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Structure of the European upper mantle revealed
by adjoint tomography
Hejun Zhu1*, Ebru Bozdağ1, Daniel Peter1 and Jeroen Tromp1,2

Images of the European crust and upper mantle, created using
seismic tomography, identify the Cenozoic Rift System and
related volcanism in central and western Europe. They also
reveal subduction and slab roll back in the Mediterranean–
Carpathian region1–12. However, existing tomographic models
are either high in resolution, but cover only a limited area13,14,
or low in resolution, and thus miss the finer-scale details of
mantle structure5,12. Here we simultaneously fit frequency-
dependent phase anomalies of body and surface waveforms
in complete three-component seismograms with an iterative
inversion strategy involving adjoint methods, to create a
tomographic model of the European upper mantle. We find that
many of the smaller-scale structures such as slabs, upwellings
and delaminations that emerge naturally in our model are
consistent with existing images. However, we also derive some
hitherto unidentified structures. Specifically, we interpret
fast seismic-wave speeds beneath the Dinarides Mountains,
southern Europe, as a signature of northeastward subduction
of the Adria plate; slow seismic-wave speeds beneath the
northern part of the Rhine Graben as a reservoir connected
to the Eifel hotspot; and fast wave-speed anomalies beneath
Scandinavia as a lithospheric drip, where the lithosphere is
delaminating and breaking away. Our model sheds new light on
the enigmatic palaeotectonic history of Europe.

To make seismic tomography computationally feasible, tradi-
tional studies generally adopt a one-dimensional reference model
and approximate, asymptotic methods for the calculation of travel
times or synthetic seismograms. Modern numerical methods, such
as the spectral element method15, in combination with fast, par-
allel computers have facilitated iterative, nonlinear tomographic
inversions based on more realistic three-dimensional (3D) initial
models and fully numerical simulations. These numerical methods
may be exploited within theminimization problem by using adjoint
techniques16–19, a procedure we refer to as adjoint tomography20–22.
The main advantages of this approach are the calculation of accu-
rate seismograms and Fréchet derivatives in complex 3D models,
avoidance of widely used crustal corrections by jointly inverting
for structure in the mantle and crust, and exploitation of complete
broadband three-component seismograms by simultaneously fit-
ting body and surface waves.

Existing tomographic models of the European mantle may be
roughly subdivided into two broad categories: body-wave models
based on inversion of compressional or shear-wave travel-time
anomalies2–4,7,10,11,13,14 and surface-wave models based on inversion
of Love- and Rayleigh-wave dispersion measurements or waveform
differences5,12. The goal here is to bridge the gap between these two
types of inversion by simultaneously fitting frequency-dependent
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phase anomalies of numerous body and surface waveforms in
complete three-component seismograms, thereby effectively using
entire seismographic records.

Our 3D starting model, EU00, consists of crustal model
EPcrust23 in combination with transversely isotropic mantle model
S362ANI (ref. 24); the latter employs 1D background model
STW105 (ref. 24). Iterative transversely isotropic model updates
are parameterized in terms of bulk sound-wave speed c , vertically
and horizontally polarized shear-wave speeds βv and βh and
the dimensionless parameter η; density perturbations are scaled
to isotropic shear-wave-speed perturbations (see Supplementary
Information S4). This transversely isotropic parameterization is
important for resolving the Rayleigh/Love discrepancy25. In the
interest of space, we focus our discussion on the vertically polarized
shear-wave speed βv.

We use data from 190 earthquakes recorded by 745
seismographic stations (Supplementary Fig. S2), resulting in 26,581
useable three-component seismograms. Before the structural
inversion, we reinvert centroid-moment tensor solutions for all
events in the database; the source mechanisms remain largely
unchanged, but we see a previously noted systematic shallowing of
suboceanic hypocentres26 (see Supplementary Fig. S5).

