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occurs within the crustal portion of the subducting
slab. Dehydration embrittlement associated with the
basalt to eclogite phase transition within the subduct-
ing oceanic crust offers a plausible physical mechanism
to explain these earthquakes. While this region is seis-
mically very active, earthquake magnitudes seldom ex-
ceed M 4.5. In contrast, the south Puget Sound region
has been shaken by several larger intraslab earthquakes
including the 2001 magnitude 6.8 Nisqually earthquake
which occurred near (perhaps at the same place as) the
1949 M 7.1 Olympia earthquake and within a few fault
lengths of the 1965 M 6.5 Seatac earthquake. These
three events lie on a line with the 1999 M 5.8 Satsop
earthquake and several anomalously deep small earth-
quakes to the east. A main goal of this study is to de-
termine whether these larger events are also confined to
the crustal portion of the subducting plate or whether
they rupture into the mantle, perhaps requiring an al-
ternative explanation. The details of the older events
are not well constrained so we focus on the Nisqually
event. We suggest that this event nucleated at or very
near the subducted Moho because it seems to be located
near the base of the well located surrounding microseis-
micity. In addition, a strong reflector, interpreted to
be the subducted Moho has been imaged at the base of
the microseismicity in central Puget Sound. We invert
nearly two dozen three-component strong-motion seis-
mograms, generally within 100 km of the epicenter, to
constrain the rupture process of the Nisqually earth-
quake. The data are not sufficient to distinguish be-
tween the two potential fault planes (one nearly verti-
cal, striking north) and the dipping gently to the west.
For either fault plane, rupture propagates unilaterally
to the North, on a fault that is elongated north-south
along slab strike. As a result of this geometry, if the
near horizontal plane is the fault plane then the en-
tire rupture occurred within the crust of the subduct-
ing slab. Indeed, an earthquake up to 2 times larger
in spatial dimensions and in total slip, (having nearly
an order of magnitude larger moment) would still fit
within the subducted crust. In contrast, rupture on
the vertical plane has a slight downward propagation
such that the entire rupture would be confined to the
mantle portion of the slab.
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‘While intermediate depth seismicity remains an
enigma of subduction zones, the Vrancea zone of Ro-
mania stands out as an enigmatic case of intermediate
depth seismicity. Vrancea seismicity is characterized
by high recurrence rates of strong, intermediate depth,
volumetrically confined earthquakes, and is commonly
interpreted as the final stages of oceanic subduction
during formation of the Carpathian orogen. Several
aspects of the Vrancea zone suggest the subduction
model may not be viable here, and that intermediate
depth seismicity may result from delamination of the
continental lithospheric mantle. The seismogenic re-
gion is laterally restricted (70 km along strike) and
dips steeply (60-70 degrees NNW) beneath the fore-
land of the orogen. Accordingly, Vrancea seismicity is
not readily correlatable in either position or orienta-
tion with inferred suture zones of the Carpathian hin-
terland. Subduction models appeal to either (1) de-
tachment and lateral migration of a subducted slab, or
(2) roll-back of an oceanic slab (SSE) roughly orthog-
onal to the direction of inferred subduction (WSW).
The Eastern Carpathians formed as a result of major
deformations in Late Cretaceous and early to middle
Miocene time, ending about 10 Mya. While ophiolites
mark the closure of an ocean basin in Cretaceous time,
geologic evidence for a younger ocean basin remains
equivocal. Any remnant slab from either event must
have remained in the upper mantle for at least 10 Ma,
and is only now foundering. A new multinational ef-
fort, with investigators from Romania, Germany, The
Netherlands, and the U.S., is focused on resolution of
the Vrancea enigma through new geophysical experi-
ments. The southeastern Carpathians may prove to be
one of the best places to distinguish between these two
proposed sources of upper mantle seismicity, and es-
tablish evidence either for active lithospheric delami-
nation, or a very unusual case of slab subduction.
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Seismic data from all available broadband stations
in the western Mediterranean were used to study the
structure of the crust and upper mantle across the Alb-
oran Sea with the receiver function method. Most sta-
tions close to the plate boundary are part of the GE-
OFON network, jointly operated by ROA, UCM and
GFZ. P to S converted teleseismic waves at the Moho
underneath each station and their multiples are used to
determine the crustal thickness and the average crustal
Vp/Vs ratio. The Moho depth at all stations close
to the coast is near 20 km and increases further in-
land to about 30 km. In the central part of the Bet-
ics, the Moho seems to be distorted, but a strong con-
verter in the upper mantle could possibly support the
lithospheric delamination hypothesis derived from seis-
micity and other data. There are also indications of
a north dipping structure underneath the coast of Mo-
rocco extending down to about 120 km and correlating
well with the seismicity. At most stations around the
Alboran Sea, the 410 is poorly visible and the 660 seems
at its normal position. These results, although prelimi-
nary, could indicate that the entire upper mantle down
to 660 km is distorted due to lithospheric delamination.
To improve this image, GFZ takes presently part in the
TEDESE (Terremotos y Deformacion Cortical en el Sur
de Espana) project of UCM and ROA. As part of this
project, a temporary network of additional broad-band
seismological stations will be installed in south Spain
and northern Morocco in October 2001 for a one year
period. The aim is to carry out an integrated evalu-
ation of seismic risk in south Spain from the study of
the characteristics of the occurrence of earthquakes and
their focal mechanisms together with measurements of
crustal deformation using geodetic GPS and SLR tech-
niques, to improve the receiver function sampling and
to analyze heterogeneities of structures and effects of
anisotropy in the crust and asthenosphere. From this
studies, seismotectonic models and maps will be elab-
orated and seismic risk in the zone will be evaluated.
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‘We have analyzed receiver functions to derive simple
crustal models for a total of 17 permanent and tem-
porary 3-component broadband seismological stations
in the Mediterranean region. The 12 studied tempo-
rary stations have been operated under the MIDSEA
project. To determine an accurate Moho depth we have
reduced the trade-off between crustal velocities and dis-
continuity depth by using a new grid search method,
which is an extension of recently published methods
to determine crustal thickness. The values we find
for Moho depth range from around 20 km for intra-
oceanic islands and extended continental margins to

