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Imag ing & Invers ion Cha l lenges 
• Cheap, abundant sensors 

• Massive amounts of data

- Industry data sets 

- Regional & global seismology data sets

- Cross-correlation data sets for interferometry

• On HPC systems, I/O is the bottleneck

• Adopt new data formats for fast parallel I/O

• Data culling tools to reduce preprocessing time

• A standard for the exchange of Earth models

• Adopt workflow management tools

• Data mining, feature extraction, visualization & virtualization
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Misfit Function Choices
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Waveform differences: 

0.1.2 Spectral-element method

Lagrangian interpolation:
⌃i(x) = lni (x),

lni (xj) = �ij
(9)

Mass matrix for SEM:

Mij =

Z 1

�1
⇤(⇥)J(⇥)lni (⇥)l

n
j (⇥)d⇥ =

X

k

�k⇤kJkl
n
i (⇥k)l

n
j (⇥k) = �i⇤iJi (10)

Matrix form for SEM:

⌦2
t si(t) = �M�1

i Kijsj(t) +M�1
i Fi(t) (11)

Time marching:

si(t+�t) = 2si(t)� si(t��t)� 2�tM�1
i Kijsj(t) + 2�tM�1

i Fi(t) (12)

0.2 1D adjoint method

0.2.1 General inverse problem

Misfit function:

⌥ =
1

2

Z
[s(t,m)� d(t)]2 dt (13)

⌥� =
1

2

Z
wm

"
�⇧m(�)

⌅�
m(�)

#2

d� (14)

⌥A =
1

2

Z
wm


�lnAm(�)

⌅A
m(�)

�2
d� (15)

Taylor expansion:

⌥(m+�m) = ⌥(m) + g(m)�m+
1

2
�mTH(m)�m (16)

Gradient and Hessian:

g(m) =
⌦⌥

⌦m
= [

⌦s

⌦m
]⇥�d = J⇥�d,

H(m) =
⌦2⌥

⌦m⌦m
⇥ [

⌦s

⌦m
]⇥[

⌦s

⌦m
] = J⇥J,

J =
⌦s

⌦m

(17)

2

Frequency-dependent phase:
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Frequency-dependent amplitude:
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Optimization
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Taylor expansion:

Choose misfit function, e.g.,
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Model update:

Steepest descent:
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Optimization:
• Preconditioned conjugate gradient method 
• L-BFGS quasi-Newton method
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Gradient Calculation: Adjoint Method

Change in Misfit:

Geophys. J. Int. doi: 10.1111/j.1365-246X.2004.02453.x

G
JI

S
ei

sm
ol

og
y

Seismic tomography, adjoint methods, time reversal
and banana-doughnut kernels

Jeroen Tromp, Carl Tape and Qinya Liu
Seismological Laboratory, California Institute of Technology, Pasadena, CA 91125, USA

Accepted 2004 August 5. Received 2004 March 25

S U M M A R Y
We draw connections between seismic tomography, adjoint methods popular in climate and
ocean dynamics, time-reversal imaging and finite-frequency ‘banana-doughnut’ kernels. We
demonstrate that Fréchet derivatives for tomographic and (finite) source inversions may be
obtained based upon just two numerical simulations for each earthquake: one calculation for
the current model and a second, ‘adjoint’, calculation that uses time-reversed signals at the
receivers as simultaneous, fictitious sources. For a given model, m, we consider objective
functions χ (m) that minimize differences between waveforms, traveltimes or amplitudes. For
tomographic inversions we show that the Fréchet derivatives of such objective functions may
be written in the generic form δχ =

∫
V Km(x)δ ln m(x) d3x, where δ ln m = δm/m denotes

the relative model perturbation. The volumetric kernel Km is defined throughout the model
volume V and is determined by time-integrated products between spatial and temporal deriva-
tives of the regular displacement field s and the adjoint displacement field s†; the latter is
obtained by using time-reversed signals at the receivers as simultaneous sources. In wave-
form tomography the time-reversed signal consists of differences between the data and the
synthetics, in traveltime tomography it is determined by synthetic velocities, and in amplitude
tomography it is controlled by synthetic displacements. For each event, the construction of
the kernel Km requires one forward calculation for the regular field s and one adjoint cal-
culation involving the fields s and s†. In the case of traveltime tomography, the kernels Km

are weighted combinations of banana-doughnut kernels. For multiple events the kernels are
simply summed. The final summed kernel is controlled by the distribution of events and
stations. Fréchet derivatives of the objective function with respect to topographic variations
δh on internal discontinuities may be expressed in terms of 2-D kernels Kh and Kh in the
form δχ =

∫
#

Kh(x)δh(x) d2x +
∫
#FS

Kh(x) · ∇#δh(x) d2x, where # denotes a solid-solid
or fluid-solid boundary and #FS a fluid–solid boundary, and ∇# denotes the surface gradi-
ent. We illustrate how amplitude anomalies may be inverted for lateral variations in elastic
and anelastic structure. In the context of a finite-source inversion, the model vector consists
of the time-dependent elements of the moment-density tensor m(x, t). We demonstrate that
the Fréchet derivatives of the objective function χ may in this case be written in the form
δχ =

∫ t
0

∫
#
ε†(x, T − t) : δm(x, t) d2x dt , where ε† denotes the adjoint strain tensor on the

finite-fault plane #. In the case of a point source this result reduces further to the calculation
of the time-dependent adjoint strain tensor ε† at the location of the point source, an approach
reminiscent of an acoustic time-reversal mirror. The theory is illustrated for both tomographic
and source inversions using a 2-D spectral-element method.

1 I N T RO D U C T I O N

Recent advances in high-performance computing and numerical techniques have facilitated fully three-dimensional (3-D) simulations of global
and regional seismic wave propagation at unprecedented resolution and accuracy (Komatitsch et al. 2002; Tsuboi et al. 2003; Capdeville
et al. 2003; Komatitsch et al. 2004). The challenge now lies in harnessing these new-found capabilities to enhance the quality of tomographic
images of the Earth’s interior, in conjunction with improving models of the rupture process during an earthquake. On the face of it this seems
like a herculean task because hundreds or even thousands of model parameters are involved in such inversions. In principle, the Fréchet
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The misfit function (1) is of course just one possible measure of goodness of fit. In subsequent sections we will consider a number of
other choices that may in practice lead to better convergence. Similarly, norms other than the L2 norm may be readily introduced (Crase et al.
1990).

