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Seismic Wave Propagat ion
(“Forward”  Prob lem)

Equation of motion:

Boundary condition:

Initial conditions:

Earthquake source:



Spect ra l -E lement  Method

Weak form:

implicitly accounts for free-surface 
boundary condition

fluid-solid coupling terms may be 
explicitly added



Spect ra l -E lement  Method

Finite-elements:

hexahedral elements

Gauss-Lobatto-Legrendre quadrature 

diagonal mass matrix

explicit time-marching scheme



Para l le l  Implementat ion

Regional mesh partitioning

n  x m mesh slices

Daniel Peter



Para l le l  Implementat ion
Global mesh partitioning

Cubed Sphere: 6 n  mesh slices2



Coffee Cup Simulat ion

Daniel Peter, Max Riethman, Dimitri Komatitsch, Olaf Schenk, Tarje Nissen-Meyer, Piero Basini, Lapo Boschi

SPECFEM3D_SESAME                 Soon: GPU version



Hejun Zhu

Spatially

159 events
338 stations

Ad jo in t  Tomography o f  Europe
(“Inverse”  Prob lem)

PhD thesis of Hejun Zhu



Starting 3D Crustal Model: EPCrust

QUEST collaboration:
Irene Molinari

Molinari & Morelli (2011)

<	  15	  km	  

>	  25	  km

spectral-element mesh

PhD	  thesis	  of	  Irene	  Molinari



R=0.98
(120km)

Starting 3D Mantle Model: S362ANI

120 km

Kustowski, Ekström, and Dziewoński (2008)

Bogdan Kustowski model S362ANI



Rayleigh wave 
measurements

Love wave 
measurements

Model Parameterization: Radial Anisotropy
(Transverse Isotropy)



Misfit Function

Body-wave cross correlation/multitaper
15-40 s band pass
(1) P-SV (Vertical)
(2) P-SV(Radial)

(3) SH (Transverse)

Surface-wave multitaper
25-150 s band pass
(4) Rayleigh (Vertical)
(5) Rayleigh (Radial)
(6) Love (Transverse)

Adjoint source = SP( body-wave measurement) + LP (surface-wave measurement)
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Reduction in Misfit: First Iteration

• 50 minutes per simulation (168 cores)
• 3 simulations per event per iteration
• 1 iteration ~1 day
• Source + structure inversion: ~1.5M CPU hours
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T015_050

T050_150
m00:	  38,053	  body-‐wave	  windows
m00:	  20,836	  surface-‐wave	  windows
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Wortel & Spakman (2000)

Mediter ranean-Calabr ia  Paleotectonics
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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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shallow intermediate deep

Towards Global Adjoint Tomography
254 CMT events 

5.8 ≤ Mw ≤ 7

shallow: d≤ 50 km
intermediate: 50 km < d ≤ 300 km
deep: d > 300 km

Ebru Bozdag
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Conclus ions
• “Adjoint tomography” is feasible

• Goal: whole seismogram (frequency-dependent phase & amplitude)

• Europe (Hejun Zhu)

• Middle East (Daniel Peter)

• Entire globe! (Ebru Bozdag)

