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[1] The depths of the 410 and 660 km phase transitions
provide critical information on the thermal state of the mantle
transition zone (MTZ) and, by implication, on the circulation
of the upper mantle. We analyze converted seismic waves to
produce a high resolution image of these discontinuities
beneath the Pannonian Basin of Central Europe. Models to
explain the extension of the basin in the Middle Miocene
involve subduction roll-back and gravitational instability of
an over-thickened lithosphere. We find that cold dense
material appears to have accumulated in the MTZ, consistent
with the idea of supply from several subduction episodes,
or upper mantle overturn. Variation in depth of the 660 km
discontinuity by as much as 40 km suggests that cold
lithospheric mantle is ponding on top of this phase transition.
Where the phase transition is deepest, eventual transfer of
this material into the lower mantle may be expected to
develop. Citation: Hetényi, G., G. W. Stuart, G. A. Houseman,

F. Horváth, E. Heged}us, and E. Brückl (2009), Anomalously deep

mantle transition zone below Central Europe: Evidence of

lithospheric instability, Geophys. Res. Lett., 36, L21307,

doi:10.1029/2009GL040171.

1. Introduction

[2] Formation of the Pannonian Basin in the Middle
Miocene occurred essentially by rapid extension of orogenic
terranes during their escape from the Alpine collision zone
towards the east [Horváth, 1993]. These processes are
inferred to have been driven by a subduction system
operating on the Eastern Carpathians [e.g., Horváth and
Royden, 1981]. The relatively large ratio of mantle thinning
factor to crustal thinning factor, as determined by subsidence
histories in the basin, implies that gravitational instability of
the lithospheric mantle [Houseman and Gemmer, 2007] was
also a significant driving force. Detachment of the Pannonian
lower lithosphere could have occurred either in the Alpine
collision zone before escape [Horváth et al., 2005a] or during
and after extension [Houseman and Gemmer, 2007]. These
mechanisms require that subducted or delaminated litho-
sphere has descended into the upper mantle and has dis-

placed hot material which has moved upwards beneath the
extending basin. Models of mantle convection imply that
the effects of such an overturn should extend throughout
the upper mantle, but may have had minimal impact so far
on the lower mantle because the time-scale for viscous
deformation of the lower mantle is so much greater than
that of the upper mantle, and the extension finished only
10 Myr ago. To the first order, regional P-wave tomo-
graphic inversions beneath the Pannonian Basin [Wortel
and Spakman, 2000; Piromallo and Morelli, 2003] support
this model by showing that anomalously fast material
occupies the mantle transition zone (MTZ), beneath anom-
alously slow upper mantle. The vertical extent of the fast
anomaly is, however, not clear as tomographic techniques
do not have sufficient resolution in depth.
[3] To quantify the extent and impact of the mantle

dynamical processes described above, we examine the
deflection of the major phase change interfaces bounding
the MTZ by computing receiver functions (RF) from a high-
resolution broad-band seismic dataset combining a recent
array deployment across the Pannonian Basin and permanent
stations. These phase changes are olivine ! wadsleyite at
�410 km, and ringwoodite! perovskite + magnesiowüstite
at �660 km depth. The positive Clapeyron slope of the
410 km transition encourages vertical transport because the
phase transition is elevated in cold downwelling regions,
whereas the 660 km transition, with negative Clapeyron
slope, is depressed in cold regions and thus resists exchange
of material with the lower mantle. A thickened (thinned)
mantle transition zone is usually interpreted in terms of a
colder (warmer) thermal regime than the laterally averaged
mantle temperatures [e.g., Lebedev et al., 2002]. In Central
Europe, we discover that while the top of the MTZ is close to
its expected depth (410 km), its bottom is clearly depressed
below 660 km and shows significant undulations. We argue
that these undulations arise from the uneven accumulation
of cold material from successive episodes of subduction
and/or gravitational instability of the lithospheric mantle.
The depressed areas of the 660 km discontinuity beneath
the Pannonian Basin indicate the places where local
downwelling into the lower mantle may develop, if not
already occurring.