In seismic tomography, Fréchet derivatives may be determined based upon the Born approximation (Hudson 1977; Wu & Aki 1985).
Using index notation and the Einstein summation convention (unless stated otherwise), suppose we have a generic anisotropic background
model {ρ, cjklm}, where ρ denotes the density and cjklm an element of the fourth-order elastic tensor, upon which we superimpose perturbations
{δρ, δcjklm}. Then the associated perturbed displacement δs field may be expressed as

δsi (x, t) = −
∫ t

0

∫

V

[
δρ(x′)Gi j (x, x′; t − t ′)∂2

t ′ s j (x′, t ′) + δc jklm(x′)∂ ′
k Gi j (x, x′; t − t ′)∂ ′

l sm(x′, t ′)
]

d3x′ dt ′, (3)

where V denotes the model volume. Upon substitution of (3) into (2) we obtain

δχ = −
N∑

r=1

∫ T

0
[si (xr , t) − di (xr , t)]

∫ t

0

∫

V

[
δρ(x′)Gi j (xr , x′; t − t ′)∂2

t ′ s j (x′, t ′)

+ δc jklm(x′)∂ ′
k Gi j (xr , x′; t − t ′)∂ ′

l sm(x′, t ′)
]

d3x′dt ′dt. (4)

Let us define the field

%k(x′, t ′) =
N∑

r=1

∫ T

t ′
Gik(xr , x′; t − t ′)[si (xr , t) − di (xr , t)] dt. (5)

Taking advantage of the reciprocity of the Green’s tensor (Aki & Richards 1980; Dahlen & Tromp 1998),

Gik(xr , x′; t − t ′) = Gki (x′, xr ; t − t ′), (6)

we may rewrite (5) as

%k(x′, t ′) =
N∑

r=1

∫ T

t ′
Gki (x′, xr ; t − t ′)[si (xr , t) − di (xr , t)] dt. (7)

Upon reversing time by making the substitution t → T − t in (7) we obtain

%k(x′, t ′) =
N∑

r=1

∫ T −t ′

0
Gki (x′, xr ; T − t − t ′)[si (xr , T − t) − di (xr , T − t)] dt. (8)

Next, we define what we shall refer to as the waveform adjoint source

f †
i (x, t) =

N∑

r=1

[si (xr , T − t) − di (xr , T − t)]δ(x − xr ). (9)

Note that this distributed source involves using the time-reversed differences between the data and the current synthetics as N simultaneous
point sources located at the stations. With this definition we may rewrite (8) as

%k(x′, t ′) =
∫ T −t ′

0

∫

V
Gki (x′, x; T − t − t ′) f †

i (x, t) d3x dt. (10)

Using the standard Green’s function approach, we introduce the waveform adjoint field s† generated by the waveform adjoint source (9):

s†k (x′, t ′) =
∫ t ′

0

∫

V
Gki (x′, x; t ′ − t) f †

i (x, t) d3x dt. (11)

The relationship between (10) and (11) is then

%k(x′, t ′) = s†k (x′, T − t ′). (12)

In seismology, the concept of an adjoint field was first introduced by Tarantola (1984) for the acoustic wave equation, and by Tarantola (1987,
1988) for the (an)elastic wave equation. It is analogous to the approach taken in time-reversal imaging (Fink et al. 1989; Fink 1992, 1997),
where one retransmits a time-reversed acoustic signal to locate its origin. In the seismic case, the waveform adjoint field s† will illuminate the
source of the discrepancy between the data, d(xr , t), and the synthetics for the current model, s(xr , t). Alternatively, from the perspective of
adjoint methods (Talagrand & Courtier 1987), the corresponding adjoint equations of motion are discussed in the next section.

With the introduction of the adjoint field (11), we can rewrite (4) in the form

δχ =
∫

V
[Kρ(x)δ ln ρ(x) + Kc jklm (x)δ ln c jklm(x)] d3x, (13)

where δ ln ρ = δρ/ρ and δ ln cjklm = δcjklm/cjklm (no summation) denote relative model perturbations. Notice how the gradient of the misfit
function is transformed from an integral over time in (2) to an integral over the model volume V in (13), precisely as demonstrated more
generally in the context of adjoint methods by Talagrand & Courtier (1987). The 3-D waveform misfit kernels K ρ and Kc jklm represent Fréchet
derivatives with respect to density and the elastic parameters, respectively, and are defined by

Kρ(x) = −
∫ T

0
ρ(x)s†(x, T − t) · ∂2

t s(x, t) dt, (14)
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Kc jklm (x) = −
∫ T

0
ε
†
jk(x, T − t)c jklm(x)εlm(x, t) dt, (no summation) (15)

where ε lm and ε
†
jk denote elements of the strain and the waveform adjoint strain tensors, respectively.

For an isotropic material we have cjklm = (κ − 2µ/3)δ jkδ lm + µ(δ jlδkm + δ jmδkl ), and thus (13) becomes

δχ =
∫

V
[Kρ(x)δ ln ρ(x) + Kµ(x)δ ln µ(x) + Kκ (x)δ ln κ(x)] d3x. (16)

The isotropic misfit kernels K µ and K κ represent Fréchet derivatives with respect to the bulk and shear moduli κ and µ, respectively, and are
given by

Kµ(x) = −
∫ T

0
2µ(x)D†(x, T − t) :D(x, t) dt, (17)

Kκ (x) = −
∫ T

0
κ(x)[∇ · s†(x, T − t)][∇ · s(x, t)] dt, (18)

where D and D† denote the traceless strain deviator and its waveform adjoint, respectively.
Alternatively, we may express the Fréchet derivatives (16) in terms of variations in density ρ, shear wave speed β and compressional

wave speed α as

δχ =
∫

V
[K ′

ρ(x)δ ln ρ(x) + Kβ (x)δ ln β(x) + Kα(x)δ ln α(x)] d3x, (19)

where the misfit kernels K ′
ρ , K β and K α represent Fréchet derivatives with respect to density, shear wave and compressional wave speed,

respectively; they are given in terms of the kernels (14), (17) and (18) by

K ′
ρ = Kρ + Kκ + Kµ, Kβ = 2

(
Kµ − 4

3
µ

κ
Kκ

)
, Kα = 2

(
κ + 4

3 µ

κ

)

Kκ . (20)

All the kernels presented in this section are symmetric with regards to the interchange s(x, t) ↔ s†(x, T − t) (assuming ∂ t s(x, 0) = 0 and
s(x, 0) = 0).