• Future extensions:
• Include amplitudes

• Shear attenuation

• More general anisotropy

• Next steps:
• Independent earthquake data set

• Resolution analysis



Depth	  75	  km

the oldest known on the planet. The oldest crust of the Baltic
Shield and the EEP is younger, 3.0–3.1 Ga and 1.8–2.1 Ga,
respectively (Fig. 1). The basement of the EEP is buried
under a thick cover of Proterozoic and Phanerozoic sediments,
which complicates dating of the basement rocks. Petrological
studies of mantle xenoliths from Precambrian cratons of the
world suggest that the crust and the entire lithospheric mantle
of the cratons were formed simultaneously and remained
attached ever since (Carlson et al. 1994; Pearson et al. 1999).
Therefore, one may expect that the lithospheric mantle of a
large part of the continent, from the Urals in the east to the
TESZ in the west, also has Archaean–Proterozoic ages. Knowl-
edge of the ages of the subcrustal lithosphere is important for
interpretations of seismic and gravity data, as petrological
studies of mantle xenoliths indicate that cratonic lithosphere
has a unique composition, depleted in basaltic components.
The highest depletion is found globally in the Archaean roots
and it decreases in Proterozoic and Phanerozoic lithosphere
(Griffin et al. 1998). Low iron content in the Archaean litho-
spheric mantle has important geophysical consequences: it
implies higher (by 3–5%) seismic velocities and lower (by c.
1.5%) density than in the Phanerozoic mantle (Jordan 1988;
Poudjom Djomani et al. 1999, 2001; Deschamps et al. 2002).
On the other hand, Archaean cratons have the lowest average
values of surface heat flow measured on the continents
(Nyblade & Pollack 1993). Low temperatures in Archaean litho-
spheric roots (Pollack & Chapman 1977; Artemieva & Mooney
2001) essentially compensate for the effect of the depleted com-
position on densities (Jordan 1988) and thus mask gravity
anomalies produced by compositional variations in the mantle.
However, low temperatures in cratonic lithosphere enhance the
effect of depletion on seismic velocities. High mantle velocities,
as observed in the EEC, are often interpreted in terms of ‘hot’ or
‘cold’ regions, but their origin can be both compositional and
thermal. For example, a 1% velocity increase can be caused
either by 4% Fe depletion or by 100–150 8C temperature
decrease in the mantle (Nolet & Zielhuis 1994; Deschamps
et al. 2002). We present seismic and gravity models for
Precambrian Europe and compare them with thermal models
to distinguish structural and compositional variations in the
lithospheric mantle.

Baltic Shield

Seismic data. Most of the data on the lithospheric structure of the
EEC come from the Baltic Shield, for which interpretations of
seismic reflection/refraction profiles, regional upper mantle
seismic tomography, electromagnetic, xenolith, thermal and
elastic data became available over recent decades. This extensive
dataset provides important information on the lithospheric evol-
ution of the Baltic Shield since the Archaean and reveals the pre-
sence of a thick lithospheric keel beneath it. A 180–230 km thick
lithosphere has been interpreted from explosion P-wave data along
the long-range refraction FENNOLORA profile in the northern
part of the Baltic Shield (Guggisberg & Berthelsen 1987). The
existence of a high-velocity upper mantle down to 200–250 km
beneath most of the EEC, including the Baltic Shield, is supported
by regional dispersion analysis of long-period Rayleigh waves and
by large-scale P- and S-wave seismic tomography models
(Calcagnile 1982, 1991; Bijwaard & Spakman 2000; Shapiro &
Ritzwoller 2002; Boschi et al. 2004) (Fig. 2). However, most
surface-wave models lose resolution at depths below c. 200–
250 km and cannot provide reliable constraints on mantle structure
below this depth (e.g. Panza et al. 1986).
Some regional high-resolution P-wave tomography models have

been interpreted as indicators of the existence of high seismic vel-
ocities (þ2% anomaly compared with the global continental
model iasp91, Kennett & Engdahl 1991) down to 250+ 50 km
under the Baltic Shield of Finland (Bock et al. 2001; Sandoval
et al. 2004). The region with the thickest lithospheric keel is
located at the suture between the Archaean and early Proterozoic
provinces, and spatially coincides with the anomalously thick
crust that has formed during Palaeoproterozoic accretion of Sveco-
fennian terranes to the Archaean Karelian block (Korja et al.
1993). The small size of the region (c. 200 km " 300 km),
where both the crust and the lithosphere have anomalous thick-
nesses, suggests that both crustal and lithospheric roots could
have been formed during the same tectonic event and may rep-
resent a unique preserved remnant of an ancient subduction
zone. This hypothesis is supported by xenolith data that indicate
a compositionally stratified mantle in the region (Peltonen et al.
1999), and by an eastward-dipping high-velocity anomaly in the
mantle beneath the Archaean–Proterozoic suture (Sandoval
et al. 2004). The geographical distribution of mid-Proterozoic
rapakivi granite intrusions at the western and southern sides of
the anomalous region of thick lithosphere suggests a deflection
of ascending magmas by the pre-existing lithospheric keel. This
deflection of mantle heat and magma could have assisted the sur-
vival of this thick keel during the mid-Proterozoic tectonothermal
activity in the region, which ‘embraces’ the anomalous region of
thick lithosphere and led to the formation of the Baltic–Bothnian
Sea basin.
A layer with reduced seismic velocities (c. 8.1 km s21 for the

