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R E V I E W : G E O P H Y S I C S

Subduction and Slab Detachment in the
Mediterranean-Carpathian Region

M. J. R. Wortel* and W. Spakman*

Seismic tomography models of the three-dimensional upper mantle velocity structure
of the Mediterranean-Carpathian region provide a better understanding of the litho-
spheric processes governing its geodynamical evolution. Slab detachment, in partic-
ular lateral migration of this process along the plate boundary, is a key element in the
lithospheric dynamics of the region during the last 20 to 30 million years. It strongly
affects arc and trench migration, and causes along-strike variations in vertical mo-
tions, stress fields, and magmatism. In a terminal-stage subduction zone, involving
collision and suturing, slab detachment is the natural last stage in the gravitational
settling of subducted lithosphere.

Among the geological features in the
Mediterranean region that continue to
capture Earth scientists’ attention are

the arcuate mountain belts of the Betics, the
Maghrebides, the Apennines, the Alps, the
Carpathians, and the Dinarides-Hellenides
(Fig. 1). In particular, in view of the evidence
for collision in the Alps, the geodynamical
evolution of the region has generally been
considered in the context of the convergence
of Europe and Africa. In spite of convergence
acting as the primary plate tectonic process,
several regions exhibit large-scale extension,
such as the Alboran Sea, the Algero-Proven-
çal and Tyrrhenian Sea basins, the Pannonian
Basin, and the Aegean region. These are lo-
cated inside the arcuate belts (Fig. 1). The
extension started about 30 million years ago
(Ma) (1). The combination of convergence,
with expected compression, and extension
has been a long-standing enigmatic feature of
the region (2, 3).

Understanding these complexities re-
quires the recognition that the Mediterranean
Sea region exhibits important lateral varia-
tions in crustal and upper mantle structure.
Early studies of the deep structure (4) and
heat flow (5) revealed distinct differences
between the crust and upper mantle in the
western-central Mediterranean [such as the
Algero-Provençal and Tyrrhenian Sea basins
(Fig. 1)] and those in the eastern Mediterra-
nean. With the advent of plate tectonics, at-
tempts were made to interpret the structure
and to formulate the evolution of the Medi-
terranean region in terms of plate tectonic
concepts. In agreement with the prominent

role of seismicity in the early stages of plate
tectonics, the occurrence of intermediate-
depth and deep earthquakes provided the first
clue toward interpreting the Mediterranean
(6–8) and Carpathian (9) regions in the new
framework, with subduction as an important
element. The higher temperatures in the west-
ern Mediterranean basins (5) were associated
with spreading activity in the wake of the
moving continental blocks of Corsica, Sardi-
nia, and (parts of ) Italy (10–12), for the
rotation of which paleomagnetic evidence
was accumulating (13, 14). The growing geo-
logical and geophysical data sets, and newly
developing ideas, were gradually integrated
into tectonic reconstructions. By the mid to
late 1980’s, the various reconstructions had
converged toward a small set of rather similar
reconstructions (15–17). A noteworthy as-
pect is that they showed great similarity with
the ideas formulated by Argand as early as
1922 (18). They describe, in a kinematic way,
the Mediterranean region as a plate boundary
zone, involving collision and migrating sub-
duction zones accompanied by extension.
The eastern Mediterranean basins (such as
Ion, Adr, and Lev; Fig. 1) are part of the
African plate and were formed in the Meso-
zoic. The western basins (A-P and Tyr; Fig.
1) constitute a deformed plate boundary re-
gion of the Eurasian plate and were created
by back-arc extensional activity in the Late
Oligocene to recent times.