Note in (13), (16), and (19) that the kernels are constructed based upon two calculations: one for the displacement field s and a second
for the waveform adjoint field s†. The only interactions between s and its adjoint s† occur through the time-reversed source (9). The Fréchet
derivatives of the penalty function χ with respect to any model coefficient m may be obtained by performing the volume integrations in (13),
(16) or (19) involving the kernels. The choice of model basis functions has not been specified. In fact, this choice should be guided by the
spatial characteristics of the kernels: where the kernels are large one obtains the largest Fréchet derivatives. The results (13), (16) and (19), in
combination with a standard conjugate-gradient algorithm (Fletcher & Reeves 1964; Mora 1987, 1988), may be used to determine the (local)
minimum of the objective function (1).

The computational challenge in the construction of the kernels lies in the fact that we need to have simultaneous access to the regular
field s and the waveform adjoint field s†. Therefore, either the regular field s needs to be stored as a function of space and time so that it
can be read back from the hard disk during the calculation of the waveform adjoint field s† and the construction of the kernels, or it needs
to be reconstructed on the fly, using the final displacement field s(x, T ) as a starting point for and integration backward in time (Gauthier
et al. 1986). This backward integration of the regular field s involves undoing the effects of attenuation, a process that is numerically stable
(Tarantola 1988). For a model with absorbing boundaries one also needs to store the regular field on the boundaries as a function of time in
order to reconstruct the entire field s(x, t) backward in time (Gauthier et al. 1986).

2.1 Topography on internal discontinuities

In the context of global tomography one may wish to consider the effects of topography on the Moho, upper mantle discontinuities, the
core–mantle boundary or the inner-core boundary on the misfit function. Similarly, in regional tomography one may be interested in the effects
of topographic variations of the basement or the Moho. Let δh denote topographic perturbations in the direction of the unit outward normal
n̂ on solid–solid discontinuities )SS or fluid–solid discontinuities )FS. It is shown by Dahlen (2004) that the perturbed displacement field δs
due to topographic perturbations δh may be written in the form

δsi (x, t) =
∫ t

0

∫

)

[
ρ(x′)Gi j (x, x′; t − t ′)∂2

t ′ s j (x′, t ′) + ∂ ′
k Gi j (x, x′; t − t ′)c jklm(x′)∂ ′

l sm(x′, t ′)

− n̂k(x′)∂ ′
n Gi j (x, x′; t − t ′)c jklm(x′)∂ ′

l sm(x′, t ′)

− n̂k(x′)c jklm(x′)∂ ′
l Gim(x, x′; t − t ′)∂ ′

ns j (x′, t ′)
]+
−δh(x′) d2x′ dt ′

+
∫ t

0

∫

)FS

[
Gik(x, x′; t − t ′)n̂ j (x′)n̂ p(x′)c jplm(x′)∂ ′

l sm(x′, t ′)

+ sk(x′, t ′)n̂ j (x′)n̂ p(x′)c jplm(x′)∂ ′
l Gim(x, x′; t − t ′)

]+
−∇)′

k δh(x′) d2x′ dt ′, (21)

C© 2004 RAS, GJI, 160, 195–216

Elastic tensor gradient:

Source of the adjoint wavefield:

The same solver determines the forward and adjoint wavefields!
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20

Figure 2. Distribution of earthquakes and stations in the inversion. (a)
Location of 190 earthquakes used in this study, blue quadrilateral de-
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.

20

Figure 2. Distribution of earthquakes and stations in the inversion. (a)
Location of 190 earthquakes used in this study, blue quadrilateral de-
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.earthquakes stations iterations simulations CPU hours measurements

190 745 30 17,100 2.3 million 123,205

Hejun Zhu

Adjoint Tomography of Europe

7Wednesday, August 7, 13



200805291546A 

Z

C
C

=0
.8

5
dT

=−
8.

80
dA

=0
.1

9

R

C
C

=0
.8

6
dT

=−
7.

00
dA

=−
0.

10

T

0 150 300 450 600 750 900 1050 1200 1350 1500

Time (s)

C
C

=0
.9

9
dT

=−
2.

50
dA

=0
.1

1

C
C

=0
.9

8
dT

=−
5.

10
dA

=−
0.

07

40˚W
20˚W

0˚ 20˚E
40˚E

60˚E

20˚N
20˚N

40˚N
40˚N

60˚N
60˚N

80˚N 80˚N

 

IU.KIEV
DIST: 29.37
BCAZ: 316.05 
EVDP: 8.70
EVLO: −21.17
EVLA: 63.93
STLO: 29.22
STLA: 50.70
MB:   6.0

Z

C
C

=0
.8

5
dT

=−
8.

80
dA

=0
.1

9

R

C
C

=0
.8

6
dT

=−
7.

00
dA

=−
0.

10

T

0 150 300 450 600 750 900 1050 1200 1350 1500

Time (s)

C
C

=0
.9

9
dT

=−
2.

50
dA

=0
.1

1

C
C

=0
.9

8
dT

=−
5.

10
dA

=−
0.

07

40˚W
20˚W

0˚ 20˚E
40˚E

60˚E

20˚N
20˚N

40˚N
40˚N

60˚N
60˚N

80˚N 80˚N

 

IU.KIEV
DIST: 29.37
BCAZ: 316.05 
EVDP: 8.70
EVLO: −21.17
EVLA: 63.93
STLO: 29.22
STLA: 50.70
MB:   6.0

EU00 EU30

Z

C
C

=0
.8

9
dT

=−
0.