mean model) has been identified at the depth range of
100–160 km within the high-velocity (8.6 km s21 at 100 km
depth) lithospheric mantle of the Baltic Shield (Perchuc &
Thybo 1996). Similar seismic velocity structure has been revealed
for the Archaean part of the Karelian province in a recent surface-
wave based seismic tomography survey (Bruneton et al. 2004),
similar to recent results from the Canadian Shield and Greenland
(Darbyshire 2005). Tomographic inversion for velocities in the
upper mantle in the Baltic Shield, based on the FENNOLORA
data, suggests that the 100–160 km depth interval is also charac-
terized by very small S-wave velocities, corresponding to a much
more pronounced reduction in velocity for S waves than for
P waves (Abramovitz et al. 2002). The nature of the reduced-
velocity zone is still debated. Alternative interpretations include
(1) regional metasomatism (Bruneton et al. 2004); (2) the presence
of pockets of small-percentage melting or fluids (Perchuc & Thybo
1996), probably associated with ancient subduction zones

Fig. 1. Simplified tectonic map of Europe. TESZ, Trans-European

Suture Zone.
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Tectonic map of Europe

the oldest known on the planet. The oldest crust of the Baltic
Shield and the EEP is younger, 3.0–3.1 Ga and 1.8–2.1 Ga,
respectively (Fig. 1). The basement of the EEP is buried
under a thick cover of Proterozoic and Phanerozoic sediments,
which complicates dating of the basement rocks. Petrological
studies of mantle xenoliths from Precambrian cratons of the
world suggest that the crust and the entire lithospheric mantle
of the cratons were formed simultaneously and remained
attached ever since (Carlson et al. 1994; Pearson et al. 1999).
Therefore, one may expect that the lithospheric mantle of a
large part of the continent, from the Urals in the east to the
TESZ in the west, also has Archaean–Proterozoic ages. Knowl-
edge of the ages of the subcrustal lithosphere is important for
interpretations of seismic and gravity data, as petrological
studies of mantle xenoliths indicate that cratonic lithosphere
has a unique composition, depleted in basaltic components.
The highest depletion is found globally in the Archaean roots
and it decreases in Proterozoic and Phanerozoic lithosphere
(Griffin et al. 1998). Low iron content in the Archaean litho-
spheric mantle has important geophysical consequences: it
implies higher (by 3–5%) seismic velocities and lower (by c.
1.5%) density than in the Phanerozoic mantle (Jordan 1988;
Poudjom Djomani et al. 1999, 2001; Deschamps et al. 2002).
On the other hand, Archaean cratons have the lowest average
values of surface heat flow measured on the continents
(Nyblade & Pollack 1993). Low temperatures in Archaean litho-
spheric roots (Pollack & Chapman 1977; Artemieva & Mooney
2001) essentially compensate for the effect of the depleted com-
position on densities (Jordan 1988) and thus mask gravity
anomalies produced by compositional variations in the mantle.
However, low temperatures in cratonic lithosphere enhance the
effect of depletion on seismic velocities. High mantle velocities,
as observed in the EEC, are often interpreted in terms of ‘hot’ or
‘cold’ regions, but their origin can be both compositional and
thermal. For example, a 1% velocity increase can be caused
either by 4% Fe depletion or by 100–150 8C temperature
decrease in the mantle (Nolet & Zielhuis 1994; Deschamps
et al. 2002). We present seismic and gravity models for
Precambrian Europe and compare them with thermal models
to distinguish structural and compositional variations in the
lithospheric mantle.

Baltic Shield

Seismic data. Most of the data on the lithospheric structure of the
EEC come from the Baltic Shield, for which interpretations of
seismic reflection/refraction profiles, regional upper mantle
seismic tomography, electromagnetic, xenolith, thermal and
elastic data became available over recent decades. This extensive
dataset provides important information on the lithospheric evol-
ution of the Baltic Shield since the Archaean and reveals the pre-
sence of a thick lithospheric keel beneath it. A 180–230 km thick
lithosphere has been interpreted from explosion P-wave data along
the long-range refraction FENNOLORA profile in the northern
part of the Baltic Shield (Guggisberg & Berthelsen 1987). The
existence of a high-velocity upper mantle down to 200–250 km
beneath most of the EEC, including the Baltic Shield, is supported
by regional dispersion analysis of long-period Rayleigh waves and
by large-scale P- and S-wave seismic tomography models
(Calcagnile 1982, 1991; Bijwaard & Spakman 2000; Shapiro &
Ritzwoller 2002; Boschi et al. 2004) (Fig. 2). However, most
surface-wave models lose resolution at depths below c. 200–
250 km and cannot provide reliable constraints on mantle structure
below this depth (e.g. Panza et al. 1986).
Some regional high-resolution P-wave tomography models have