2. Geodynamic Setting and Scenario

[4] Central Europe has been a tectonically active zone
since the Cretaceous and throughout the Cenozoic. The
region, lying in the eastern extension of the main collision
zone between Africa and Europe, the Alps, has experienced
a complex geodynamic history. At the end of the Cretaceous
and during the Palaeogene, a mosaic of continental terranes
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and Neo-Tethys-related oceanic lithosphere fragments gov-
erned the evolution of this area [Csontos and Vörös, 2004;
Stampfli and Borel, 2004; Schmid et al., 2008]. The
successive subduction and accretion of these micro-terranes
set the scene for the formation of the extensional Pannonian
Basin, with deep sedimentary basins, and the rise of the
surrounding mountain ranges, the Carpathians and the
Dinarides (Figure 1). The latest and currently most active
part in this range is the Vrancea zone, where Eastern and
Southern Carpathians meet [Bada et al., 1999; Lorinczi and
Houseman, 2009].
[5] Geophysical measurements in the Pannonian Basin

show that the crust and the lithosphere are thinned beneath
the entire basin, and that the thermal regime is warmer than
the global continental average [Horváth et al., 2005b; Środa
et al., 2006; Brückl et al., 2007]. Beneath the lithosphere,
the asthenosphere is thought to be hot, as indicated by
magnetotelluric measurements [e.g., Ádám et al., 1989] and
seismic tomography [Wortel and Spakman, 2000; Piromallo
and Morelli, 2003]. These latter studies also show clear
(>1.5–2%) fast anomalies in the MTZ beneath all of the
Pannonian Basin, which the authors interpret as remnants of

recent subduction episodes. Concerning the Vrancea region,
the same tomography results show a separate sub-vertical
fast anomaly, extending down to �400 km depth.

3. Data and Processing

[6] Figure 1 shows the broad-band seismological stations
providing data for our study: three profiles from the
Carpathian Basins Project (CBP) operated for 16 months,
and we obtained data from permanent stations over a 4-year
period. We use the receiver function technique that captures
P- to S-wave conversions at velocity discontinuities within
the Earth [Langston, 1979]. Frequencies between 0.033 and
0.25 Hz were kept by filtering in order to detect conversions
from the MTZ. The RF delay times were then converted to
depth using the regional PM05 velocity-model [Piromallo
and Morelli, 2003], and the conversion points (Figure S1 of
the auxiliary material) migrated to their correct geometric
positions [Zhu, 2000].1 These converted signals were

Figure 1. Study area and station location for the Carpathian Basins Project (2005–2007). The Pannonian Basin is
surrounded by mountain ranges resulting from several episodes of collision and subduction between Africa and Europe.
VB, Vienna pull-apart basin. MHL, Mid-Hungarian Line, dividing two micro-terranes (Alcapa to the North and Tisza to the
South) in the Pannonian Basin. The orange line shows the extent of the flysch formation of the Outer Carpathians.
Permanent broadband station data were accessed through GEOFON (http://geofon.gfz-potsdam.de/geofon/), ORFEUS
(http://www.orfeus-eu.org/), and IRIS (http://www.iris.edu/hq/), as well as from the Geodetic and Geophysical Research
Institute of the Hungarian Academy of Sciences. Temporary stations used Guralp 6TD and 3T instruments. Migrated
profiles a-f are shown on Figure 2 with dots at 100 km intervals, circles A-C are 140 km radii areas for waveform stacking
(see Figure S3).

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL040171.
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binned into voxels and smoothed, accounting for the size of
the Fresnel zone and the vertical resolution of the RF, to
produce the final images of the MTZ discontinuity depths.
Details of data and processing are given in the auxiliary
material.

4. Results

[7] Six slices of our 3-D migrated image (see Figure 1 for
locations), representative of the observed features are shown
on Figures 2a–2f. Relative to the typical depth of the 410
and 660 km discontinuities (‘410’ and ‘660’ hereinafter), we
can observe that:
[8] 1. The converted amplitudes associated with the ‘410’

are sub-horizontal, and lie at their normal depth, with
deviations rarely exceeding 10 km.
[9] 2. On the other hand, the conversions from the ‘660’

are imaged clearly deeper than the global average, with
apparent depths ranging from �665 km to �700 km.
[10] 3. Significantly weaker and localized conversion

amplitudes are observed at or around the proposed discon-
tinuity at 520 km depth (wadsleyite ! ringwoodite phase
change).
[11] These observations imply that the mantle transition

zone below the Pannonian Basin is in general thicker than
the global average (250 km estimated by Chevrot et al.
[1999]; 242 ± 2 km by Lawrence and Shearer [2006]) by up