70
dA

=−
0.

40

C
C

=0
.9

7
dT

=−
3.

70
dA

=0
.3

1

R

C
C

=0
.8

1
dT

=−
0.

70
dA

=0
.2

0

C
C

=0
.9

4
dT

=−
4.

40
dA

=0
.4

6

T

0 150 300 450 600 750 900 1050 1200 1350 1500

Time (s)

C
C

=0
.9

9
dT

=−
0.

10
dA

=0
.2

6

C
C

=0
.9

8
dT

=1
.7

0
dA

=0
.1

2

40˚W
20˚W

0˚ 20˚E
40˚E

60˚E

20˚N
20˚N

40˚N
40˚N

60˚N
60˚N

80˚N 80˚N

 

IU.KIEV
DIST: 29.37
BCAZ: 316.05 
EVDP: 8.70
EVLO: −21.17
EVLA: 63.93
STLO: 29.22
STLA: 50.70
MB:   6.0

Goal: “Full Waveform Inversion”

Fitting frequency-dependent phase and 
amplitude anomalies in targeted windows

automated window selection: 
FLEXWIN (Maggi et al. 2009)
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Stage I. Elastic Inversion
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Elastic Misfit Function

6 Contributions:
• P-SV waves (vertical)
• P-SV waves (radial) 
• SH waves (transverse)
• Rayleigh waves (vertical)
• Rayleigh waves (radial)
• Love waves (transverse)

Phase misfit:

method [4], and Fréchet derivatives with respect to the model parameters are numerically

calculated in a 3D background model based on adjoint methods [5, 6]. Body and surface

waves are combined to constrain radial anisotropic shear wavespeeds throughout the Eu-

ropean upper mantle. Thirty preconditioned conjugate gradient iterations were performed

to minimize frequency-dependent phase di⇥erences between observed and simulated seis-

mograms, which required more than 17,100 wavefields simulations and 2.3 million central

processing unit hours. Fig. S2 C and D illustrate relative perturbations in vertically and

horizontally polarized shear wavespeeds in EU30 at a depth of 75 km. In addition, the 1D

(radial) shear Q profile from reference model STW105 [7] is chosen as the starting anelastic

model (Fig. S2B).

S3 Misfit Function

In this study, phase and amplitude di⇥erences between data and synthetics are combined

to simultaneously constrain elastic and anelastic structure. Therefore, the total misfit

function ⇤ is expressed as

⇤ = w�⇤
� + wA⇤

A , (S1)

where ⇤� and ⇤A are phase and amplitude contributions to the misfit, and w� and wA

denote corresponding weighting factors, which are used to balance relative contributions

of phases and amplitudes.

Three-component body and surface waves are combined to simultaneously constrain

deep and shallow structures. Therefore, phase and amplitude misfits in (S1) involve six

categories: P-SV body waves on vertical and radial seismographic components, SH body

waves on transverse components; Rayleigh surface waves on vertical and radial components

and Love surface waves on transverse components.

FLEXWIN [8], an automatic window selection tool, is used to select windows in the

data suitable for making phase and amplitude measurements. A multitaper approach is

used to quantify frequency-dependent phase and amplitude discrepancies between observed

and simulated seismograms in windows selected by FLEXWIN [9, 10, 11]. In this approach,

phase and amplitude misfits in (S1) may be expressed as

⇤� =
Nc⇤

c=1

wc

Nm⇤

m=1

⌅
wm

�
�⇥m(⌅)

��
m(⌅)

⇥2

d⌅ , (S2)

2

0.4.1 Imaging condition

I(x) =

� T

0
ur(x, t)us(x, t)dt (46)

K⌃(x) =

� T

0
⌦ts

†(x, T � t)⌦ts(x, t)dt (47)

⇤� =

�
K⌅⇤ln⇧+Kµ⇤lnµ+K⌃⇤ln⌥dV

=

�
K�⇤ln�+K⇥⇤ln⇥ +KZ⇤lnZdV

(48)

KZ (49)

K� (50)

K⇥ (51)

K⌃ (52)

K⌅ (53)

Kµ (54)

⇤Q�1 (55)

⇤ln⇥v (56)

⇤� =

�
K⇤md3x (57)

H⇤m ⇥ g(m + ⇤m)� g(m) (58)

� = �⌥ , (59)

⇤� =

�

v
K⇥v ⇤ ln⇥v +K⇥h

⇤ ln⇥h +Kc ⇤ ln c+K⇤ ⇤ ln ⌅ d
3x , (60)

5

Total misfit:

0.4.1 Imaging condition

I(x) =

� T

0
ur(x, t)us(x, t)dt (46)

K⌃(x) =

� T

0
⌦ts

†(x, T � t)⌦ts(x, t)dt (47)

⇤� =

�
K⌅⇤ln⇧+Kµ⇤lnµ+K⌃⇤ln⌥dV

=

�
K�⇤ln�+K⇥⇤ln⇥ +KZ⇤lnZdV

(48)

KZ (49)

K� (50)

K⇥ (51)

K⌃ (52)

K⌅ (53)

Kµ (54)

⇤Q�1 (55)

⇤ln⇥v (56)

⇤� =

�
K⇤md3x (57)

H⇤m ⇥ g(m + ⇤m)� g(m) (58)

� = �⌥ , (59)

⇤� =

�

v
K⇥v ⇤ ln⇥v +K⇥h

⇤ ln⇥h +Kc ⇤ ln c+K⇤ ⇤ ln ⌅ d
3x , (60)

5

Change in misfit:
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 Depth 75 km

10˚W

0˚
10˚E 20˚E

30˚E
40˚E

30˚N 30˚
N

40˚N 40˚
N

50˚N 50˚
N

60˚N 60˚
N

70˚N 70˚
N

EU30

Middle Hungarian line

Pannonian Basin

Massif Central 

Central graben 

Armorican Massif

Harz

Tornquist-Teisseyre Zone

Bohemian massif

Central Slovakian volcanic field

Eifel hotspot & 
Rhine graben

11Wednesday, August 7, 13



Adjoint Tomography Workflow
190 earthquakes!

