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Modern numerical simulations and Imaging the Earth

global.shakemovie.princeton.edu

 Spectral-element method; 3D Earth model: S362ANI+Crust2.0; Shortest period: 17 seconds

How to use the discrepancies 
to improve the images of Earth’s interior ?
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the Apennines-Calabria arc (and its exten-
sion into northern Africa, the Maghre-
bides), the Carpathian arc, and the Hellenic
arc (31, 53). The inferred directions of
migration are indicated in Fig. 1.

Lateral Migration of Slab Detachment:
Testing the Hypothesis
Accepting the intrinsic limitations to spatial
resolution studies, we decided to focus on (i)
tests of the validity of the basic mechanical
properties of the hypothesized process and
(ii) tests of model predictions derived from
the hypothesis against independent observ-
ables (e.g., field data). In the first category of
tests, the stress distribution in a subducted
slab model affected by a small tear was in-
vestigated (54). Under certain conditions—
low or zero plate convergence velocity—the
resulting stress concentration near the tip of
the tear causes further propagation. The in-
ferred conditions correspond with the situa-
tion in the Mediterranean and Carpathian re-
gions. The postulated initiating small tear
may have various causes, the most prominent
of which is the arrival of continental litho-
sphere at the trench of a subduction zone,
after a period of oceanic lithosphere subduc-
tion (55). From time-dependent thermo-me-
chanical modeling (55), the temperature of
the subducting continental lithosphere was
identified as the principal parameter control-
ling the depth of slab detachment. Analysis of
strength and stress in the subducting litho-
sphere gives estimates of detachment depths,
which may be as shallow as 30 km. Other
causes of slab detachment may be envisaged,
e.g., the arrival of a transform fault, spreading
ridge segment, or any other weakness zone at

the trench. In fact, it would be extremely
fortuitous for slab detachment to occur simul-
taneously along an entire plate boundary. If it
happens in a particular segment (55), the
stress concentration mechanism would oper-
ate, and tear migration would set in.

The tests of the second category were
carried out in the three regions where slab
detachment may have occurred: the Apennines-
Calabria arc, the Carpathian arc, and the Hel-
lenic arc. In search of diagnostic properties of
the migrating slab detachment process, we not-
ed (31) that one of most pertinent aspects of the
process is the redistribution and concentration
of the slab pull force. We envisage arc migra-
tion through roll-back, vertical motions (Fig. 4),
and stress field as plate boundary features that
are directly affected.

The redistribution and concentration of
the slab pull is expected to affect the roll-
back type of migration of convergent plate
margins in a land-locked basin setting. It
should lead to an increase in arc curvature
(Fig. 4). In the case where a continuous seg-
ment of the slab has a free end in the hori-
zontal direction, the slab pull concentration
will induce rotation of the slab and, therefore,
of the plate boundary. The Hellenic arc, the
Carpathian arc (increasing curvature), and
the Apennines-Calabria arc (rotation) ex-
hibit the predicted behavior. We note that
slab detachment can also occur in a colli-
sional setting (such as the Alps and Betics)
where roll-back is inhibited (55, 56 ).

The predicted pattern of vertical motions
near the plate boundary is specific: there
should be extra subsidence where the slab
pull force is concentrated in the still-con-
tinuous part of the slab, followed by a

rebound (uplift) when the propagating tear
passes underneath the plate margin segment
involved. Numerical modeling results on
rebound directly after slab detachment give
estimates for uplift (rebound) of the order
of 2 to 6 km (56 ). In a detailed study of the
distribution of depocenters in the foredeeps
of the Apennines-Calabria arc, Van der
Meulen and co-workers (57, 58) found a
distinct migration of depocenters from the
northern Apennines toward the southeast
over a period of about 8 to 9 million years
(My). Evidence was found for rebound of
about 500 m at a minimum, setting in rap-
idly after the area ceased to be a depocenter
(58–60). Depocenter shifts similar to those
obtained for the Apennines were found ear-
lier for the Carpathian foredeeps (61). In
this arc, the migration started in the western
Carpathians around 16 Ma and migrated
along the arc in an eastward direction (ar-
rows in Fig. 1).