to 40 km. Lateral variations in thickness can be assessed on
the RF waveforms (see auxiliary material) as well as in
map-view: interpolated surfaces of both the ‘410’ and the
‘660’ were obtained by manual picking on both N-S and
E-W oriented slices (Figures 2g and 2h). Figures 2g and
2h demonstrate, at least in the well resolved parts (see
auxiliary material) of our image, that the MTZ thickening
is a result of the clear deepening of the ‘660’, while the
‘410’ shows no significant deviation.
[12] Our results broadly agree with previous investiga-

tions of the mantle transition zone beneath Central Europe
based on reflected and refracted phases from regional events
[Świeczak et al., 2004] and on RFs from fewer stations
[Hetényi and Bus, 2007; Geissler et al., 2008], and bring a
new, higher resolution, three-dimensional image of the MTZ
in this region. The new images show variations in depth of
the ‘660’ conversions occurring with wavelengths on the
order of 200 km, forming visible undulations such as a
bowl-shaped depression below the Eastern part of the
Pannonian Basin (see the centre of profile b and c, as well
as the Eastern part of profile d), which are independent from
variations in VP/VS within the MTZ (see auxiliary material).
Comparison of our results with those from a similar study of
the Alps [Lombardi et al., 2009] raises important questions:
in both cases the ‘660’ is deeper by as much as 40 km, yet
Alpine geology has been dominated by continental conver-
gence since 15Ma, whereas the Pannonian system underwent

Figure 2. Mantle transition zone structure presented in profile as well as in map view. Migrated receiver function profiles
of the mantle transition zone along (a–c) S-N and (d–f) W-E directions (see Figure 1 for locations, as well as the averaged
topography above each profile for reference). Red colors indicate positive impedance contrast with depth. Thin horizontal
lines are drawn at 410, 520 and 660 km depth. Thin vertical lines show location of intersections with perpendicular profiles.
Thin green lines bound well-resolved areas of the image, i.e., with more than 20% of the maximum ray coverage (g–h).
Map view of the mantle transition zone interface depth beneath the study area. First, the (g) 410 and (h) 660 km
discontinuities were picked manually (orange dots) and interpolated to produce depth maps. Depths were picked only
within the well resolved part of the image (i.e., more than 20% of the maximum ray coverage); the remaining part of the
image is in grey. The significant thickening is caused by the deflection of the ‘660’, the ‘410’ being close to its expected
depth. The Mid-Hungarian Line and the Carpathian flysch are drawn for reference.
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a phase of rapid extension followed by structural stabilization
since 10 Ma. Is depression of the ‘660’ in both regions
actually related to lithospheric events that occurred prior to
10 Ma or even earlier?

5. Discussion and Conclusions

[13] In the context of subduction, a thickened MTZ is
usually interpreted in terms of a colder thermal regime than
the ambient mantle temperatures [e.g., Lebedev et al.,
2002]. In order to explain a �40 km MTZ thickening solely
as an effect of temperature, a negative anomaly of the order
of 300 K is required throughout the MTZ (considering
Clapeyron-slopes of 2.9 and –1.9 MPa/K for the ‘410’
and the ‘660’, respectively [Bina and Helffrich, 1994]).
However, our results beneath the Pannonian-Carpathian
region provide complementary information with better spa-
tial resolution than earlier tomographic images [Wortel and
Spakman, 2000; Piromallo and Morelli, 2003]. Thickening
is mainly caused by deepening of the ‘660’ without major
variation in the depth of the ‘410’. Direct conversion of
these anomalies in depth to thermal anomalies at the
interfaces using the above Clapeyron-slopes would imply
normal mantle temperatures at the ‘410’, and temperatures
lower than normal by up to 800 K at the ‘660’.
[14] In the light of tomography and RF results, and the

geodynamic history of the region, we interpret the anoma-
lously deep 660 km transition as a result of accumulation of
cold, denser material. Similar magnitude deflections of the
‘660’ are observed where subducting slabs are actively
impinging on the lower mantle [Shearer and Masters,
1992; Li et al., 2000]. Such observations beneath the NW
Pacific have been interpreted as showing the downward
movement of the cold upper mantle through the petrological
barrier of the 660 km discontinuity [Li and Yuan, 2003].
Observations similar to ours of a flat ‘410’ but structurally
complicated and deepened ‘660’ have been described
beneath the eastern part of the North China Craton [Chen
and Ai, 2009] and interpreted as a stagnant slab with
possible sporadic penetration into the lower mantle. One