Compare observed & simulated seismograms, measure 
frequency-dependent traveltime & amplitude differences, 

calculate misfit value!

Construct adjoint sources!

190 Adjoint simulations to compute gradients !
for each earthquake  (~57,000 CPU hours)!

Sum all calculated gradients to obtain misfit gradient!

Preconditioning!

Smoothing!

Determine step length!

Update model !

Iterate!
190 forward simulations (~19,000 CPU hours)!

Preprocessing!

Postprocessing!

Initial source inversions (~1,425,000 CPU hours)!

Yes!Finish!

No!Convergence?!

L-BFGS
Quasi-Newton

Virtualization

Current data formats 
are inadequate for 
fast, parallel I/O

Winner of 2013 R&D 100 Award
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total misfit

P-SV, radialP-SV, vertical  SH, transverse

Rayleigh, vertical Rayleigh, radial Love, transverse
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Traveltime Histograms after Elastic Inversion

P-SV(Z) P-SV(R) SH(T)

Rayleigh(Z) Rayleigh(R) Love(T)

16Wednesday, August 7, 13



Wavespeed structure of the European upper mantle 47

Figure 29. Comparison of statistic histograms of amplitude measurements between starting model EU00 and final model EU30. The same setting
as Figure 28.

P-SV(Z) P-SV(R) SH(T)

Rayleigh(Z) Rayleigh(R) Love(T)

Amplitude Histograms after Elastic Inversion
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Stage II. Anelastic Inversion
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Incorporating Anelasticity in Adjoint Tomography

One extra adjoint simulation is required per source

amplitude dissipation

(Liu et al, 1976)
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Attenuation gradient:

19Wednesday, August 7, 13



method [4], and Fréchet derivatives with respect to the model parameters are numerically

calculated in a 3D background model based on adjoint methods [5, 6]. Body and surface

waves are combined to constrain radial anisotropic shear wavespeeds throughout the Eu-

ropean upper mantle. Thirty preconditioned conjugate gradient iterations were performed

to minimize frequency-dependent phase di⇥erences between observed and simulated seis-

mograms, which required more than 17,100 wavefields simulations and 2.3 million central

processing unit hours. Fig. S2 C and D illustrate relative perturbations in vertically and

horizontally polarized shear wavespeeds in EU30 at a depth of 75 km. In addition, the 1D

(radial) shear Q profile from reference model STW105 [7] is chosen as the starting anelastic

model (Fig. S2B).

S3 Misfit Function

In this study, phase and amplitude di⇥erences between data and synthetics are combined

to simultaneously constrain elastic and anelastic structure. Therefore, the total misfit

function ⇤ is expressed as

⇤ = w�⇤
� + wA⇤

A , (S1)

where ⇤� and ⇤A are phase and amplitude contributions to the misfit, and w� and wA

denote corresponding weighting factors, which are used to balance relative contributions

of phases and amplitudes.

Three-component body and surface waves are combined to simultaneously constrain

deep and shallow structures. Therefore, phase and amplitude misfits in (S1) involve six

categories: P-SV body waves on vertical and radial seismographic components, SH body

waves on transverse components; Rayleigh surface waves on vertical and radial components

and Love surface waves on transverse components.

FLEXWIN [8], an automatic window selection tool, is used to select windows in the

data suitable for making phase and amplitude measurements. A multitaper approach is

used to quantify frequency-dependent phase and amplitude discrepancies between observed

and simulated seismograms in windows selected by FLEXWIN [9, 10, 11]. In this approach,

phase and amplitude misfits in (S1) may be expressed as

⇤� =
Nc⇤

c=1

wc

Nm⇤

m=1

⌅
wm

�
�⇥m(⌅)

��
m(⌅)

⇥2

d⌅ , (S2)
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method [4], and Fréchet derivatives with respect to the model parameters are numerically

calculated in a 3D background model based on adjoint methods [5, 6]. Body and surface

waves are combined to constrain radial anisotropic shear wavespeeds throughout the Eu-

ropean upper mantle. Thirty preconditioned conjugate gradient iterations were performed

to minimize frequency-dependent phase di⇥erences between observed and simulated seis-

mograms, which required more than 17,100 wavefields simulations and 2.3 million central

processing unit hours. Fig. S2 C and D illustrate relative perturbations in vertically and

horizontally polarized shear wavespeeds in EU30 at a depth of 75 km. In addition, the 1D

(radial) shear Q profile from reference model STW105 [7] is chosen as the starting anelastic

model (Fig. S2B).

S3 Misfit Function

In this study, phase and amplitude di⇥erences between data and synthetics are combined

to simultaneously constrain elastic and anelastic structure. Therefore, the total misfit

function ⇤ is expressed as

⇤ = w�⇤
� + wA⇤

A , (S1)

where ⇤� and ⇤A are phase and amplitude contributions to the misfit, and w� and wA

denote corresponding weighting factors, which are used to balance relative contributions

of phases and amplitudes.

Three-component body and surface waves are combined to simultaneously constrain

deep and shallow structures. Therefore, phase and amplitude misfits in (S1) involve six

categories: P-SV body waves on vertical and radial seismographic components, SH body

waves on transverse components; Rayleigh surface waves on vertical and radial components

and Love surface waves on transverse components.

FLEXWIN [8], an automatic window selection tool, is used to select windows in the

data suitable for making phase and amplitude measurements. A multitaper approach is

used to quantify frequency-dependent phase and amplitude discrepancies between observed

and simulated seismograms in windows selected by FLEXWIN [9, 10, 11]. In this approach,

phase and amplitude misfits in (S1) may be expressed as

⇤� =
Nc⇤

c=1

wc
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m=1

⌅
wm
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�⇥m(⌅)

��
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Amplitude misfit: ⌥A =
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Nm⇤
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⌅
wm

�
� lnAm(�)

⇧A
m(�)

⇥2
d� , (S3)

respectively, where Nc denotes the number of categories (i.e., Nc = 6 in this study), wc is a

weighting factor for each category equalling the reciprocal of the number of measurements

in each category Nm (i.e., wc = 1/Nm), wm represents weighting factors associated with

the multitaper measurements, �⌃m(�) and � lnAm(�) are frequency-dependent phase and

amplitude anomalies, and ⇧�
m(�) and ⇧A

m(�) denote uncertainties associated with these

measurements.