For the same (slab pull–based) reasons, we
also predict that the stress field along the plate
boundary will show the expression of the tear
propagation (Fig. 1) and the associated change
in dynamics. Temporal variations in the stress
field in the Aegean region (62), such as rota-
tions of the stress tensor, agree with tear prop-
agation in the southeastern direction, since the
Late Pliocene (63). Also for the Pannonian
region, stress analysis (64) indicated the influ-
ence of temporal changes in subduction-related
forces, in combination with collision-related
forces acting in the Eastern Alps.

Fig. 3. Lateral migration of slab detachment: a schematic representation [after (31)]. An initially
small tear in the slab (A) propagates approximately horizontally and (B) develops into a large tear
(54). The tear propagation is not expected to take place at a uniform rate; slab detachment most
likely occurs episodically, in segments. Eventually the entire slab may break off. The slab pull—the
gravitational force associated with the cold, and hence, dense subducted lithosphere—is concen-
trated in the still continuous part of the slab, leading to pronounced arc curvature. The star
indicates seismic activity in the stress concentration region. The initial small tear may develop at
one side end of a slab (as indicated here), but also somewhere in an intermediate segment of the
subduction zone. The right-hand side of the boxes may, depending on the subduction zone involved,
represent the actual side end of a slab, as well as an approximate plane of symmetry. The detached
part of the slab does not necessarily remain coherent. The evolving stress distribution may lead to
breaking up into separate parts of the detached slab, schematically indicated by the dashed line.
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Fig. 4. Plate boundary processes predicted to
accompany lateral migration of slab detach-
ment. The concentration of slab pull forces
causes a pattern of subsidence (depocenter de-
velopment) and uplift migrating along strike. It
also enhances arc migration (roll-back). Asthe-
nospheric material flows into the gap resulting
from slab detachment and causes a specific
type of variable composition magmatism, of
finite duration, and possibly mineralization.
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Slab detachment

(Wortel & Spakman, 2000) 
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notes the simulation region. The colors of events mean its depth. (b)
Location of 745 seismographic stations (yellow triangles), the colors of
stations represent the number of events they responsed to.
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the Apennines-Calabria arc (and its exten-
sion into northern Africa, the Maghre-
bides), the Carpathian arc, and the Hellenic
arc (31, 53). The inferred directions of
migration are indicated in Fig. 1.

Lateral Migration of Slab Detachment:
Testing the Hypothesis
Accepting the intrinsic limitations to spatial
resolution studies, we decided to focus on (i)
tests of the validity of the basic mechanical
properties of the hypothesized process and
(ii) tests of model predictions derived from
the hypothesis against independent observ-
ables (e.g., field data). In the first category of
tests, the stress distribution in a subducted
slab model affected by a small tear was in-
vestigated (54). Under certain conditions—
low or zero plate convergence velocity—the
resulting stress concentration near the tip of
the tear causes further propagation. The in-
ferred conditions correspond with the situa-
tion in the Mediterranean and Carpathian re-
gions. The postulated initiating small tear
may have various causes, the most prominent
of which is the arrival of continental litho-
sphere at the trench of a subduction zone,
after a period of oceanic lithosphere subduc-
tion (55). From time-dependent thermo-me-
chanical modeling (55), the temperature of
the subducting continental lithosphere was
identified as the principal parameter control-
ling the depth of slab detachment. Analysis of
strength and stress in the subducting litho-
sphere gives estimates of detachment depths,
which may be as shallow as 30 km. Other
causes of slab detachment may be envisaged,
e.g., the arrival of a transform fault, spreading
ridge segment, or any other weakness zone at

the trench. In fact, it would be extremely
fortuitous for slab detachment to occur simul-
taneously along an entire plate boundary. If it
happens in a particular segment (55), the
stress concentration mechanism would oper-
ate, and tear migration would set in.

The tests of the second category were
carried out in the three regions where slab
detachment may have occurred: the Apennines-
Calabria arc, the Carpathian arc, and the Hel-
lenic arc. In search of diagnostic properties of
the migrating slab detachment process, we not-
ed (31) that one of most pertinent aspects of the
process is the redistribution and concentration
of the slab pull force. We envisage arc migra-
tion through roll-back, vertical motions (Fig. 4),
and stress field as plate boundary features that
are directly affected.