might also argue that localized depressions of the ‘660’ are
caused by ponding of relatively cold lithospheric mantle
material, accumulated during different subduction or con-
tinental delamination events, but not yet penetrating the
phase transition boundary. Non-olivine phase transitions,
such as garnet ! perovskite are also proposed to explain
complex RF signature of the ‘660’ as these can generate
multiple discontinuities and velocity gradients [Andrews and
Deuss, 2008]. Close examination of our images has not found
clear evidence of such broadened or duplicated signal. The
simplest explanation of this absence is that this recently
deposited cold material of lithospheric provenance has not
undergone the phase change associated with the ‘660’.
[15] A schematic geodynamic interpretation of the prov-

enance of subducted or delaminated lithospheric material is
shown on Figure 3. Cold material in the MTZ has been
accumulating since at least the Cretaceous, from sustained
continental convergence and successive subduction of
Neo-Tethys-related sub-basins. Associated with the colli-
sion of Africa with Europe, the Penninic oceanic fragment
has sunk into the MTZ in the Cretaceous—Early Palaeogene
[Csontos and Vörös, 2004; Schmid et al., 2008]. The Vardar
Ocean, whose suture lies to the southwest of the Pannonian
Basin has disappeared in a second stage of convergence
during the Palaeogene [Csontos et al., 1992; Kovács et al.,
2007], as has the Ligurian oceanic fragment west of the
Apennines [Faccenna et al., 2004]. In the Miocene from
17 to 11 Ma the Carpathian flysch basin lithosphere has
been apparently consumed by the East Carpathian subduc-
tion zone [Horváth, 1993]. Though subduction ceased at
11 Ma, sinking of cold, possibly continental mantle towards
the MTZ continues beneath the SE Carpathians at least
[Lorinczi and Houseman, 2009]. At present, lithospheric
material of different age and provenance occupies the MTZ
(Figure 3): it is unlikely that these fragments continue to
behave as slabs, but rather deform viscously as they are
sheared and mixed by a continuing convective circulation.
This complex history may explain the irregular lateral vari-
ation in depth of the ‘660’.

Figure 3. Schematic representation of lithospheric relationships and evolution in the Pannonian Basin region. Blue-yellow
colors mark the Adriatic (AL), the West European (WEL) and the East European (EEL) lithospheres. Red arrows represent
lithosphere movement paths along which lithospheric material have reached the mantle transition zone. The pale brown
bodies represent the areas where the following ocean remnants have sunk: Penninic in the Cretaceous, Vardar in the
Palaeogene, and the East Carpathian subduction in the Miocene. The next source of lithospheric material will be the arrival of
the Vrancea zone into the mantle transition zone, currently extending down to a depth of �400 km.
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[16] The fact that cold material fills the MTZ beneath the
Pannonian Basin, seen now by both tomography and
receiver function images from independent data, has impli-
cations for the thermal regime and volcanism of the region.
The observed high heat flow at surface [Horváth et al.,
2005b], the slow seismic anomalies above the MTZ [Wortel
and Spakman, 2000; Piromallo and Morelli, 2003], the high
electrical conductivities [e.g., Ádám et al., 1989], and the
potential upward displacement of hot material by the
sinking slabs all call for a hot upper mantle. In addition
dehydration of descending slabs [Ono, 2007] may have
released water into the upper mantle, which triggered post-
Miocene volcanism in the Pannonian Basin [Harangi et al.,
2007]. Although a plume originating in the lower mantle is
proposed for continental European volcanic areas [Goes et
al., 1999], the downward deflection of the 660 km disconti-
nuity almost everywhere beneath the Pannonian-Carpathian
region implies that this plume is unlikely to have strongly
impacted the upper mantle in this region. Indeed, an upper
mantle source for the observed volcanism seems more
probable, which is also supported by geochemistry, tomog-
raphy and plate kinematics [Piromallo et al., 2008].
[17] In conclusion, the Pannonian Basin is a region with a

complex geodynamical history of subduction, lithospheric
deformation and gravitational instability reflected now in
structures observed in the mantle transition zone. The history
of subduction events and continuing lithospheric instability
integrated over Cretaceous and Cenozoic times explains in
principle the observed thickening of the MTZ which is now
imaged here in unprecedented detail.
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