heterogeneous in the transition
zone below the ECRIS. Robust evidence for a direct lower
mantle feeding (i.e., a conduit-like feature) of the shallow
low velocity anomalies is missing. Where a weak stem-like
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feature is imaged, such as below the Massif Central, it is at
the very limit of our resolution.

[38] The whole Alpine chain is underlain by high veloc-
ities in a continuous belt down to 150 km. In the western
Alps a sharp boundary is detected between slow velocity
along the northwestern border of the chain, and a strong fast
anomaly to the east. In the deeper layers (200—250 km)
anomalies are weaker and the western and eastern Alps
appear to be horizontally disconnected from each other and
from the fast anomaly below the Dinaric chain. A detailed
mapping of these shallow anomalies is absent in the results
by Spakman et al. [1993], likely due to the coarser param-
eterization of their model. Fast velocity features rejoin at
depth (starting at about 300 km) and connect to the whole
Alpine fast belt. In the western and central Alps the
signature of the fast anomaly is particularly pronounced
from 50 down to 300—350 km (cross section Bb, Figure 9)
and is unanimously interpreted as the “root” of the Alps,
the Eurasian lithosphere southwardly subducted below the
Adriatic promontory [Kissling and Spakman, 1996]. Across
the eastern Alps instead we do not find evidence of such a
clear pattern of subduction: the high velocity features of the
Eurasian and Adriatic lithospheres both seem to be only
weakly connected with the deep seated (100—400 km) body.
The difference between the deep structure of western and
eastern Alps [Panza and Mueller, 1979; Babuska et al.,
1990] is here imaged with better detail than in studies based
on teleseismic data alone [Amato et al., 1993; Solarino et
al., 1996; Lucente et al., 1999]. Moreover, according to our
tests, imaging capabilities of PMO0.5 should not be crucially
different between the western and eastern arcs.

[39] Along the Apenninic chain two major velocity fea-
tures are recognized: while in the northern part a high velocity
structure is particularly evident in the layers between 100 and
200 km (cross section Cc, Figure 9), in the southern part a
slow anomaly is instead found at these depths (cross section
Dd, Figure 9). To the south, right below the Calabrian Arc, a
fast velocity structure can be seen again in the shallow layers
(100—200 km depth). Cross section Ee (Figure 9) shows the
vertical extent and continuity of this fast feature, lying
horizontal in the lonian domain, steeply dipping to the NW
in the mantle and then bending to almost horizontal in the
transition zone. At 250 km and deeper, northern and southern
Apennines join into the single, fast anomaly belt running
southward with continuity through the Calabrian and North
African margin, and northward through the Alps and Carpa-
thians. A pronounced shallow slow anomaly is detected on
the Tyrrhenian side, in correspondence of the back arc region,
interpreted as the evidence of an asthenospheric wedge [Mele
etal., 1998; Hearn, 1999]. While in the Calabrian portion the
subducted lithosphere is imaged with continuity by the vast
majority of tomographic models [Amato et al., 1993; Spak-
man et al., 1993; Selvaggi and Chiarabba, 1995; Piromallo
and Morelli, 1997; Lucente et al., 1999], vertical continuity
of the slab in its shallow portion below the Apenninic belt is
instead a point of discrepancy. Since some models [Spakman,
1991; Spakman et al., 1993] show no apparent connection
between the Adriatic plate and the subducted lithosphere
under the Apennines, Wortel and Spakman [1992] proposed
a model of lateral migration of slab detachment from north-
western Italy to the Calabrian Arc. However, we note that the
same northern Apenninic cross section shows enhanced
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vertical continuity in model BSE [Bijwaard et al., 1998]
with respect to EUR89B [Spakman et al., 1993] (see the
study of Carminati et al. [1998, Figure 7c]), displaying a
velocity structure much closer to the one retrieved in both
PMO97P and PMO.5. Also teleseimic studies do not reveal
any significant gap in the subducted lithosphere below the
central Apennines [Amato et al., 1993; Lucente et al., 1999];
however, in these models the signal of a shallow positive
anomaly could be easily obscured by smearing along tele-
seismic ray paths of a deeper, consistent, fast anomaly.