Based on the definition of total misfit function in (S1), the corresponding adjoint sources

are

f †(x, t) = f †
�(x, t) + f †

A(x, t) , (S4)

where f †
�(x, t) represents the contribution to the adjoint source for the phase misfit (S2)

and f †
A(x, t) denotes the contribution related to the amplitude misfit (S3).

S4 Model Parameterization

Model parameters in this study include vertically and horizontally polarized shear wavespeeds

�v and �h, bulk sound wavespeed c, the dimensionless radial anisotropic parameter ⇤, and

the inverse shear quality factor Q�1. Mass density is less sensitive to seismic measurements

compared with wavespeeds and shear attenuation. An empirical relationship between rel-

ative perturbations in mass density and isotropic shear wavespeed is used to update the

density structure [12]:

⇥ln⌅ = 0.33 ⇥ln� , (S5)

where � denotes the Voigt average of radial anisotropic shear wavespeeds [13], namely

� =

⇧
2�2

v + �2
h

3
. (S6)

The bulk quality factor is several hundred times larger than the shear quality factor [14],

and therefore we only consider shear attenuation in this study.

Based on the definition of the total misfit function in (S1) and the model parameteri-

3

Elastic adjoint simulation Anelastic adjoint simulation

Total misfit:

Anelastic Misfit Function

zation discussed above, we are able to express perturbations in total misfit as follows:

⇥⌃ =

⇤

v
K�v ⇥ ln�v +K�h

⇥ ln�h +Kc ⇥ ln c+K⇥ ⇥ ln ⇤ +KQ�1 ⇥Q�1 d3x , (S7)

where K�v , K�h
, Kc, K⇥, and KQ�1 are 3D Fréchet derivatives with respect to the five model

parameters �v, �h, c, ⇤, and Q�1. Logarithmic perturbations are used for the four elastic

model parameters �v, �h, c, and ⇤, but we choose to use the inverse shear quality factor Q�1

to represent perturbations in shear attenuation in order to balance the magnitudes of the

Fréchet derivatives. With this parameterization, all model parameters are dimensionless

and of comparable size.

S5 Shear Attenuation Fréchet Derivatives

According to [15], the anelastic shear modulus µ may be expressed as

µ(⌥) = µ(⌥0)
�
1 + (2/⇧) ln(|⌥|/⌥0)Q

�1 � i sgn(⌥)Q�1
⇥

, (S8)

where ⌥0 denotes a suitable reference frequency. Perturbing both sides of (S8) leads to the

following expression:

⇥µ(⌥) = µ(⌥0) [(2/⇧) ln(|⌥|/⌥0)� i sgn(⌥)] ⇥Q�1 . (S9)

Upon using this expression in the Fréchet derivatives with respect to the shear modulus

[6], we find that

KQ�1 = �
⇤ T

0
2µ(x)D†(x, T � t) : D(x, t)dt , (S10)

where D and D† are forward and adjoint traceless strain deviators. The adjoint source

that is used to generate the adjoint strain deviator D† in (S10) is

f̃ †
i (x, t) =

1

2⇧

⇤ +1

�1
[(2/⇧) ln(|⌥|/⌥0)� i sgn(⌥)]⇤ f †

i (x,⌥) exp(i⌥t) d⌥ , (S11)

where f †
i (x,⌥) is the adjoint source used to compute Fréchet derivatives with respect to

the four elastic model parameters �v, �h, c, and ⇤. Therefore, in order to simultaneously

determine Fréchet derivatives with respect to elastic wavespeeds and shear attenuation,

4
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Figure 2: Vertical cross sections of perturbations in shear attenuation beneath the North Atlantic
Ocean. A, locations of vertical cross sections in B-I and Fig. 3. B-G, vertical cross sections N1-
N6, perpendicular to the North Atlantic Ridge. H-I, vertical cross sections N7-N8, parallel to
the North Atlantic Ridge.

7Figure 2: Vertical cross sections of perturbations in shear attenuation beneath the North Atlantic
Ocean. A, locations of vertical cross sections in B-I and Fig. 3. B-G, vertical cross sections N1-
N6, perpendicular to the North Atlantic Ridge. H-I, vertical cross sections N7-N8, parallel to
the North Atlantic Ridge.
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 Karato (2006)

M A P P I N G W A T E R C O N T E N T 

P l a t e 3. A car toon s h o w i n g poss ib l e wa t e r d is t r ibut ion in the u p p e r m a n t l e sugges ted f rom se i smolog ica l obse rva t ions . 
D e w a t e r i n g at m i d - o c e a n r idges can cause rheo log ica l s trat if icat ion of the u p p e r m a n t l e resu l t ing in a dry l i thosphere . 
T h e top ~ 5 k m of the l i thosphere is hydra t ed b y h y d r o t h e r m a l c i rcula t ion . A subduc t ion z o n e is l ikely to b e en r i ched 
wi th water , bu t water - r ich r eg ions in the sha l low u p p e r man t l e cou ld b e loca l ized (F igure 7) . A w i d e r d i s t r ibu t ion o f 
w a t e r is sugges ted in the d e e p e r u p p e r m a n t l e b o t h f rom a t tenua t ion t o m o g r a p h y and anisotropy. T h e d e e p u p p e r m a n -
tle benea th s o m e hot spots such as H a w a i i or Ice land appears to b e wate r - r i ch due p robab ly to the en t r a inment o f w a t e r 
t h rough the in terac t ion of u p w e l l i n g p l u m e wi th the wate r - r i ch t rans i t ion zone . T h e s e p l u m e s inject ma te r i a l s in to the 
a s thenosphere bu t the wa te r con ten t in these mater ia l s depend s cr i t ical ly on the dep th of dewa te r in g due to par t ia l me l t -
ing. T h e current ly avai lable da ta sugges t deep dewa te r ing in p l u m e s a n d mate r i a l s injected b y p l u m e s are la rge ly " d r y . " 

Implications for Water in the Mantle?
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Stage III. Anisotropic Inversion
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Surface-Wave Anisotropy

(Smith & Dahlen 1973; Montagner & Nataf 1986)

Surface-wave phase speed: 

tify frequency-dependent phase and amplitude discrepancies between observed and

simulated seismograms [3, 4, 5].