The redistribution and concentration of
the slab pull is expected to affect the roll-
back type of migration of convergent plate
margins in a land-locked basin setting. It
should lead to an increase in arc curvature
(Fig. 4). In the case where a continuous seg-
ment of the slab has a free end in the hori-
zontal direction, the slab pull concentration
will induce rotation of the slab and, therefore,
of the plate boundary. The Hellenic arc, the
Carpathian arc (increasing curvature), and
the Apennines-Calabria arc (rotation) ex-
hibit the predicted behavior. We note that
slab detachment can also occur in a colli-
sional setting (such as the Alps and Betics)
where roll-back is inhibited (55, 56 ).

The predicted pattern of vertical motions
near the plate boundary is specific: there
should be extra subsidence where the slab
pull force is concentrated in the still-con-
tinuous part of the slab, followed by a

rebound (uplift) when the propagating tear
passes underneath the plate margin segment
involved. Numerical modeling results on
rebound directly after slab detachment give
estimates for uplift (rebound) of the order
of 2 to 6 km (56 ). In a detailed study of the
distribution of depocenters in the foredeeps
of the Apennines-Calabria arc, Van der
Meulen and co-workers (57, 58) found a
distinct migration of depocenters from the
northern Apennines toward the southeast
over a period of about 8 to 9 million years
(My). Evidence was found for rebound of
about 500 m at a minimum, setting in rap-
idly after the area ceased to be a depocenter
(58–60). Depocenter shifts similar to those
obtained for the Apennines were found ear-
lier for the Carpathian foredeeps (61). In
this arc, the migration started in the western
Carpathians around 16 Ma and migrated
along the arc in an eastward direction (ar-
rows in Fig. 1).

For the same (slab pull–based) reasons, we
also predict that the stress field along the plate
boundary will show the expression of the tear
propagation (Fig. 1) and the associated change
in dynamics. Temporal variations in the stress
field in the Aegean region (62), such as rota-
tions of the stress tensor, agree with tear prop-
agation in the southeastern direction, since the
Late Pliocene (63). Also for the Pannonian
region, stress analysis (64) indicated the influ-
ence of temporal changes in subduction-related
forces, in combination with collision-related
forces acting in the Eastern Alps.

Fig. 3. Lateral migration of slab detachment: a schematic representation [after (31)]. An initially
small tear in the slab (A) propagates approximately horizontally and (B) develops into a large tear
(54). The tear propagation is not expected to take place at a uniform rate; slab detachment most
likely occurs episodically, in segments. Eventually the entire slab may break off. The slab pull—the
gravitational force associated with the cold, and hence, dense subducted lithosphere—is concen-
trated in the still continuous part of the slab, leading to pronounced arc curvature. The star
indicates seismic activity in the stress concentration region. The initial small tear may develop at
one side end of a slab (as indicated here), but also somewhere in an intermediate segment of the
subduction zone. The right-hand side of the boxes may, depending on the subduction zone involved,
represent the actual side end of a slab, as well as an approximate plane of symmetry. The detached
part of the slab does not necessarily remain coherent. The evolving stress distribution may lead to
breaking up into separate parts of the detached slab, schematically indicated by the dashed line.
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Fig. 4. Plate boundary processes predicted to
accompany lateral migration of slab detach-
ment. The concentration of slab pull forces
causes a pattern of subsidence (depocenter de-
velopment) and uplift migrating along strike. It
also enhances arc migration (roll-back). Asthe-
nospheric material flows into the gap resulting
from slab detachment and causes a specific
type of variable composition magmatism, of
finite duration, and possibly mineralization.
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1. Body waves versus Surface waves (blind men and an elephant)
2. 1D reference model (PREM versus IASP91 versus STW105)
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Model Comparisons I (horizontal)