The concept of a land-locked basin setting
(19) provided a basis for a dynamical analysis
of the region. The land-locked basin setting
of the Mediterranean region leads, by slab
roll-back (20), to the consumption of the
oceanic lithosphere between Africa and Eu-
rope and to extension in the lithosphere above
the subduction zone (21). In a kinematic
sense, the slab roll-back process also ac-
counts for the relative motions of about 3

cm/year in the Hellenic trench region, whereas
the overall Africa-Eurasia convergence rate is
only 5 to 10 mm/year (22). The same land-
locked basin setting, albeit on a smaller scale, is
assumed for the region now occupied by the
Pannonian Basin and Carpathians (Fig. 1) (23,
24): an oceanic embayment which has disap-
peared due to subduction. In contrast with the
Mediterranean case, however, this disappear-
ance is complete. Studying the Mediterranean
region in close combination with the Car-
pathian-Pannonian region is useful because the
regions show similarities and differences, the
study of which provides a more complete pic-
ture of the underlying processes.

Subduction plays a central role in most
current models about the geodynamics of the
region. Here, we summarize and discuss
some recent and ongoing developments in
studies of the evolution of this process in the
region, and of its relation to geological pro-
cesses at or near Earth’s surface. We focus on
the step from structure and kinematics to
dynamics. In doing so, we concentrate on the
Apennines-Maghrebides arc and Hellenic arc
in the western and eastern Mediterranean,
respectively, and the Carpathian arc (Fig. 1).

Seismic Velocity Structure
Seismic tomography models of parts, or all
of the Mediterranean and surrounding re-
gion (25–38) have been fundamental for
locating and delineating the subducted
lithosphere involved in its Cenozoic evolu-
tion. Two important early observations are
that (i) much more slab is imaged than is
reflected by seismicity, implying that seis-
micity is a poor indicator for the amount of
subducted lithosphere and the period of
subduction involved (25–27 ) and that (ii)
not all slabs in the Mediterranean region
seem to be connected to the lithosphere at
the surface, which has been interpreted as
an indication for slab detachment (25, 26,
29–31). We will briefly review mantle
structure using results from a recent tomog-
raphy model of P-wave velocity heteroge-
neity (39). Subducted slabs appear as pos-
itive seismic velocity anomalies (40).

The depth slices at 200 and 600 km depth
presented in Fig. 2, A and B, show structural
features (41) which were also detected in
many earlier tomographic models. At 200 km
depth, slab structures are found below the
Betic-Alboran region (27, 29, 30, 35, 38), the
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Calabrian arc (27, 29, 32–34, 36, 37 ), the
Aegean region (26, 29, 34, 35), and the east
Carpathians (Vrancea) (29, 34, 42). In the
western Mediterranean, the Betic-Alboran
slab is rather isolated in the mantle and is
only seismically active at depths of about
640 km (43). The Apenninic-Calabrian slab
is the dominant feature in the central Med-
iterranean. Below Calabria, the slab broad-
ens with depth (Fig. 2, A through D), in
particular below 200 km, where it starts to
underlie the central and southern Apenni-
nes and the east Tyrrhenian basin (Fig. 2D).
Near the base of the upper mantle, it broad-
ens (Fig. 2B). Two vertical slices (Fig. 2, E
and F) in dip direction (i.e., opening direc-
tion of the southern Tyrrhenian basin) re-
veal the slab lying flat on the upper to
lower mantle boundary, also imaged, to
some extent, in another study (36 ). Directly
below the Calabrian arc, the slab is imaged
as a continuous high-velocity anomaly
(Fig. 2E) (33, 36, 37 ). In contrast, the slab
below the central-southern Apennines has
no high-velocity connection to crustal lev-
els and is entirely overlain with low veloc-
ities (27–29, 34, 36 ) (Fig. 2, A, C, and F).
The analysis of S-wave velocities (44 ) cor-
roborates these results. This peculiar geom-
etry has led to the interpretation of slab
detachment below the Apeninnes (27, 31).
Detachment of the Calabrian segment re-
mained uncertain (27, 31). Although stud-
ies (33, 36, 37, 44 ) suggest a continuous
slab (Fig. 2E) in the upper 200 km of the
mantle, small detachment gaps (,25 km)
cannot be excluded (33, 44 ). Below the
northern Apennines, all regional models
(27–29, 32, 34, 36 ) possess a slab-like
anomaly across the upper mantle. In some
models (32, 34, 36 ) it is imaged as a con-
tinuous anomaly (Fig. 2A), whereas in oth-
er models (27–29) an interruption with low
velocities is imaged between 150 and 200
km. Inefficient S-wave propagation as ob-
served for paths from deep Tyrrhenian
events to northern Apeninnic stations (44 )
would also require low seismic velocities.