Therefore, the phase and amplitude misfits in (S1) can be expressed as
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where, Nc denotes the number of categories (i.e., Nc=3 in this study). wc is a

weighting factor for each contribution, which equals to the reciprocal of number

of measurements for each contribution, i.e., Nm. wm represents weighting factors

associated with the multitaper measurements. �⇤m(⇧) and�lnAm(⇧) are frequency-

dependent phase and amplitude anomalies. ⇥�
m(⇧) and ⇥A

m(⇧) denote uncertainties

associated with these measurements.

S4 Model Parameterization

According to [6] and [7], in a weak anisotropic medium, the phase velocity of Rayleigh

and Love waves is a function of frequencies and azimuthal directions, which can be

expanded as a Fourier series

c(⇧, �) = A0(⇧) + A1(⇧) cos(2�) + A2(⇧) sin(2�) + A3(⇧) cos(4�) + A4(⇧) sin(4�) ,

(S4)

Where c(⇧, �) is the phase velocity of Rayleigh and Love waves, � denotes azimuthal

angle between ray paths and the North.

A0(⇧) refers to radial anisotropic components of phase velocity [8, 9], which is

independent of azimuthal angles and can be expressed as linear combinations of five

Love parameters: A, C, L, N and F [10]. A1(⇧) and A2(⇧) are azimuthal anisotropic

components with 2� dependent. In surface wave tomography, they can be expressed

as combinations of Bc,s, Hc,s and Gc,s, where subscripts c and s denote cosine and sine

2

Azimuthal anisotropy: 
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Phase misfit:

Amplitude misfit:

3 contributions:
• Rayleigh waves (vertical)
• Rayleigh waves (radial)
• Love waves (transverse)

Phase misfit Amplitude misfit

method [4], and Fréchet derivatives with respect to the model parameters are numerically

calculated in a 3D background model based on adjoint methods [5, 6]. Body and surface

waves are combined to constrain radial anisotropic shear wavespeeds throughout the Eu-

ropean upper mantle. Thirty preconditioned conjugate gradient iterations were performed

to minimize frequency-dependent phase di⇥erences between observed and simulated seis-

mograms, which required more than 17,100 wavefields simulations and 2.3 million central

processing unit hours. Fig. S2 C and D illustrate relative perturbations in vertically and

horizontally polarized shear wavespeeds in EU30 at a depth of 75 km. In addition, the 1D

(radial) shear Q profile from reference model STW105 [7] is chosen as the starting anelastic

model (Fig. S2B).

S3 Misfit Function

In this study, phase and amplitude di⇥erences between data and synthetics are combined

to simultaneously constrain elastic and anelastic structure. Therefore, the total misfit

function ⇤ is expressed as

⇤ = w�⇤
� + wA⇤

A , (S1)

where ⇤� and ⇤A are phase and amplitude contributions to the misfit, and w� and wA

denote corresponding weighting factors, which are used to balance relative contributions

of phases and amplitudes.

Three-component body and surface waves are combined to simultaneously constrain

deep and shallow structures. Therefore, phase and amplitude misfits in (S1) involve six

categories: P-SV body waves on vertical and radial seismographic components, SH body

waves on transverse components; Rayleigh surface waves on vertical and radial components

and Love surface waves on transverse components.

FLEXWIN [8], an automatic window selection tool, is used to select windows in the

data suitable for making phase and amplitude measurements. A multitaper approach is

used to quantify frequency-dependent phase and amplitude discrepancies between observed

and simulated seismograms in windows selected by FLEXWIN [9, 10, 11]. In this approach,

phase and amplitude misfits in (S1) may be expressed as

⇤� =
Nc⇤

c=1

wc

Nm⇤

m=1

⌅
wm

�
�⇥m(⌅)

��
m(⌅)
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calculated in a 3D background model based on adjoint methods [5, 6]. Body and surface

waves are combined to constrain radial anisotropic shear wavespeeds throughout the Eu-
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deep and shallow structures. Therefore, phase and amplitude misfits in (S1) involve six

categories: P-SV body waves on vertical and radial seismographic components, SH body
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and Love surface waves on transverse components.

FLEXWIN [8], an automatic window selection tool, is used to select windows in the

data suitable for making phase and amplitude measurements. A multitaper approach is

used to quantify frequency-dependent phase and amplitude discrepancies between observed

and simulated seismograms in windows selected by FLEXWIN [9, 10, 11]. In this approach,
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respectively, where Nc denotes the number of categories (i.e., Nc = 6 in this study), wc is a

weighting factor for each category equalling the reciprocal of the number of measurements

in each category Nm (i.e., wc = 1/Nm), wm represents weighting factors associated with

the multitaper measurements, �⌃m(�) and � lnAm(�) are frequency-dependent phase and

amplitude anomalies, and ⇧�
m(�) and ⇧A

m(�) denote uncertainties associated with these

measurements.

Based on the definition of total misfit function in (S1), the corresponding adjoint sources

are

f †(x, t) = f †
�(x, t) + f †

A(x, t) , (S4)

where f †
�(x, t) represents the contribution to the adjoint source for the phase misfit (S2)

and f †
A(x, t) denotes the contribution related to the amplitude misfit (S3).

S4 Model Parameterization

Model parameters in this study include vertically and horizontally polarized shear wavespeeds

�v and �h, bulk sound wavespeed c, the dimensionless radial anisotropic parameter ⇤, and

the inverse shear quality factor Q�1. Mass density is less sensitive to seismic measurements

compared with wavespeeds and shear attenuation. An empirical relationship between rel-

ative perturbations in mass density and isotropic shear wavespeed is used to update the

density structure [12]:

⇥ln⌅ = 0.33 ⇥ln� , (S5)

where � denotes the Voigt average of radial anisotropic shear wavespeeds [13], namely

� =

⇧
2�2

v + �2
h

3
. (S6)

The bulk quality factor is several hundred times larger than the shear quality factor [14],

and therefore we only consider shear attenuation in this study.