Wortel & Spakman 2000 Piromallo & Morelli 2003

dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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combine the tectonic reconstructions with re-
sults from studies on the effect of trench
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at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.
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has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
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to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
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by the one-dimensional reference model ak135 (113). (A) and (B) show
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
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sion, near the tip of the tear causes further
propagation. From the seismic tomography
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have occurred (or may still be occurring):
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map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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of these studies was an important one: the
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with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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Figure 8. (continued)
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
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indicate the 410 and 660 km discontinuities. (E) and (F) are sections
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sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.
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has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
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sections through the Carpathian-Pannonian region and (I) and ( J)
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Figure 8. (continued)
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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Figure 8. (continued)
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Figure 8. (continued)
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.
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subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
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results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
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have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
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by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
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sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
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have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
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great-circle segment defining the slice (straight red line in map). The
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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as a basis for further investigations. If we
combine the tectonic reconstructions with re-
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migration (48–51), the peculiar flat-lying slab
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counted for and, in fact, supports roll-back.
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ies speculated on the existence of detached
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to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
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and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
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versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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stems from the notion that the distribution of
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the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
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dent information against which the recon-
structions are tested. The principal outcome
of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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of these studies was an important one: the
basic aspects of the tectonic reconstructions
with east-southeastward migrating conver-
gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
the Hellenic arc agreed, in terms of predicted
versus imaged slab length, with the upper
mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab
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subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
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indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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mantle structure. Therefore, they can be used
as a basis for further investigations. If we
combine the tectonic reconstructions with re-
sults from studies on the effect of trench
migration (48–51), the peculiar flat-lying slab

at the base of the upper mantle is also ac-
counted for and, in fact, supports roll-back.

From structure via hypothesis to process.
As indicated above, gaps in the structure of
subducted slabs suggest that slab detachment
has occurred in several areas. Slab detach-
ment, as such, is not a new feature in litho-
spheric dynamics; early seismicity-based stud-
ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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has occurred in several areas. Slab detach-
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ies speculated on the existence of detached
slabs (52). However, we added a new element
to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
the slab pull is affected by a tear in the slab. In
the segment of the plate boundary where the
slab is detached, the slab pull is not transferred
to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
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have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
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ies speculated on the existence of detached
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to the lithosphere at the surface. Instead, the
weight of the slab is at least partially supported
by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
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through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
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vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
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through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
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by the still continuous part of the slab (Fig. 3),
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sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
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great-circle segments (red line in map); above each slice, the map
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through the Calabrian arc and southern Apenines. (G) and (H) are
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ies speculated on the existence of detached
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to the concept, the lateral migration of slab
detachment (31). We hypothesized that a small
tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
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by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
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propagation. From the seismic tomography
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have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
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through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
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through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
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propagation. From the seismic tomography
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Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
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by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
results, we determined three regions where
the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
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and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
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indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
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ment, as such, is not a new feature in litho-
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by the still continuous part of the slab (Fig. 3),
thereby concentrating the slab pull force.
Stress concentration, with down-dip ten-
sion, near the tip of the tear causes further
propagation. From the seismic tomography
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the migrating slab detachment process may
have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
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through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
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needle points north. The horizontal axis is in degrees along the
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sion, near the tip of the tear causes further
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have occurred (or may still be occurring):

Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
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Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
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Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
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through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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Fig. 2. Tomographic images of P-wave velocity anomalies (39) for the
Mediterranean/Carpathian region. Colors indicate seismic wave speed
anomalies as percentage deviations from average mantle velocities given
by the one-dimensional reference model ak135 (113). (A) and (B) show
map view images at 200 and 600 km depth, respectively. Projection and
map dimensions are the same as in Fig. 1. Shadowed pink lines show the
tectonic outlines similar to Fig. 1. Contouring scale ranges between –X%
and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
and 380 km depth. (E through J ) Vertical slices computed along