Remnants of deep subduction below the
Pannonian basin have been detected earlier
(27, 29, 34) but are not outlined as well as in
the results presented here (Fig. 2, A, B, G,
and H). Nowhere along the Carpathian arc is
a continuous slab imaged from the surface
down to the bottom of the upper mantle (Fig.
2, A, G, and H). The localized Vrancea slab,
with seismicity down to about 200 km, reach-
es a depth of about 300 to 350 km, corrobo-
rating earlier results (42) regarding a deep
aseismic portion of the slab. We interpret the
flat-lying, high-velocity anomaly at the bot-
tom of the upper mantle (Fig. 2, B, G, and H)
as subducted lithosphere that could sink to
the deeper mantle as a result of roll-back and
slab detachment along-strike of the Car-

pathian arc. The Vrancea portion of the Car-
pathian slab seems continuous down to about
350 km.

Patterns of detached slab below the western
Mediterranean and the Pannonian regions are
similar. A different slab structure, however, is
found in the mantle below the Aegean, where
the slab penetrates into the lower mantle (Fig. 2,
I and J) (29, 35). The Aegean slab appears to be
the most western part of the Neo-Tethys sub-
duction (45). In the upper mantle, between 100
km and 200 km of depth, some models (26, 29)
showed signs of slab detachment below the
Dinarides and western Greece whereas another
did not (34). In all models, a continuous slab is
imaged below Crete and the southern Pelopon-
nesos (southwestern Greece). In the results pre-
sented here (39), a strong change in amplitude
is found below the Peloponnesos (Fig. 2A).
In cross section (Fig. 2J ), only small ampli-
tudes are imaged between 150 to 400 km
below western Greece, in contrast to the
strong amplitudes of the slab subducting be-
low Crete (Fig. 2I).

From Structure and Kinematics to
Dynamics

The seismic velocity structure is like a snap-
shot of a possibly still-moving object: it rep-
resents the present-day structure of a part of
the dynamic Earth. In the present context, we
discuss two ways of using this information in
process-oriented geodynamic investigations.

Testing tectonic reconstructions. The seis-
mic velocity structure can be used to test
models for the kinematic evolution (often
referred to as tectonic reconstructions) of a
region. In an early example of this approach
(46, 47), tectonic reconstructions of the Med-
iterranean-Carpathian region (15–17) were
used to predict, by numerical modeling, the
present-day upper mantle structure. The mer-
its of this approach are twofold: (i) the avail-
able results of geological studies of various
kinds, including information on timing, are
incorporated into the analysis, and (ii) the
three-dimensional upper mantle velocity
structure was not used in the tectonic recon-
structions and therefore constitutes indepen-