Based on the definition of the total misfit function in (S1) and the model parameteri-

3

⇥⌃ =

⇥

v

KL⇥L+KN⇥N +KGc⇥Gc +KGs⇥Gs d
3x , (S8)

We iteratively update L, N , Gc and Gs. Then, for the final model, isotropic

wavespeed � and radial anisotropy parameter ⌅ can be calculated as follows:

� =
⇤
(2L+N)/⇧

⌅ = N/L
(S9)

Accordingly, the strength of anisotropy G0 and the fast axis direction ⇤ can be

computed based on Gc and Gs:

G0 =
⇤

G2
s +G2

c

⇤ =
1

2
arctan(Gs/Gc)

(S10)

S5 Improvements of misfit functions

S6 Comparison with SKS splitting measurements

According to [15],
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⌅
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⇥ r
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�L
dz]2 + [
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Towards Global Adjoint 
Tomography

Ebru Bozdag, James Smith, Wenjie Lei, Matthieu 
Lefebvre, Daniel Peter & Dimitri Komatitsch
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Goal  on T i tan:  Use a l l  G loba l  Ear thquakes! 
~6000 events  s ince 1999 wi th  5.5 ≤  Mw ≤  7 .0

~50 million measurements!
Ebru Bozdag
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ORNL T i tan:  2013 #2 Supercomputer

2013 SPECFEM3D_GLOBE a l locat ion:  100M core hours
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1000 Stations Number of SAC Files Number of ADIOS Files

255 Earthquakes 1,275,00 255
6,000 Earthquakes 30,000,000 6,000
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Partnersh ips wi th  Indust ry, 
Nat iona l  Labs & HPC Centers

• Petroleum Industry collects, processes and utilizes vast 3D and 4D data sets

• National Labs are developing tools for fast I/O, workflow management, 
visualization & virtualization

• We should explore potential collaborations focused on:

- Data formats for fast parallel I/O (e.g., NetCDF, HDF5 & ADIOS)

- Standard for the exchange of Earth models

- Cheap, abundant sensors (for, e.g., volcano monitoring, time-lapse migration, 
dike stability monitoring)

- Full-waveform imaging and inversion

- HPC workflow management tools (e.g., Kepler, Pegasus & Swfit)

- Data mining, feature extraction, visualization & virtualization (e.g., ParaView, 
Visit)
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Conclusions
• The spectral-element method may be used to simulate seismic wave 

propagation in 3D Earth models

• The adjoint method may be used to calculate misfit gradients with 
respect to elastic and anelastic model parameters in 3D Earth models

• We are bridging the gap between high-resolution body-wave 
tomography and lower resolution inversions based on long-period body 
waves, surface waves and free oscillations

• Frequency-dependent phase and amplitude measurements may be 
used to simultaneously constrain elastic and anelastic structure

• Simultaneous analysis of wavespeeds, attenuation and anisotropy will 
improve our understanding of temperature, composition, partial melting 
and water contents within the Earth’s interior

36Wednesday, August 7, 13



Spot Check Q
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Spot Check Gc
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Upper mantle structure beneath the Alpine orogen

from high-resolution teleseismic tomography

Regina Lippitsch, Edi Kissling, and Jörg Ansorge
Institute of Geophysics, Swiss Federal Institute of Technology, ETH Hönggerberg, Zürich, Switzerland

Received 6 June 2002; revised 3 February 2003; accepted 17 March 2003; published 14 August 2003.

[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

Citation: Lippitsch, R., E. Kissling, and J. Ansorge, Upper mantle structure beneath the Alpine orogen from high-resolution
teleseismic tomography, J. Geophys. Res., 108(B8), 2376, doi:10.1029/2002JB002016, 2003.

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
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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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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)
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have occurred (or may still be occurring):
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Figure 8. (continued)
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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.

S C I E N C E ’ S C O M P A S S

8 DECEMBER 2000 VOL 290 SCIENCE www.sciencemag.org1912

 o
n 

Au
gu

st
 2

6,
 2

01
0 

ww
w.

sc
ie

nc
em

ag
.o

rg
Do

wn
lo

ad
ed

 fr
om

 

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
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thereby concentrating the slab pull force.
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sion, near the tip of the tear causes further
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have occurred (or may still be occurring):
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slab is detached, the slab pull is not transferred
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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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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
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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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Figure 8. (continued)
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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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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
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tear in the slab initiates lateral rupture propaga-
tion (Fig. 3). The physical basis for this process
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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
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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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ies speculated on the existence of detached
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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%
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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 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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as a basis for further investigations. If we
combine the tectonic reconstructions with re-
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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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tion (Fig. 3). The physical basis for this process

stems from the notion that the distribution of
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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
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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)
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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ies speculated on the existence of detached
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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
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
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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 concept, the lateral migration of slab
detachment (31). We hypothesized that a small
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stems from the notion that the distribution of
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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)
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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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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%
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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
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ies speculated on the existence of detached
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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
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and !X%, where X " 2.5 in (A), (C), and (D), and X " 1.5 in (B) and (E)
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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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gent plate boundaries in the western Mediter-
ranean (Fig. 1) and subduction underneath
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as a basis for further investigations. If we
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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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As indicated above, gaps in the structure of
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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)
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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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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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
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results, we determined three regions where
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have occurred (or may still be occurring):
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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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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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sults from studies on the effect of trench
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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
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through ( J ). (C and D) Blow-up for the Apennines-Calabria region at 53
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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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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
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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
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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
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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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-
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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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versus imaged slab length, with the upper
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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
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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Calabria Slab Model Comparison

(Wortel & Spakman 2000)
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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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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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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
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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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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-
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ies speculated on the existence of detached
slabs (52). However, we added a new element
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detachment (31). We hypothesized that a small
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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
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