great-circle segments (red line in map); above each slice, the map
provides geographical orientation. The white arrow of the compass
needle points north. The horizontal axis is in degrees along the
great-circle segment defining the slice (straight red line in map). The
vertical axis shows depth with tics at 100-km intervals. White dots
indicate earthquakes. The dashed lines in the tomographic section
indicate the 410 and 660 km discontinuities. (E) and (F) are sections
through the Calabrian arc and southern Apenines. (G) and (H) are
sections through the Carpathian-Pannonian region and (I) and ( J)
through the Aegean region.
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[1] To understand the evolution of the Alpine orogen, knowledge of the actual structure
of the lithosphere-asthenosphere system is important. We perform high-resolution
teleseismic tomography with manually picked P wave arrival times from seismograms
recorded in the greater Alpine region. The resulting data set consists of 4199 relative P
wave arrivals and 499 absolute P wave arrivals from 76 teleseismic events, corrected for
the contribution of the Alpine crust to the travel times. The three-dimensional (3-D) crustal
model established from controlled-source seismology data for that purpose represents
the large-scale Alpine crustal structure. Absolute P wave arrival times are used to compute
an initial reference model for the inversion. Tests with synthetic data document that the
combination of nonlinear inversion, high-quality teleseismic data, and usage of an a priori
3-D crustal model allows a reliable resolution of cells at 50 km ! 50 km ! 30 km. Hence
structures as small as two cells can be resolved in the upper mantle. Our tomographic
images illuminate the structure of the uppermost mantle to depth of 400 km. Along strike
of the Alps, the inversion reveals a high-velocity structure that dips toward the SE beneath
the Adriatic microplate in the western and central Alps. In the eastern Alps we observe
a northeastward dipping feature, subducting beneath the European plate. We interpret this
feature in the western and central Alps as subducted, mainly continental European
lower lithosphere. For the east, we propose that parts of the Vardar oceanic basin were
subducted toward the NE, forcing continental Adriatic lower lithosphere to subduct
northeastward beneath the European plate. INDEX TERMS: 7203 Seismology: Body wave
propagation; 7218 Seismology: Lithosphere and upper mantle; 8180 Tectonophysics: Tomography;
KEYWORDS: crust and upper mantle, seismic tomography, Alpine orogen, body waves
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1. Introduction

[2] Because of extensive cooperative near-vertical and
wide-angle reflection and refraction studies (i.e., ECORS-
CROP [Roure et al., 1990]; EGT [Blundell et al., 1992];
NRP20 [Pfiffner et al., 1997]; TRANSALP [Transalp
Working Group, 2001]; for earlier studies, see references
in these publications) knowledge of the crustal structure of
the Alpine orogen has markedly improved over the past
decades (for a tectonic map, see Figure 1). However, very
little can be said about the lower lithosphere, beneath the
Moho, from these projects. Surface wave studies [Panza et
al., 1980] and delay time tomography studies [Spakman,
1991; Spakman et al., 1993] have been carried out on a
bigger scale to resolve the large-scale structure of the
mantle. However, to better understand the evolution of the
Alpine orogen, much more detailed information on deeper
lithosphere and upper mantle structure is required. On the
basis of a review of active and passive seismic studies on
the deep structure of the Alps, Kissling [1993] concluded

that there is lithospheric slab material beneath the Po plain
that is probably connected to European continental litho-
sphere. This finding is in general agreement with subse-
quent tomographic studies of Morelli and Piromallo [1999],
Bijwaard and Spakman [2000], and Bijwaard et al. [1998].
Their upper mantle models show a band of relative high
velocity that follows the Alpine arc and extends to a depth
of "300 km. Regional-scale tomographic studies in the
western Alps [Solarino et al., 1996] show an approximately
NW-SE trending high-velocity anomaly, which Solarino et
al. interpreted as remnants of subduction responsible for the
Alpine orogeny.
[3] Although it is commonly understood that the European

lithosphere is subducting beneath the African promontory
[Stampfli et al., 1998], the amount of subducted lithospheric
material (continental and oceanic) is still a matter of debate.
Estimates of the cumulative large-scale convergence in the
Alps since Cretaceous times are as high as 1100 km but
have to be interpreted with extreme caution. The width of
the different oceans (Alpine Tethys, Valais, Meliata) in-
volved in the subduction process is not known nor the
amount which can be budgeted by escape tectonics or by
crustal thickening [Regenauer-Lieb, 1995]. Hence only
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little can be said about the lower lithosphere, beneath the
Moho, from these projects. Surface wave studies [Panza et
al., 1980] and delay time tomography studies [Spakman,
1991; Spakman et al., 1993] have been carried out on a
bigger scale to resolve the large-scale structure of the
mantle. However, to better understand the evolution of the
Alpine orogen, much more detailed information on deeper
lithosphere and upper mantle structure is required. On the
basis of a review of active and passive seismic studies on
the deep structure of the Alps, Kissling [1993] concluded