[40] The entire Carpathian chain is underlain by slow
anomalies at shallow depths of PM0.5 (50 km), in sharp
contrast with the fast velocities of the cratonic east Euro-
pean platform. In the eastern Carpathians, below the Vran-
cea zone, a weak fast velocity anomaly is present at 100 km
depth, becoming more pronounced in the following layer
(150 km). As depth increases, positive velocities tend to
dominate below the whole chain, as a hook-shaped anomaly
in map views (200—250 km). Regional tomographic studies
have focused their attention on the Vrancea zone, also
imaging a fast body in correspondence of the intermedi-
ate-depth earthquake foci, interpreted as a piece of sub-
ducted lithosphere [Oncescu et al., 1984; Fan et al., 1998;
Wenzel et al., 1998]. However, lack of resolution does not
allow to establish the vertical extent of the high velocity
body in these models. Only larger-scale studies like PMO0.5
allow to detect anomalies at depth larger than the seismi-
cally active part of the slab, and they suggest that the deep
portion of the slab may easily extend down to 300 km.
Images of the shallow velocity structure retrieved by differ-
ent models of the Vrancea zone led to different interpreta-
tions of the origin and nature of the fast velocity anomaly:
the remnant of a slab of oceanic lithosphere now detached
from the surface [Wortel and Spakman, 1992; Wenzel et al.,
1998], or instead a small fragment of oceanic lithosphere
still attached to a larger piece of continental lithosphere
[Fan et al., 1998]. Wortel and Spakman [2000] favor the
view of a continuous slab down to 350 km. Our model does
not show, instead, any robust continuity to the surface of the
Vrancea fast anomaly. This is an interesting open question,
which needs further attention.

[41] The Hellenic Arc is marked by positive anomalies,
approximately following its changes in strike. In the shallow
layers these heterogeneities show continuity to the NW with
the fast velocities below the Dinaric chain. The high
velocity anomaly can be easily followed from shallow
lithospheric depths across the transition zone and below,
to the bottom of the model (cross section Ff, Figure 9),
especially in correspondence of the W-SW portion of the
Hellenic Arc. The high velocity anomaly sinks at an angle
of about 45° in the upper mantle, while its shallower portion
appears to dip on a less steep plane. As depth increases, fast
material along the arc converges towards the northern
Aegean (map views) and appears to be only partly deflected
in correspondence of the 660 km discontinuity (cross
section Ff, Figure 9). At 50 km depth the whole Aegean
Sea in the back arc setting is dominated by a wide,
pronounced, slow anomaly, which shifts northward and
attenuates at increasing depths, down to about 250 km.
The Cyprus Arc is well delimited at shallow depths by the
cold Levantine lithosphere. A small fast velocity anomaly,
NW of Cyprus, joins across the Antalya Basin, in corre-
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spondence of the trench’s cusp, with the more pronounced
anomaly below Turkey, which can be followed down to the
transition zone. The fast anomaly below the Hellenic Arc,
interpreted as African lithosphere subducted beneath the
Aegean, is imaged by both regional studies [Spakman et al.,
1988; Granet and Trampert, 1989; Ligdas and Main, 1991;
Spakman, 1991; Piromallo and Morelli, 1997; Tiberi et al.,
2000] and larger-scale models, which show that it reaches
the lower mantle [Spakman et al., 1993; van der Hilst et al.,
1997; Bijwaard et al., 1998; this work]. Since the observa-
tion by Spakman et al. [1988] of a discontinuity in the
subducted slab at a depth of 100—250 km, as a horizontal
tear in the north and western portions of the arc, the
hypothesis of detachment of the deeper part of the slab
from the surface has been put forward [Wortel and Spak-
man, 1992, 2000]. However, from the map views of our
model we see a possible interruption in the fast anomaly
only at 100—150 km in a very limited area below mainland
Greece and it is hard to assess its effective robustness.
Moreover, high-resolution local studies of the crust and
topmost mantle [Papazachos et al., 1995; Papazachos and
Nolet, 1997] do not detect any gap at all in the slab at these
shallow depths.