been interpreted as indicators of the existence of high seismic vel-
ocities (þ2% anomaly compared with the global continental
model iasp91, Kennett & Engdahl 1991) down to 250+ 50 km
under the Baltic Shield of Finland (Bock et al. 2001; Sandoval
et al. 2004). The region with the thickest lithospheric keel is
located at the suture between the Archaean and early Proterozoic
provinces, and spatially coincides with the anomalously thick
crust that has formed during Palaeoproterozoic accretion of Sveco-
fennian terranes to the Archaean Karelian block (Korja et al.
1993). The small size of the region (c. 200 km " 300 km),
where both the crust and the lithosphere have anomalous thick-
nesses, suggests that both crustal and lithospheric roots could
have been formed during the same tectonic event and may rep-
resent a unique preserved remnant of an ancient subduction
zone. This hypothesis is supported by xenolith data that indicate
a compositionally stratified mantle in the region (Peltonen et al.
1999), and by an eastward-dipping high-velocity anomaly in the
mantle beneath the Archaean–Proterozoic suture (Sandoval
et al. 2004). The geographical distribution of mid-Proterozoic
rapakivi granite intrusions at the western and southern sides of
the anomalous region of thick lithosphere suggests a deflection
of ascending magmas by the pre-existing lithospheric keel. This
deflection of mantle heat and magma could have assisted the sur-
vival of this thick keel during the mid-Proterozoic tectonothermal
activity in the region, which ‘embraces’ the anomalous region of
thick lithosphere and led to the formation of the Baltic–Bothnian
Sea basin.
A layer with reduced seismic velocities (c. 8.1 km s21 for the

mean model) has been identified at the depth range of
100–160 km within the high-velocity (8.6 km s21 at 100 km
depth) lithospheric mantle of the Baltic Shield (Perchuc &
Thybo 1996). Similar seismic velocity structure has been revealed
for the Archaean part of the Karelian province in a recent surface-
wave based seismic tomography survey (Bruneton et al. 2004),
similar to recent results from the Canadian Shield and Greenland
(Darbyshire 2005). Tomographic inversion for velocities in the
upper mantle in the Baltic Shield, based on the FENNOLORA
data, suggests that the 100–160 km depth interval is also charac-
terized by very small S-wave velocities, corresponding to a much
more pronounced reduction in velocity for S waves than for
P waves (Abramovitz et al. 2002). The nature of the reduced-
velocity zone is still debated. Alternative interpretations include
(1) regional metasomatism (Bruneton et al. 2004); (2) the presence
of pockets of small-percentage melting or fluids (Perchuc & Thybo
1996), probably associated with ancient subduction zones

Fig. 1. Simplified tectonic map of Europe. TESZ, Trans-European

Suture Zone.
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Beta_v at depth~75 km
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• Slab rollback western Mediterranean
1. Stage 1: Algero-Provencal basin
2. Stage 2: Tyrrhenian basin

• Eastern Mediterranean:
• low heat flow, old (100 My), fast

• Western Mediterranean
• high heat flow, young (25 My), slow

• Closing of Tethys, scissor with western hinge
• Hellenic arc old, cold, retreating (rollback)
• Cyprus arc, locked (no rollback)
• Cyprus hot spot: Erathostenes sea mount?
• Betic, Calabria and Vrancea subduction arcs are similar in appearance, with similar 
origins
• Adria subduction not seen previously
• Upper mantle hotspots not really seen
• Downdip tension in Vrancea: slab attached, with deposition basin above
• Downdip compression in Calabria: slab detached
• Alps due to Adia collision with Europe (Eocene-Oligocene)



Bet ic-Albor ian

Spakman & Wortel (2004)



Western Medi ter ranean

Spakman & Wortel (2004)



Western Medi ter ranean

Spakman & Wortel (2004)



Greece & Turkey

Faccena et al. (2006)

Adria Plate?



Greece & Turkey

Faccena et al. (2006)

Lab Exper iment

Wortel & Spakman (2000)

Plate mot ions re lat ive to Euras ia



Greece & Turkey

Faccena et al. (2006)



Migrat ion of  S lab Detachment

Wortel & Spakman (2000)
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Early Cretaceous (~110 MYA)
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Late Cretaceous (~85 MYA)



Paleocene (~60 MYA)



Late Oligocene (~25 MYA)



Middle Miocene (14 MYA)



Messinian (~6 MYA)



Pliocene (~2 MYA)