Fig. 1. Plate boundary evolution in the Mediterranean-Carpathian region. The large black arrows
indicate the inferred directions of lateral migration of slab detachment along the Apennines-
Calabria arc, the Hellenic arc and the Carpathian arc. The blue colors indicate bathymetry. Dark
blue: deeper than 2.5 km; intermediate blue: 2.5 to 1.0 km; light blue: shallower than 1.0 km. The
darkest blue color approximately corresponds with the presence of oceanic lithosphere. The Aegean
Sea is underlain by (extended) continental lithosphere. The lithosphere below the Adriatic Sea is
probably also continental. In all arcs, the outermost curves with the sawtooth pattern indicate the
present location of the convergent boundary. The sawteeth point in the direction of subduction or
underthrusting. Black sawteeth indicate where the subducting slab is considered to be continuous.
White sawteeth indicate plate boundary segments where slab detachment is assumed to have
occurred. Red sawteeth (Calabria) indicate that slab detachment may have taken place recently.
Segments with open sawteeth (Alps) are not discussed in detail. For the western Mediterranean
region, three stages in the migration of the plate boundary are displayed. Black and white sawteeth
have the same meaning as above, but now refer to the situation at the indicated times in the
evolution. For the Carpathian and Aegean region, the dashed lines only approximately indicate the
position of the convergent boundary at the indicated times. For the Aegean, 10 to 15 Ma refers to
the recent phase of extension in the southern Aegean; earlier extension started at least as early as
about 25 Ma. Adr, Adriatic Sea; Aeg, Aegean Sea; Alb, Alboran Sea; Ap, Apennines; Cr, Crete; A-P,
Algero-Provençal Basin; Bet, Betics; Cal, Calabria; Car, Carpathians; Co, Corsica; Cr, Crete; Din,
Dinarids; Hel, Hellenic Arc/Trench; Ion, Ionian Sea; Lev, Levantine Basin; Mag, Maghrebides (from
the Rif to Sicily); NAF, North Anatolian Fault; Pan, Pannonian Basin; Rif, Rif; Sa, Sardinia; Si, Sicily;
Tur, Turkey; and Tyr, Tyrrhenian Sea or Basin.
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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 1X%, where X 5 2.5 in (A), (C), and (D), and X 5 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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the Apennines-Calabria arc (and its exten-
sion into northern Africa, the Maghre-
bides), the Carpathian arc, and the Hellenic
arc (31, 53). The inferred directions of
migration are indicated in Fig. 1.

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

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

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

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

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

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

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

Fig. 3. Lateral migration of slab detachment: a schematic representation [after (31)]. An initially
small tear in the slab (A) propagates approximately horizontally and (B) develops into a large tear
(54). The tear propagation is not expected to take place at a uniform rate; slab detachment most
likely occurs episodically, in segments. Eventually the entire slab may break off. The slab pull—the
gravitational force associated with the cold, and hence, dense subducted lithosphere—is concen-
trated in the still continuous part of the slab, leading to pronounced arc curvature. The star
indicates seismic activity in the stress concentration region. The initial small tear may develop at
one side end of a slab (as indicated here), but also somewhere in an intermediate segment of the
subduction zone. The right-hand side of the boxes may, depending on the subduction zone involved,
represent the actual side end of a slab, as well as an approximate plane of symmetry. The detached
part of the slab does not necessarily remain coherent. The evolving stress distribution may lead to
breaking up into separate parts of the detached slab, schematically indicated by the dashed line.
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Fig. 4. Plate boundary processes predicted to
accompany lateral migration of slab detach-
ment. The concentration of slab pull forces
causes a pattern of subsidence (depocenter de-
velopment) and uplift migrating along strike. It
also enhances arc migration (roll-back). Asthe-
nospheric material flows into the gap resulting
from slab detachment and causes a specific
type of variable composition magmatism, of
finite duration, and possibly mineralization.
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Another class of implications of the slab
detachment process concerns geodynamic pro-
cesses with a strong thermal component such as
magmatism, with mineralization as a closely
related process, and metamorphism (31, 65).
The basis for this is the possibility that slab
detachment occurs at such a shallow depth that
asthenospheric material can rise to fill the new-
ly formed gap (Fig. 4), thereby reaching levels
as shallow as 50 km or less (55, 65). This
provides an advective-type source of heat, of a
transient nature. The detachment process ex-
poses the crust and mantle parts of the subduct-
ing lithosphere to high asthenospheric temper-
atures, causing melt generation, and even al-
lows for the melting of the inflowing astheno-
spheric material itself. Von Blanckenburg and
co-workers (66, 67) compiled observations on
timing and composition concerning magmatism
in the Alps—in particular, along the Periadriatic
line—and proposed that they can be explained
by the occurrence of slab detachment. Because
no clearly defined upper mantle structure is
available as a basis for a hypothesis, we cannot
consider this situation to be a test. For the
Carpathians, however, there is such a basis (Fig.
2), and the results of studies on Carpathian
magmatism (68–70) can be taken as evidence
of support of the migrating slab detachment
hypothesis. For the Apennines, the temporal-
spatial variations in depocenter shifts (57–60)
and those in magmatic activity (71, 72) corre-
late to such a degree that exploring the possi-
bility of a common origin (i.e., lateral migration
of slab detachment) seems promising. Finally,
observational evidence was presented for a
causal relationship between the occurrence of
shallow slab detachment and the distribution of
mineralized zones in the European Alpine belt
(73).