that there is lithospheric slab material beneath the Po plain
that is probably connected to European continental litho-
sphere. This finding is in general agreement with subse-
quent tomographic studies of Morelli and Piromallo [1999],
Bijwaard and Spakman [2000], and Bijwaard et al. [1998].
Their upper mantle models show a band of relative high
velocity that follows the Alpine arc and extends to a depth
of "300 km. Regional-scale tomographic studies in the
western Alps [Solarino et al., 1996] show an approximately
NW-SE trending high-velocity anomaly, which Solarino et
al. interpreted as remnants of subduction responsible for the
Alpine orogeny.
[3] Although it is commonly understood that the European

lithosphere is subducting beneath the African promontory
[Stampfli et al., 1998], the amount of subducted lithospheric
material (continental and oceanic) is still a matter of debate.
Estimates of the cumulative large-scale convergence in the
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volved in the subduction process is not known nor the
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Conclusion
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background model
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tomography and lower resolution inversions based on long 

period body waves, surface waves and free oscillations 
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Fig. 7. Source parameters for an earthquake offshore Northern Chile. The true parameters are shown in (a). The other tiles show the focal mechanism and errors in parameters
estimated using (b) the combined dataset of body, mantle and surface waves, (c) body waves only, (d) surface waves only, (e) mantle waves only, (f) surface waves modeled
using a local velocity structure at the source.

noise, scaled to a magnitude 5.5 event. We interpret this as the
errors introduced into the moment tensor due to the unmodeled
3D structure. The differences between the estimated and true focal
mechanisms are on a similar order to the ones found by Ferreira and
Woodhouse (2006). They compared focal mechanisms obtained by
inverting real data, using two different methods to model the effect
of the three-dimensional structure on the observed seismograms.
The first method uses great-circle-path approximations and the
second method uses full surface-wave ray theory. The same authors
observe much larger differences between their solutions and the
Global CMT (previously knowns as the Harvard CMT) solutions for
several earthquakes observed globally and also much larger differ-

ences between solutions obtained using PREM synthetics and 3D
synthetics.

Comparing the results of our inversions obtained using each
wave group individually to those obtained using all wave groups
combined, we expect that part of the difference between the results
obtained by Ferreira and Woodhouse (2006) and the Global CMT
project are due to the different wave types used. As the Global CMT
project inversion algorithm includes corrections for 3D structures,
it is not surprising that the errors obtained in this study are smaller
than the differences between inversions of real data using PREM
synthetics and 3D synthetics found by Ferreira and Woodhouse
(2006).

Fig. 8. Estimated versus true depth and centroid time for all events, for the dataset computed with model S362ANI without noise added, using the combined dataset of body,
mantle and surface waves (BMS), surface waves only (S) and surface waves only while using a local velocity structure at the source and a continental-type velocity structure
at the receiver (Ssr ).
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a b s t r a c t

We investigate errors in centroid earthquake parameters due to unmodeled structural heterogeneity. We
generate a simulated dataset consisting of synthetic seismograms for 50 earthquakes and 150 stations
distributed globally. To generate the synthetic seismograms we use a spectral-element wave-propagation
package (SPECFEM3D GLOBE) that accounts for the Earth’s three-dimensional structure. An established
centroid–moment-tensor inversion algorithm from the Global CMT project is used to invert the synthetic
dataset, with and without added noise, for earthquake source parameters. This algorithm uses a one-
dimensional earth structure, together with approximate corrections for three-dimensional structure, to
model the seismograms. We interpret the differences between the estimated source parameters and the
parameters used to compute the synthetic dataset as errors due to unmodeled structural heterogeneity
and the presence of noise. We expect that the errors obtained in this study are representative of the
errors in the Global CMT catalogue. We find that the errors in scalar moment, moment-tensor elements
and location are small on average. The depth and centroid time are, however, biased by a small amount.
We find that the error in depth can be reduced significantly by applying corrections for the difference in
the velocity structure at the source and receiver locations from the Earth’s average structure in the CMT
inversions. This modification has a minimal effect on the errors in centroid time. We do not find large
errors in scalar moments, even where the crustal thickness at the source is very different from the Earth’s
average crustal thickness.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Estimated earthquake source parameters are critically depen-
dent on the assumed velocity structure of the Earth, the modeling
approach, data coverage and the presence of noise. Errors in source
parameters that arise from noise in the data and uneven data cover-
age can be evaluated using the same algorithms used in the source
modeling. However, errors that arise from approximations in the
modeling, such as a simplification of the Earth’s velocity struc-
ture or the effect of the structure on the waveforms, are harder
to quantify. In some cases they can be evaluated using ground-
truth earthquake parameters or by algorithms that more accurately
reproduce the observed waveforms.