6. Discussion

[42] The presence of seismically fast material in the
transition zone and below raises the question about the
nature of such heterogeneities, and on the style of present-
day mantle convection in the Alpine-Mediterranean region.
Lateral variations in seismic velocities reported at all depths
in the mantle from tomographic observations have been
usually interpreted in terms of thermal structure related to
convection. Though both temperature and composition may
influence wave speeds, most of the 3-D mantle velocity
variation can probably be attributed to changes in temper-
ature [e.g., Ranalli, 1996], the effect of mantle composition
contributing only less than 1% [Sobolev et al., 1997; Goes
et al., 2000]. Interpreting the deep high velocity anomalies
as mainly related to “cold” material, the snapshot of the
present-day large-scale features given by tomographic pic-
tures can provide important information both in the frame-
work of global geodynamics and in the discussion of
specific evolutionary scenarios for the Mediterranean. The
pattern of large-scale anomalies revealed by PMO0.5 sug-
gests that two different convection stages presently coexist
in very close regions. The mantle dynamics of western
central Europe are dominated by layering, with blockage of
subducted slabs at the 660 km discontinuity and consequent
accumulation of seismically fast material in the transition
zone [Piromallo et al., 2001]. On the contrary, in the
eastern Mediterranean a substantial amount of fast velocity
material appears to sink into the lower mantle (even deeper
than 1000 km, according to van der Hilst et al. [1997]),
suggesting that the flow of the cold downwelling here is not
barred by the 660 km discontinuity. The extent of mantle
layering under Europe has been estimated through wavelet
analysis of the seismic anomalies of PMO0.5 by focussing on
the different length scales in the correlation function [Pir-
omallo et al., 2001]. Between the depths of 500 and 600 km
under western central Europe this correlation analysis
shows that a strong correlation for long length scales, of
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around 400 km, exists over a wide area of about 2000 x
4000 km, while weaker correlation characterizes shorter
length scales (150 km). On the other hand, between layers
at depths of 400 and 600 km the correlation deteriorates on
the long length scales and becomes even worse at the short
length scales. These results suggest that the thickness of the
recumbent fast (cold) material in the transition zone is
between 100 and 150 km. Moreover, the correlation
between the layer at 600 km and those at larger depth
shows a clear shift of the strong coherence to the eastern
Mediterranean, where indeed a substantial amount of fast
velocity material appears to sink into the lower mantle [see
also van der Hilst et al., 1997]. A possible explanation of
this scenario is that in the eastern Mediterranean, the longer
duration of subduction (active from the Cretaceous or
possibly the Jurassic rather than from the Tertiary) and
the different motion of the upper plate—trench system with
respect to the western Mediterranean, favored the sinking in
the mantle of a large amount of lithospheric material and its
piling up at the upper—lower mantle boundary. Accumu-
lation would overcome the effects of the viscosity jump and
of the endothermic phase transition, causing the eventual
flush of material to the lower mantle. The past subduction
history which possibly led to the present-day scenario and
the implications for the style of mantle convection are
inspected in detail elsewhere [Faccenna et al., 2003], tying
together geological data, paleotectonic reconstructions,
plate motion and tomographic data.

[43] In some tomographic models [Spakman, 1990; Spak-
man et al., 1993] the absence of continuity in the images of
structures identified as subducted slabs has been interpreted
by the authors in the common frame of a near surface
lithospheric detachment process, characterizing and influ-
encing the tectonic evolution of the Euro-Mediterranean
region [Wortel and Spakman, 1992]. However, in many
cases the interruption in the distribution of the high velocity
anomalies does not appear to be a consistent feature among
different studies. More recent, better resolved, models seem
to exhibit more vertical continuity of fast structures than
older models. Many causes may affect the continuity of slab
images: inhomogeneous sampling, data density, reference
model, parameterization, damping, ray tracing technique.
As shown by sensitivity analyses vertical gaps in tomo-
graphic images of slabs as large as 50—60 km or less cannot
be quantitatively resolved by regional-scale tomographic
models [Spakman, 1990; Spakman et al., 1993; Piromallo
and Morelli, 1997; Bijwaard et al., 1998; Lucente et al.,
1999; this work]. Though of course the existence of small
features cannot be ruled out, too detailed interpretation of
tomographic models, which may go beyond the resolution,
should be avoided. Sticking to robust features, model PMO0.5
shows a strong, robust, difference between the northern and
southern Apennines in the top 200 km. While below the
northern portion of the chain we find a fast anomaly at all
depths, below the southern part a pronounced, wide and
well-resolved slow anomaly is present. Along the Dinaric-
Hellenic chain, instead, a pronounced fast velocity anomaly
can be followed at all depths in the central southern portion,
while a slow anomaly dominates the northernmost part down
to the top of the transition zone. Therefore, the hypothesis of
lateral migration of slab detachment, proposed by Wortel and
Spakman [1992, 2000] as a unifying process taking place on
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both sides of the Adriatic plate, is not supported by our
results, which depict instead a more complex scenery
deserving further investigation.

7. Concluding Remarks

[44] Mantle structure in the Euro-Mediterranean region
has been studied at different levels of detail by many
authors for more than two decades. This study was moti-
vated by the goal of further enhancing the detail of the
tomographic image, in a wide-scale model. While confirm-
ing the general view of the lithosphere and mantle structure
of the region, we also present important differences that
may provide new insight into active geodynamic processes.