The Geodynamical Evolution of the
Mediterranean-Carpathian Region
The number of different approaches to the
dynamic aspects of the regional evolution is

small. They can be summarized as Africa-
Eurasia convergence and its consequences,
delamination of the lithospheric mantle (74)
and closely related mechanisms, and roll-
back in a land-locked basin setting. The first
and third approaches address arc migration in
combination with (back-arc) extension,
whereas the second is concerned with exten-
sion only.

Africa/Arabia-Eurasia convergence. In
the pioneering attempts to relate the regional
seismicity to plate tectonics (7, 8), the ap-
proach was primarily kinematic. The south-
western motion of the Hellenic arc, in com-
bination with the westward motion along the
North Anatolian Fault Zone (Fig. 1) of Tur-
key, was suggested to result from the conti-
nental collision between Arabia and Eurasia.
After the land-locked basin concept was in-
troduced, the discussion on the extension in
the Aegean region focused on the role of the
westward push of Turkey versus that of the
slab pull–related forces acting in the Hellenic
trench region (75). Similarly, the eastward
migration of the Calabrian arc and the exten-
sion in the Tyrrhenian Sea (76), and the
eastward motion of material in the eastern
Alps and the Carpathian region (77) have
been attributed to the Africa-Eurasia conver-
gence and resulting collisional and extrusive
processes.

For the Aegean region, its present activity
and the advances in geodetic methods allow a
detailed quantitative approach. Numerical mod-
eling of stress field and deformation, combined
with observations, indicated that primarily an
outward-pulling effect associated with the Hel-
lenic trench is needed (78). Only a secondary
contribution of the push of Turkey is needed to
improve the fit to the displacement and the
stress field orientation data. From a recent anal-
ysis of global positioning system (GPS) mea-
surements (79), this conclusion was confirmed
and strengthened, in particular on the basis of
the observed increase in the relative motion

with respect to Eurasia, from Turkey to the
Aegean. In spite of the apparent primary role of
roll-back, at least for the Aegean region, plate
convergence should be considered to be a sig-
nificant background process, as was done in
several studies (77, 80–82). Adopting an ap-
proach directed toward explaining the regional
tectonics solely on the basis of plate–kinemati-
cally induced forces (76, 83, 84), and not ac-
cepting slab pull as a possible driving force, is
less satisfactory. Thus, it seems that the direct
role of Africa/Arabia-Eurasia convergence in
arc migration and associated extension is sec-
ondary to that of roll-back in a land-locked
basin setting. The stage for the latter mecha-
nism has been set, however, by the Africa/
Arabia-Eurasia convergence.

Delamination of the lithospheric mantle
and gravitational collapse of an orogenic
wedge. Apart from roll-back and extrusion
due to convergence several other extension
generating processes have been proposed as
relevant in the Mediterranean region (1, 85):
uplift and extension after delamination of
thickened lithosphere (74), and, mechanical-
ly related but formulated in a specific setting
and geometry, the collapse of a thickened
wedge of crustal material at a convergent
plate boundary (80, 86).

Delamination of the lithospheric mantle as
a process responsible for the generation of the
large extensional basins in the Mediterranean
region is unlikely. The geometry of the high
velocity anomalies in the upper mantle (Fig.
2) and their agreement with the predicted
anomalies based on lithosphere subduction,
in combination with the paleomagnetic evi-
dence for rotation of continental blocks (13,
14), appear to rule out delamination. This
does not preclude the possible validity of this
mechanism on a more restricted scale, such as
in the Betics (74), or in other regions where
the difference between a subduction history
ending with slab detachment and lithospheric
thickening with subsequent delamination is
difficult to assess and may, in fact, be small.