near 45 km in regions where the Eurasian and African
continents have collided. The relatively stable north-
eastern African margin shows crustal thicknesses close
to a standard value of 35 km while the relatively tecton-
ically disturbed margin of north-western Africa shows
significantly thinner crust. Modeling of crustal struc-
ture shows that all stacked receiver functions can be
explained within standard deviations by a 2- or 3-layer
model containing a sedimentary layer and/or a mid-
crustal discontinuity. Both receiver function analysis
and cross-correlation are powerful tools to reveal inter-
faces in the upper-mantle. For studying upper-mantle
discontinuities we use both these methods. We trans-
form the processed signals to the slowness-time domain
to highlight P-to-S conversions from interfaces at dif-
ferent depths. The tectonic complexity of the Mediter-
ranean region is found to extend down to the transition
zone.
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A new 3-D S-velocity model for the uppermost man-
tle beneath the Mediterranean and surrounding regions
as well as a Moho map, have been developed using
broadband seismograms recorded at portable and per-
manent seismic stations in Europe, Northern Africa
and on Mediterranean islands. Following the parti-
tioned waveform inversion method, the waveforms of
S- and surface wave trains of about 730 vertical com-
ponent seismograms from 145 earthquakes recorded at
94 different seismic stations have been interactively fit-
ted. The linear constraints on upper mantle S-velocity
structure provided by the waveform fits have been com-
bined with independent estimates of Moho depth ob-
tained from receiver function analysis (Van der Mei-
jde et al., 2001), seismic refraction/reflection surveys
and gravity data studies in a linear damped least-
squares inversion for S-velocity and for crustal thick-
ness. The obtained solution is stable and does not
depend on the starting model. The resulting 3-D S-
velocity model shows a degree of complexity compa-
rable with the surface observations characterizing the
plate boundary region. Our model confirms the ex-
istence of an extensive low-velocity layer beneath the
area. While the western Mediterranean is character-
ized by a shallow low-velocity layer, which does not
reach 200 km depth, the low-velocity anomalies beneath
eastern Europe and Turkey extend deeper in the upper
mantle. High velocity anomalies, which could be re-
lated to past or still ongoing subduction, are present
beneath the Hellenic arc, Italy and the Alps. High ve-
locities are also observed at 300 km depth beneath east-
ern Spain. The obtained crustal thicknesses range from
20 km beneath the western Mediterranean region and
the Canary islands, through 30 km for continental Eu-
rope and the eastern Mediterranean Sea to over 40 km
beneath Turkey and along continental collision zones
such as the Alps and Dinarides. The resolving power
of the data set depends strongly on the density of avail-
able wave paths and varies as a function of geographical
position. Interpretation of the imaged velocity anoma-
lies is aided by testing the resolution of realistic struc-
tures as well as of basic patterns of different sizes and
orientations.
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The Mediterranean Basin is a geodynamically com-
plex area, governed by the slow collision between Africa
and Eurasia. The boundary between the two plates is
not well defined. Although there is clear geodetic and
seismic evidence of Northward subduction under the
Hellenic and Calabrian arcs, diffuse seismicity around
the Adriatic Sea and Western Mediterranean requires a
more complex description of plate interaction. Tomo-
graphic studies play an important role in this context.
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In recent years, high-resolution seismic images of
the Mediterranean Basin have been derived from ob-
servations of body-wave travel times, mostly based on
the ISC catalog. This type of data does not provide
a thorough coverage of the upper mantle, whose struc-
ture is best constrained by measurements of surface-
wave velocity anomalies. Our group has assembled a
large data set of Love and Rayleigh wave phase anomaly
observations (e.g., Ekstrém, Tromp and Larson, 1997).
‘We complement it with a regional set of group ve-
locity measurements, collected by the Lawrence Liver-
more National Laboratory, associated with earthquakes
and stations distributed in and around the Mediter-
ranean/Northern African area.