Frequency-dependent travel-time differences between simulated
and recorded three-component seismicwaveforms—normalized by
their standard deviations—are used to characterize misfit in the
inversion27. The nondimensional total misfit function consists of
two contributions: body waves with periods between 15 s and 50 s
and surface waves with initial periods between 50 s and 150 s; as
the inversion progresses, the short-period surface-wave corner is
gradually reduced from 50 s to 25 s and the long-period corner is
decreased from 150 s to 100 s, thereby steadily resolving smaller-
scale structures. For both contributions, we monitor the behaviour
of the misfit on all three components; the total misfit function is
the sum of these six contributions. As illustrated in Fig. 1, with
each iteration the misfit is reduced for all six contributions and the
total misfit diminishes from 5.05 to 2.45. As the model improves,
the number of measurement windows increases, thereby gradually
providingmore-detailed structural information. After 18 iterations,
we included 31 new earthquakes and additional data—primarily
from arrays and networks in Iceland and Turkey—to further
constrain themodel. The additional data led to a step increase in the
number of measurements, which continues to grow in subsequent
iterations, culminating in 123,205 measurement windows. The
extra data come at the cost of a temporary increase in misfit values,
which is gradually reduced over the subsequent 12 iterations (see
Supplementary Information S1). The overall misfit shown in Fig. 1a
levels off at iteration 30 on a slightly elevated level compared with
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Figure 1 | Behaviour of the misfit function and the number of measurement windows as a function of iteration. Filled red symbols denote misfit values
and open blue symbols denote the number of measurements. a, Evolution of the total misfit function. b–d, Three-component, short-period body-wave
contributions on the vertical and radial (P–SV) and transverse (SH) components, respectively. e–g, Three-component, long-period surface-wave
contributions on the vertical and radial (Rayleigh) and transverse (Love) components, respectively. For body waves, we use a 15–50 s band pass for the first
four iterations, followed by a 15–40 s band pass in subsequent iterations. For surface waves, the long period corner is 150 s for the first 23 iterations,
followed by 100 s in subsequent iterations. The short-period corner is gradually decreased from 50 s to 25 s. After 18 iterations, 31 additional earthquakes
and data from several IRIS/PASSCAL deployments and the Kandilli Observatory were added to the data set, resulting in an increase in the number of
measurement windows at the cost of a transient increase in misfit.

its value at iteration 18 owing to the relatively poorer quality of
the additional array data as compared with data from permanent
arrays. After 30 iterations, we obtain a new European crustal
and upper-mantle model named EU30, which requires a total of
17,100 wavefield simulations and 2.3 million central processing
unit hours. Compared with the starting model, both the mean
values and standard deviations for all six contributions in Fig. 1 are
significantly reduced (see Supplementary Fig. S6).

We presentmap views (Fig. 2) and vertical cross-sections (Fig. 3)
of relative perturbations in βv for model EU30 with respect to
1D background model STW105 (ref. 24). Map views and cross-
sections of EU00 and intermediate model EU18 are provided in
Supplementary Figs S8–S11. At 75 km depth (Fig. 2a), one of
the most striking features is the Tornquist–Teisseyre Zone (TTZ)
separating the Precambrian East European Platform (EEP) from
Phanerozoic central and eastern Europe5. The TTZ has become
much sharper in the final model, EU30, when compared with the
starting model, EU00. Model EU30 reveals a variety of localized
fast wave-speed anomalies (Fig. 2a), including the Central Graben
in the North Sea, the Armorican Massif in northwestern France
and a tilted Y-shaped anomaly related to a triple junction of
Mediterranean plate boundaries. We also observe a lithospheric
drip associated with delamination beneath Scandinavia (Fig. 3d),

consistent with an image determined in a previous study28. In map
view at 75 km depth (Fig. 2a), we note a striking absence of fast
shear-wave speeds below western Norway, which may explain the
existence of its coastal mountain ranges.

In our interpretations we focus on three arc systems, namely, the
Apennines–Calabrian–Maghrebides, Carpathian–Vrancea–Adria,
and Hellenic–Cyprus arcs, as well as two large low-wave-speed
systems, namely, the Cenozoic Rift System in central and western
Europe and the Anatolian plate. The Apennines–Calabrian–
Maghrebides arc started to roll back 30million years ago, generating
slab detachments during the retreat to its present location8.
Slab detachments in the form of discontinuous fast anomalies
are observed beneath the central Apennines in Italy and the
Maghrebides in North Africa (Fig. 3g). Beneath the Calabrian arc
segment we find a clear gap between shallow lithosphere and deep
fast anomalies, indicating that a speculated slab detachment8 also
exists for this portion of the arc system (Fig. 3f). There is a large
volume of fast material lying on top of the lower mantle, at 625 km
depth, beneath the western Mediterranean Sea (Fig. 2e), which
is attributed to the roll back of this arc system. The Tyrrhenian
Sea and Algero–Provençal Basin are revealed as slow anomalies
down to 200 km and were produced as a result of back-arc
extension associated with the roll back. Beneath the Alpine belt,
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Figure 2 | Horizontal cross-sections of relative perturbations in βv, δlnβv, for model EU30. a, 75 km, b, 175 km, c, 275 km, d, 475 km and e, 625 km.
Colours show relative wave-speed perturbations with respect to 1D background model STW105 (ref. 24). Perturbations range from−X% to X%, where
X=4 in a and X= 3 in b–e. Major tectonic features are labelled (see Supplementary Fig. S1). x-axis labels denote longtiude, y-axis labels denote latitude.
CSVF, Central Slovakian Volcanic Field; TTZ, Tornquist–Teisseyre Zone.

a fast anomaly is imaged down to nearly 400 km, which overlays
the Apennines–Calabrian–Maghrebides slab (Fig. 3c). At 175 km
depth, the Alpine slab shows a striking arcuate shape beneath
northern Italy (Fig. 2b).