Collapse of an orogenic wedge of crustal
material has been proposed for the Tertiary
evolution of the Aegean region (85–87).
Variations in Africa-Eurasia convergence
rates are suggested to account for alternating
episodes of extension and compression (86).
This process predominantly pertains to crust-
al levels. The main phases of collapse are
attributed to pronounced roll-back in a low
convergence rate situation. The formation of
an orogenic wedge requires a convergent
boundary in the period involved. Evidence
for a long slab subducted in the region (Fig.
2, I and J) agrees with this required condition.
Thus, this approach and the previous one
point to a major role of the roll-back process.

Land-locked basin setting, roll-back, and
slab detachment. Slab detachment is the nat-
ural last stage of the subduction process in the

Fig. 5. Horizontal com-
ponents of the motion
vector solutions (ve-
locities relative to sta-
ble Eurasia) for sta-
tions in the Mediterra-
nean region. This is an
updated version of fig.
2 in Noomen et al.
(102). The solution,
with code number
SSC(DUT)98C02, is
based on a combina-
tion of satellite laser
ranging and GPS data.
The error ellipses rep-
resent 3s values. Al-
though more detailed
observations are avail-
able for separate parts of the region [e.g., (79)], this overall figure displays the difference between
motions for the Apennines-Calabria arc and those for the Hellenic arc.
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land-locked basin setting. Lateral migration
of slab detachment concentrates the slab pull-
ing forces and thereby also concentrates the
arc migration inherent to the roll-back pro-
cess (Figs. 3 and 4). If slab detachment is
complete, roll-back stops. Here, we review
the extent to which the migrating slab detach-
ment process contributes to explain the geo-
dynamical evolution of the Mediterranean-
Carpathian region, since about 30 Ma. Al-
though at that time the land-locked basin
setting, in the strictest sense (19, 21), may not
have been achieved yet (in particular along
the eastern boundary of the region), the con-
vergence rates were so low (17) that the
mechanical configuration already could be
described as such. Starting from convergent
plate boundaries in the western Mediterra-
nean (at ;30 Ma) and in the eastern Medi-
terranean (;10 to 15 Ma), slab roll-back is
considered to have caused trench migration
(Fig. 1). Once the trench migration results in
the contact between the trench and the conti-
nental lithosphere, the downgoing slab may
become detached (55). In the western Medi-
terranean this happenened (81) first along the
north African continental margin, at about 18
Ma. By 15 to 16 Ma, the northward subduct-
ing part of the African lithosphere had be-
come detached (without a clear migration
pattern), which implied that slab pull forces
were only acting along the north-south trend-
ing eastern plate boundary (Fig. 1). This is
proposed to be the cause for the opening of
the Tyrrhenian Basin and the rotation of the
Apenninic plate boundary (81, 82). To allow
this rotation the Apenninic-Calabrian slab
had to separate along a vertical tear from the
north African slab. The rotating Apenninic-
Calabrian trench system again encountered
continental lithosphere, this time of the Ad-
riatic lithosphere to the east (Fig. 1). This
encounter probably first occurred in the
northern part of the trench system. Again,
slab breakoff takes place (8 to 9 Ma) which
then migrates southeastward (Fig. 1). Increas-
ingly, the action of the slab pull forces be-
comes limited to, and concentrated in, the
southern Apennines/Calabria segment (57–
60). This accounts for the development of
enhanced roll-back with corresponding ex-
tensional activity in the back-arc region of the
southern Tyrrhenian Sea and the inception of
ocean spreading activity in the Vavilov and
Marsili Basins (12).

This model predicts that the plate bound-
ary segment between northern Africa and
Sicily cannot be a subduction zone; it should
be a dextral transform boundary zone (Fig.
1). The regional tectonics support this infer-
ence (88), and tomographic images indicate
the absence of subducted lithosphere under-
neath this boundary segment (81). North-
south compressive features, however, are ob-
served on Sicily (89). They may be attributed

to the slow Africa-Eurasia convergence. The
transform fault type of setting was used to
propose an interesting explanation for the
location and activity of Mount Etna (90).