[45] The main 3-D large-scale and small-scale features
detected by our model PMO0.5 are generally in fair corre-
spondence with those obtained by other P wave studies with
similar or slightly lower resolution. Fair agreement is found
with model EUR89B [Spakman et al., 1993], spanning
approximately the same area as PMO0.5. However, the
coarser parameterization of EUR89B and the reference
model adopted are responsible for some apparent differ-
ences in the detailed structure. Spakman et al. [1993] used a
background reference model with a low velocity layer in the
120-250 km depth range and a small negative velocity
gradient. Fast velocity anomalies at sublithospheric depths
are often more discontinuous in EUR89B than in studies
based on background models with a positive velocity
gradient throughout the upper mantle. A low velocity layer
is not present in modern global reference models [Kennett
and Engdahl, 1991; Morelli and Dziewonski, 1993; Kennett
et al., 1995], nor we find evidence for it in the average
velocity profile for our region. In fact, the average radial
velocity perturbation (Figure 6) is so small that the new
profile does not differ appreciably from the reference model.
Enhanced vertical continuity is shared, for instance, by BSE
[Bijwaard et al., 1998] and PMO.5.

[46] We have shown that there are good similarities
between our model and BSE [Bijwaard et al., 1998], result
of a global inversion with variable resolution. A main
difference between models BSE and PMO0.5, on one side,
and the class of previous models, on the other side, consists
of explicit allowance, in newer approaches, of heterogene-
ous structure in the whole mantle. BSE is obtained through
actual inversion for global P velocity structure; whereas in
PMO.5 we instead focus on inversion in a specific geo-
graphic region, but we minimize the effect of global Earth
structure outside the study volume (be it heterogeneity or
anisotropy or a systematic station bias) through the use of
averaged path corrections. Both approaches have advantages
and disadvantages, and can be seen as aimed at partly
differing goals. A global-scale inversion represents the
conceptually most complete approach, and today it can be
pushed to quite high resolution by modern availability of
computing power, but it has to face an increased complexity
and to tackle with potential sources of disturbance such as
the extremely irregular data coverage of the globe. Our
approach, although of course limited to the study of a
specific geographical region with good data coverage, has
the advantage of extreme computational simplicity and
bypasses sources of instabilities, at the cost of a less faithful,
ad hoc, description of external Earth structure. BSE differs
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from PMO.5 also for many other choices, among which the
most important are the EHB data set [Engdahl et al., 1998],
the parameterization in irregular blocks, the depth extent of
the model (2900 km), the nominal resolution in the upper
mantle (up to 0.6°), the reference model adopted (ak35), the
joint inversion for velocity, relocation vectors and station
corrections, the explicit regularization applied (depth and
cell volume dependent second derivative damping). With so
many procedural differences, agreement of the results has
good significance.

[47] The linearized approach of our tomographic method
is another simplification we adopt. In presence of sharp
velocity gradients as in the shallowest portion of the Earth,
data cannot be considered insensitive to approximations of
ray geometry and 3-D ray tracing may be required to obtain
more accurate images. The nonlinear effect is proved to be
particularly significant for strongly heterogeneous models,
producing an overall focusing of structures: a slight change
in anomaly patterns, a small increase in variance reduction
and model amplitudes, and a baseline shift towards low
velocities [Papazachos and Nolet, 1997; Bijwaard and
Spakman, 2000]. However, resulting images do not differ
conceptually from the outcome of a linearized inversion
with 1-D ray tracing [Bijwaard and Spakman, 2000]. The
use of regional phases, which propagate in very heteroge-
neous structures, where velocity perturbations may be
stronger than a few percent, implies a probable smoothing
effect, but no important mistakes, induced by the 1-D
algorithm. The interpretation of regional seismic phases is
problematic also because their onset is often difficult to pick
due, for example, to triplication. Alternative approaches,
avoiding this difficulty, involve fitting entire waveforms or
surface wave phase and group velocity observation, but
cannot reach the spatial resolution attained by travel time
tomography.

[48] Amplitudes of velocity anomalies are not very well
constrained and sensitivity test results suggest that RMS
amplitudes of the reconstructed model may be as small as
60% of the input pattern. Moreover, they decrease as ray
sampling decreases, an effect inherent to the inversion
algorithm. The retrieved perturbation may underestimate
the actual values because of the effect of regularization
(damping) of the inversion, trade-off with earthquake loca-
tion (the hypocenter parameters during the preliminary
location can in principle have absorbed substantial signal)
and the neglect of ray-bending effects, which provides a
defocusing effect. The inability to assess with confidence
the amplitudes of velocity anomalies is one of the serious
limits of tomographic imaging, still hindering more quanti-
tative interpretation of tomographic results.
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