We investigate the capability of our data set to re-
solve detailed structure in the Mediterranean Basin,
finding—by least-squares inversion— 2-D images of lat-
eral variations in phase and group velocities, at selected
periods (30 to 300 s). We employ local, alternatively
block or cubic spline parameterization of laterally vari-
able nominal resolution, highest in the region of inter-
est.

To test the consistency of our recent work in upper
mantle tomography, we also calculate “theoretical” lat-
eral variations in phase and group velocities from our
recent upper mantle model (Boschi, 2001). Although
this model is based only on measurements of surface-
wave phase velocity, both the group and phase velocity
maps derived from it are clearly consistent with our
results, and effectively reduce the variance of the cor-
responding data.

URL: http://www.seismology.harvard.edu
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Seismic images of the Mediterranean Basin, based
on measurements of P-wave travel time from the ISC
bullettins, have recently been published by researchers
at University of Utrecht (e.g., Wortel and Spakman, 2000)
and at I.N.G.V. in Italy (e.g., Piromallo and Morelli,
1997). The Italian group has strictly focused on the
region of interest, while the Dutch group has derived
a high resolution regional model within the framework
of a variable resolution model encompassing the whole
globe.

‘We propose an alternative 3-D global image of P-
wave velocity anomalies in the mantle, described by a
spline parameterization that is denser throughout the
Mediterranean area. A comparison between our results
and those of other workers is worthwile for various rea-
sons; (1) a cubic spline parameterization is more ef-
fective than a block one in resolving detailed structure
with a limited number of free parameters; (2) we have
independently relocated, before the inversion, the seis-
mic sources associated with the ISC measurements; (3)
we have corrected the residuals for the effects of the
crust using the recent Mooney et al.’s (1998) Crust-5.1
crustal model.

The appropriate choice of a ray-tracing algorithm
is another important factor affecting the effective res-
olution of tomographic images; particularly if regional-
distance body-wave observations are to be used to in-
vestigate the upper mantle structure, where triplica-
tions occur. Also, if a 3-D solution model is chosen
as a starting model for a new inversion, deviations of
the theoretical ray paths from their first-order, planar
shape should be taken into account. We investigate the
possibility of overcoming such difficulties by applica-
tion of the “pseudo-bending” ray-tracing algorithm in
our formulation of the forward and inverse problems;
we verify the accuracy of the technique, tested on 1-D,
3-D, isotropic and transversely isotropic Earth models.