Simulating wave propagation in heterogeneous media accu-
rately requires computationally expensive numerical methods.
However, for radially symmetric Earth models analytical solutions
exist and waveforms can be computed quickly and cheaply, which
makes them advantageous for the modeling. Unfortunately, the
simplified velocity structure introduces errors in the estimated

∗ Corresponding author at: 61 Route 9W, PO Box 1000, Palisades, NY 10964, USA.
Tel.: +1 845 365 8398; fax: +1 845 365 8150.

E-mail address: vala@ldeo.columbia.edu (V. Hjörleifsdóttir).

source parameters. Errors in location and origin time, estimated
from body waves, are introduced by unmodeled variations in travel
time, due to three-dimensional structure, along the path between
the source and the receiver (e.g. Smith and Ekström, 1996). Sim-
ilarly, errors in location, centroid time and magnitude based on
surface and mantle waves are introduced due to unmodeled varia-
tions in phase speed (Nakanishi and Kanamori, 1982).

Approximations can be used, together with analytical solutions
for radially symmetric Earth models, to compute corrections to
waveforms due to three-dimensional structure, without resorting
to expensive numerical methods. Applying these corrections in the
modeling reduces the errors in estimates of source parameters.
The nature of the corrections due to three-dimensional structure
depend on the type of data being used and the modeling strat-
egy. Some examples are corrections for travel time of body-waves
(e.g. Smith and Ekström, 1996), phase speeds based on regional-
ization for mantle-wave spectra (Nakanishi and Kanamori, 1982),
corrections for phase speeds based on path-dependent dispersion
curves for short-period surface waves (Aki and Patton, 1978) and by
perturbations to the frequencies of normal modes of the Earth for
mantle waves (Dziewonski et al., 1984). However, the corrections
are only approximate, and other effects of three-dimensional struc-
ture on the observed waveforms, such as focusing and defocusing
and changes in source excitation, can influence the estimated

0031-9201/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.pepi.2009.11.003

Depth changes from source inversions
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Fig. 7. Source parameters for an earthquake offshore Northern Chile. The true parameters are shown in (a). The other tiles show the focal mechanism and errors in parameters
estimated using (b) the combined dataset of body, mantle and surface waves, (c) body waves only, (d) surface waves only, (e) mantle waves only, (f) surface waves modeled
using a local velocity structure at the source.

noise, scaled to a magnitude 5.5 event. We interpret this as the
errors introduced into the moment tensor due to the unmodeled
3D structure. The differences between the estimated and true focal
mechanisms are on a similar order to the ones found by Ferreira and
Woodhouse (2006). They compared focal mechanisms obtained by
inverting real data, using two different methods to model the effect
of the three-dimensional structure on the observed seismograms.
The first method uses great-circle-path approximations and the
second method uses full surface-wave ray theory. The same authors
observe much larger differences between their solutions and the
Global CMT (previously knowns as the Harvard CMT) solutions for
several earthquakes observed globally and also much larger differ-

ences between solutions obtained using PREM synthetics and 3D
synthetics.

Comparing the results of our inversions obtained using each
wave group individually to those obtained using all wave groups
combined, we expect that part of the difference between the results
obtained by Ferreira and Woodhouse (2006) and the Global CMT
project are due to the different wave types used. As the Global CMT
project inversion algorithm includes corrections for 3D structures,
it is not surprising that the errors obtained in this study are smaller
than the differences between inversions of real data using PREM
synthetics and 3D synthetics found by Ferreira and Woodhouse
(2006).