The slab beneath the western Carpathian part of the Carpathian–
Vrancea arc is completely detached from the surface. However, in
the eastern Vrancea portion we find a fast anomaly connected with
shallow lithosphere and subducted southwestward, in agreement
with previous interpretations8. In this region we discover another
slab associated with northeastward subduction of the Adria plate
underneath the Dinarides. At approximately 400 km depth, the
Vrancea and Adria–Dinarides slabs meet each other (Figs 3a and 4).

The Vrancea slab continues down to 660 km depth where it piles
up as another large volume of fast material beneath eastern Europe
(Fig. 2e). Beneath the southern margin of the EEP and adjacent
to the Black Sea, we observe lithospheric thickening of the EEP to
depths of 400 km (Figs 3a and 4). The Pannonian Basin and forearc
are imaged as very large slow anomalies (∼−4%) down to 120 km
depth, lying right above theVrancea andAdria–Dinarides slabs.

Contrary to the previous two arc systems, which are mainly
confined to the upper mantle, the Hellenic slab penetrates through
the 660 km discontinuity into the lower mantle (Fig. 3b). Within
the transition zone, the Hellenic slab interacts with the Adria–
Dinarides and Vrancea slabs, generating a hole beneath Bulgaria29,
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as documented in map views (Fig. 2e), vertical cross-sections
(Fig. 3b) and 3D view (Fig. 4). At 75 km depth, there is a fast spot
located east of the Hellenic arc, between the Cyprus and Anatolian
plates, which is correlated with the Cyprus arc (Fig. 2a). Similar to
the two previously discussed arc systems, the Hellenic arc involves
a prominent slow wave speed (∼−4%) for the Aegean Sea down to
nearly 100 km, a result of roll-back-induced back-arc extension8.

The Cenozoic Rift System, which is closely related to the central
and western European volcanic fields6, extends from the Valencia
Trough in Spain to theMassif Central in France, and then splits into
two segments: one goes through the upper and lower RhineGrabens
in Germany and extends northwestward to the Netherlands, the
other goes eastward to the Bohemian Massif in the Czech Republic,
terminating in the Central SlovakianVolcanic Field (CSVF; Fig. 2a).

At 75 km depth, we also observe the Middle Hungarian Line,
separating the CSVF and Tisza–Dacia (Fig. 2a). In the northern
part of the Rhine Graben, we discover a slow anomaly (∼−2.5%)
lying flat at a depth of approximately 300 km with a nearly vertical
conduit ascending to the surface. We interpret these features as a
slow-wave-speed reservoir connected through an upwelling plume,
thereby forming the Eifel hotspot (Fig. 3e).

The North Anatolian Fault separates the fast-wave-speed Black
Sea Basin and EEP to the north and the slow-wave-speed Anatolian
plate to the south. The prominent slow anomaly of the Anatolian
plate extends down to 220 km and overlays a large volume of fast
anomalies (∼+3%; Fig. 2d), which we interpret as remnants of an-
cient oceanic lithosphere related to the collision between the Anato-
lian and African/Arabian plates. Beneath central Turkey, at a depth
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of 75 km, there is a structure surrounded by strong slow anomalies
that coincides with the location of theKirsehirMassif (Fig. 2a).

Owing to the demanding computational requirements for
adjoint tomography, it is difficult to carry out traditional resolution
tests, because these take the same amount of computational
resources as the actual inversion. Here, we use the point-spread
function30 to assess image quality of the slab detachment beneath
the central Apennines in intermediate model EU18 and final model
EU30. The resolution tests confirm the quality of the images of this
slab detachment (see Supplementary Figs S12 and S13), thereby
lending support to our palaeotectonic interpretations.

Model EU30 is described in terms of transversely isotropic
shear-wave speeds and bulk-sound speed. The topography of
primary interfaces (Moho and upper-mantle discontinuities) re-
mains fixed, general anisotropy is not permitted and attenuation
remains unchanged. These are parameters that are specified in
the forward model but are not used in the inverse problem,
and they constitute possible future extensions of this research.
Addition of frequency-dependent amplitude measurements, com-
plementing the travel-timemeasurements, should help to constrain
these new parameters.
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