URL: http://www.seismology.harvard.edu
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Regional earthquakes recorded by two digital broad-
band stations (BGIO and KEG) located in the Eastern
Mediterranean have been analyzed in order to study
the seismic structure in this region. The area consists
of different tectonic provinces, which complicate the
modeling of the seismic wave propagation. We have
modeled the Pnl arrivals using the FK-integration tech-
nique (Saikia, 1994) along different paths at the two
stations, at several distances, ranging from 400 to 1500
km. Comparing the synthetics obtained by using sev-
eral models compiled by other authors, we have con-
structed a velocity model, considering the informations
deriving from group velocity distribution, in order to
determine the finer structure in the analyzed paths.
The model has been perturbed by trial and error until
a compressional velocity profile has been found produc-
ing the shape of the observed waveforms. The crustal
thickness, upper mantle P-wave velocity and 410-km
discontinuity determine the shape of the observed wave-
form portions.
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The 303 km long deep (20 s) seismic reflection
profile, IBERSEIS, has been acquired across the SW
Iberian Peninsula, and runs across major tectonic con-
tacts and geological provinces, with the Iberian Pyrite
Belt being of the greatest interest. The three major tec-
tonic units sampled are known as the South Portuguese
Zone, Ossa Morena Zone and Central Iberian Zone.
These zones are separated by sutures and were accreted
to one another in Paleozoic times. The transect is part
of the EUROPROBE program which is designed to ad-
dress the fundamental questions about the dynamics of
the European lithosphere. Acquisition parameters were
designed to favor a high resolution crustal scale image
of this orogen. Source signals were generated every 70
m by four 22 ton Vibroseis trucks and were recorded by
a 7 km long spread with a receiver spacing of 35 m. The
frequency content of the source signal was limited be-
tween 8-80 Hz. The seismic profile crosses key elements
of the Variscan Orogen, and it offers a unique opportu-
nity to study transpression tectonics. The main scien-
tific results address: a) the characterization of the seis-
mic facies of the SW Iberian lithosphere, with a view
to differentiate crustal and lithospheric domains; b) the
architecture of the major tectonic contacts; c) the deep
geometry of the transpression tectonics seen at surface.
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The 303 km long IBERSEIS seismic profile was
planned within the framework of the EUROPROBE
program to study the deep structure of a transpressive
part of the Variscan orogen and answer fundamental
questions about the dynamics of the southwestern Eu-
ropean lithosphere. Four 22 ton Vibroseis trucks gen-
erated an 8-80 Hz source signal which was recorded by
a 7 km spread with stations located every 35 m. Shot
spacing was 70 m. The close receiver and shot spacing
resulted in high resolution images of the crust. Prelim-
inary interpretations of the reflection data show that
the highly reflective seismic fabric of the different units
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of the SW Iberian lithosphere correlate with the ma-
jor tectonic terranes and contacts mapped at the sur-
face. The two main sutures have been well imaged. The
Moho can be identified along the entire transect at 10
to 11 s, indicating a 30-35 km average crustal thick-
ness. The sub-horizontal geometry of the crust-mantle
boundary that crosses Variscan sutures suggests a rel-
atively young Moho. Diffractions at Moho depth be-
neath the southernmost suture zone indicate structure
at the crust-mantle boundary.
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As part of EUROPROBE’s SW Iberia project a deep
seismic reflection profile was acquired along one of the
most complete transects of the Variscan Orogen (IBER-
SEIS). The seismic profile crosses two sutures that sep-
arate three main tectonic terranes: the South Por-
tuguese Zone, Ossa-Morena Zone and Central Iberian
Zone. A preliminary interpretation of the seismic data
includes the definition of the geometry of the most
prominent sutures such as the Beja-Acebuches ophi-
olite and Badajoz-Cordoba shear zone. A prominent
lower crustal seismic fabric is observed along the in-
volved terranes. The South Portuguese Zone features
a typical geometry of a thrust and fold belt architec-
ture. The high resolution achieved by the relatively
close receiver and shot spacing has imaged very detailed
structures within this thin-skinned tectonic unit, in-
cluding thrust stacks and duplexes. The Ossa-Morena
Zone is characterized by the presence of folded recum-
bent folds and thrusts. Due to the high resolution,
sub-vertical contacts can be identified, helping to un-
derstand the strain partitioning of the transpressional
tectonics. Furthermore, the seismic data reveal con-
tacts and internal structure of granitic intrusions.
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During Early Cretaceous times a fragment of the
European plate started separating from both the North
American and the European plates. The Iberian plate
was formed and the former Hercynian Cordillera was
destroyed as a consequence of the spreading of the
North Atlantic ocean and the opening of the Bay of
Biscay. About 80 Ma ago, the Iberian plate inverted its
trajectory and converged towards the Eurasian plate,
eventually becoming attached again to the Buropean
continent. The present Iberian Peninsula, therefore,
can be regarded as a Hercynian core surrounded by
regions that have experienced Alpine deformation. In
this study, we employ the HK receiver function stacking
technique to infer crustal thicknesses and Poisson’s ra-
tios at several locations in the Iberian Peninsula. The
HK stacking [Zhu and Kanamori, 2001] consists of a
grid-search for depth and Vp/Vs ratios by summing
a weighted combination of amplitudes of the receiver
function at the predicted travel times of the Ps, PpPs
and PpSs+PsPs phases. We expect that providing new
constraints on average seismic properties of the Iberian
crust will help understand the evolution of the Hercy-
nian orogen in central Spain or the complex tectonics
of the Pyrenees or the Betic Cordillera.
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