On the basis of earlier work (27–29), we
also proposed slab detachment for the northern
Apenninic arc (31). As discussed above, how-
ever, the inferences made from the many mod-
els of mantle structure that appeared in the last
decade, including from our own models (28,
29, 35, 39), are not equivocal. Slab detachment
below the northern Apennines is not required
to trigger detachment below the central Apen-
nines. The trigger may have resulted from in-
cipient subduction of the continental litho-
sphere (55) below the northern-central Apenni-
nes, after which the tear migrated southward
and possibly even northward.

For the Aegean region of the eastern Med-
iterranean, studies (78, 79, 85–87) have indi-
cated that roll-back is an important process.
For this region, the role of slab detachment in
this roll-back process and the relationship
between the subduction zone evolution and
back-arc deformation are topics of active and
future research. Whereas structural evidence
for slab detachment is inconclusive, several
studies have indicated that slab detachment
would explain observations of stress field
variations (63), arc migration, and back-arc
deformation (91, 92).

For the western part of the Carpathian-
Pannonian region, the starting configuration
of the convergent plate boundary is schemat-
ically indicated by the dashed line (Fig. 1).
The indicated timing (;30 Ma) is uncertain
(24). Eastward directed extrusion caused by
collision in the eastern Alps (77) may have
contributed to the initiation of subduction
along this boundary, possibly of a dextral
transform nature (dashed line in Fig. 1), and
the subsequent migration. Roll-back presum-
ably caused further east-northeastward mi-
gration of the trench, which led to collision
with the continental margin, first at about 16
Ma in the north, in the area of the present-day
western Carpathians (93). This provided the
local cause for slab detachment (55), which
from there started to migrate eastward (Fig.
1) toward the Vrancea Zone. The roll-back of
the convergent plate boundary led to the sub-
duction of the entire oceanic embayment, and
came to a stop when all around the embay-
ment the trench system reached the surround-
ing continental margins. The remnants of the
oceanic embayment are found in the lower
part of the upper mantle (Fig. 2, B, G, and
H). The migrating convergent plate boundary
allowed for the east-northeastward motion of
the Alcapa block in the north and the east-
southeast motion of the Tisza-Dacia block in
the south, into the present-day Pannonian
region (24, 94).

A close relation between the subduction
processes occurring in the Alps and those in the

Carpathian arc is expected (77, 95, 96). Also,
the slab detachment process is, quite convinc-
ingly, invoked to play a major role in the Alpine
evolution (66). In contrast with the Carpathian
region, however, models of the upper mantle
structure have not provided a solid basis to
work on along the same lines as outlined above
for the other orogenic belts. Therefore, the evo-
lution of the subduction process and in partic-
ular the possible role of slab detachment in the
Alps remains in the realm of suggested expla-
nations for observed phenomena, without com-
pelling structural evidence.

In summary, the migrating slab detach-
ment process is inferred to have started at 15
to 16 Ma along the North African margin
(albeit here without clear migration), at 8 to 9
Ma in the northern-central Apennines, at
about 16 Ma in the Carpathians, and more
recently, possibly in the Pliocene (about 4
Ma), in the Hellenic subduction zone. Parts of
the three arcs, presumably being in different
stages of the process, provide the opportunity
to study the migrating slab detachment pro-
cess in different stages. The migration of
Apenninic-Calabrian plate boundary (and its
early Maghrebides part) in the western Med-
iterranean and of the Hellenic arc in the east
jointly lead to the consumption of the older
“Mediterranean” lithosphere belonging to the
African plate (Fig. 1). The lithosphere below
the Ionian Sea, Levantine Basin, and Adriatic
Sea are the present-day remnants. In the Pan-
nonian-Carpathian region, the lithosphere of
the postulated oceanic embayment has entire-
ly disappeared by subduction.