Fig. 8. Estimated versus true depth and centroid time for all events, for the dataset computed with model S362ANI without noise added, using the combined dataset of body,
mantle and surface waves (BMS), surface waves only (S) and surface waves only while using a local velocity structure at the source and a continental-type velocity structure
at the receiver (Ssr ).
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a b s t r a c t

We investigate errors in centroid earthquake parameters due to unmodeled structural heterogeneity. We
generate a simulated dataset consisting of synthetic seismograms for 50 earthquakes and 150 stations
distributed globally. To generate the synthetic seismograms we use a spectral-element wave-propagation
package (SPECFEM3D GLOBE) that accounts for the Earth’s three-dimensional structure. An established
centroid–moment-tensor inversion algorithm from the Global CMT project is used to invert the synthetic
dataset, with and without added noise, for earthquake source parameters. This algorithm uses a one-
dimensional earth structure, together with approximate corrections for three-dimensional structure, to
model the seismograms. We interpret the differences between the estimated source parameters and the
parameters used to compute the synthetic dataset as errors due to unmodeled structural heterogeneity
and the presence of noise. We expect that the errors obtained in this study are representative of the
errors in the Global CMT catalogue. We find that the errors in scalar moment, moment-tensor elements
and location are small on average. The depth and centroid time are, however, biased by a small amount.
We find that the error in depth can be reduced significantly by applying corrections for the difference in
the velocity structure at the source and receiver locations from the Earth’s average structure in the CMT
inversions. This modification has a minimal effect on the errors in centroid time. We do not find large
errors in scalar moments, even where the crustal thickness at the source is very different from the Earth’s
average crustal thickness.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Estimated earthquake source parameters are critically depen-
dent on the assumed velocity structure of the Earth, the modeling
approach, data coverage and the presence of noise. Errors in source
parameters that arise from noise in the data and uneven data cover-
age can be evaluated using the same algorithms used in the source
modeling. However, errors that arise from approximations in the
modeling, such as a simplification of the Earth’s velocity struc-
ture or the effect of the structure on the waveforms, are harder
to quantify. In some cases they can be evaluated using ground-
truth earthquake parameters or by algorithms that more accurately
reproduce the observed waveforms.

Simulating wave propagation in heterogeneous media accu-
rately requires computationally expensive numerical methods.
However, for radially symmetric Earth models analytical solutions
exist and waveforms can be computed quickly and cheaply, which
makes them advantageous for the modeling. Unfortunately, the
simplified velocity structure introduces errors in the estimated
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source parameters. Errors in location and origin time, estimated
from body waves, are introduced by unmodeled variations in travel
time, due to three-dimensional structure, along the path between
the source and the receiver (e.g. Smith and Ekström, 1996). Sim-
ilarly, errors in location, centroid time and magnitude based on
surface and mantle waves are introduced due to unmodeled varia-
tions in phase speed (Nakanishi and Kanamori, 1982).

Approximations can be used, together with analytical solutions
for radially symmetric Earth models, to compute corrections to
waveforms due to three-dimensional structure, without resorting
to expensive numerical methods. Applying these corrections in the
modeling reduces the errors in estimates of source parameters.
The nature of the corrections due to three-dimensional structure
depend on the type of data being used and the modeling strat-
egy. Some examples are corrections for travel time of body-waves
(e.g. Smith and Ekström, 1996), phase speeds based on regional-
ization for mantle-wave spectra (Nakanishi and Kanamori, 1982),
corrections for phase speeds based on path-dependent dispersion
curves for short-period surface waves (Aki and Patton, 1978) and by
perturbations to the frequencies of normal modes of the Earth for
mantle waves (Dziewonski et al., 1984). However, the corrections
are only approximate, and other effects of three-dimensional struc-
ture on the observed waveforms, such as focusing and defocusing
and changes in source excitation, can influence the estimated
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Depth changes from source inversions

(Liu et al 2004 BSSA)