Is slab detachment completed? Dealing
with a transient process such as migrating
slab detachment, one may wonder whether
the process is still active in any of the arcs or
whether it is completed. The plate boundary
segments of the three arcs where slab conti-
nuity is possibly maintained are indicated in
Fig. 1 by the filled sawteeth: the Vrancea
zone in the southeastern Carpathians, and the
southern segment of the Hellenic arc, near
Crete (both in black), and the Calabrian part
of the Apenninic-Calabrian arc (in red).
These are the segments which exhibit inter-
mediate depth or even deep seismicity (Fig.
3). Of these three, the Cretan segment shows
no indication of slab detachment. For the
Vrancea and Calabria segments, detachment
has been the subject of debate [(97–100, 31);
see also (101)]. In all tomographic models,
resolution is insufficient to provide the defin-
itive answer. The most direct way to test the
continuity of the slab is to investigate possi-
ble manifestations of an active slab pull force.
For the Cretan and Calabrian segments evi-
dence can be inferred from observations of
the arc migration. Geodetic observations
(Fig. 5) indicate an active outward migration
of the southern Hellenic arc, whereas the
outward migration velocity in the Calabrian
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arc, where shallow seismicity is almost ab-
sent (98, 36), is near zero (79, 102). This
implies a continuous slab in the Cretan seg-
ment. Because the outward migration of the
Calabrian arc is not hampered by continental
collision (103), this observation supports a
detached slab in this arc segment. For the
same reason, the observation that the region
has exhibited strong uplift, since about 0.7
Ma (104), is interpreted as evidence of slab
detachment (57, 104).

A similar test for the Vrancea segment is
not possible; outward migration is blocked by
the collision with the eastern European con-
tinental crust, resulting in uplift as evidenced
by fission-track data (105). In this case, how-
ever, evidence concerning the action of a slab
pull force can be found in the focal mecha-
nisms of the intermediate depth earthquakes.
They uniformly exhibit nearly vertical ten-
sional axes (101), which favors a continuous
slab at least down to the maximum focal
depth of nearly 200 km (101). The pull force
required to produce the tension is provided by
the slab present in the tomographic images at
depths between about 200 and 350 km (Fig.
2G). In the Calabrian seismic zone, however,
the state of stress is characterized by downdip
compression (98, 99), which again is indica-
tive of the slab being detached. This detach-
ment may have taken place at a shallower
depth [about 30 to 40 km (55)] than previ-
ously envisaged.

Thus, the available data lead to a different
conclusion for each of the three arcs (Fig. 1).
In the southern segment of the Hellenic arc
the downgoing slab is continuous. Apart from
some uncertainties in the northern Apenni-
nes, slab detachment in the central-southern
Apennines and in Calabria is completed, in
the Calabrian part only very recently. The
completion of slab detachment implies the
termination of roll-back in the Tyrrhenian
region because there is no engine to drive the
roll-back. Consequently, in this region the
Africa-Eurasia convergence becomes the
principal lithosperic scale process. In the Car-
pathian arc, slab detachment is nearly com-
pleted; only in the Vrancea region is the slab
still continuous. Thus, for the Carpathian arc
as a whole, migrating slab detachment is in its
final stage (Fig. 1) (106).

The key to the underlying mechanism for
the geodynamical evolution of the Mediter-
ranean region is hidden in the name, Medi-
terranean Sea, or in geodynamical terms: oce-
anic lithosphere surrounded by continental
lithosphere. The potential energy stored in
the oceanic lithosphere—relative to that of
the surrounding continental lithosphere and,
at a deeper level, the ambient upper mantle—
drives subduction, roll-back, and, finally, slab
detachment and its associated processes. Slab
detachment is the natural last stage in the
gravitational settling of subducted lithosphere

in a terminal stage subduction zone. This
evolution also applies to the Pannonian-Car-
pathian region. We expect that the under-
standing gained in the present study area will
shed light on the evolution of other tectoni-
cally active regions, as well as ancient sub-
duction zones and orogenic belts.
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ERRATUM

C O R R E C T I O N S A N D C L A R I F I C A T I O N S

S
O

U
R

C
E
:

X
Y

Z

REVIEW: “Subduction and slab detachment in the Mediterranean-Carpathian region” by M. J. R.

Wortel and W. Spakman (8 Dec. 2000, p. 1910). In Figure 1, intended to illustrate the evolu-

tion of plate boundaries in the Mediterranean-Carpathian region, the text and graphics on the

map did not correspond with the appropriate geographic features. The correct figure is shown

here.
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