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into the mantle. The shear of the upwelling
may be a consequence of the migration of the
African plate to the northeast since the break-
up of Gondwanaland, interaction with mid-
mantle heterogeneity, the 670-km phase tran-
sition or a putative’ physical boundary near
2000 km depth (3, 29).

The weakening of the low velocity anomaly
between 670 and 1000 km depth indicates that
the upwelling is obstructed. Eventually, howev-
er, an upwelling may form in the transition zone
beneath eastern Africa, which propagates along
the base of the lithosphere into the East African
rift region. The central location of the upwelling
in the deep mantle beneath southern Africa can
explain the anomalously high elevation of
southern Africa and of its contiguous ocean
basins and the high long-wavelength geoid over
Africa and the Atlantic Ocean (/7). The conti-
nuity of this upwelling into the upper mantle
region beneath East Africa compels a link be-
tween a relatively hot CMB region and flood
basalt volcanism that formed the Ethiopian
traps and contributed to the rifting in the Red
Sea, the Gulf of Aden, and along the East
African Rift (30). :
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A Lower Mantle Source for
Central European Volcanism

Saskia Goes,*t Wim Spakman, Harmen Bijwaard

Cenozoic rifting and volcanism in Europe have been associated with either
passive or active mantle upwellings. Tomographic images show a low velocity
structure between 660- and 2000-kilometer depth, which we propose to rep-
resent a lower mantle upwelling under central Europe that may feed smaller
upper-mantle plumes. The position of the rift zones in the foreland of the Alpine
belts and the relatively weak volcanism compared to other regions with plume-
associated volcanism are probably the result of the past and present subduction

under southern Europe.

The processes responsible for the formation of
the Cenozoic system of rifts in central and
western Europe are enigmatic. The rifts form an
almost continuous system of extensional struc-
tures (Fig. 1) starting in the Valencia Trough
[and possibly even further south in north Africa
(1)}, continuing through the Gulf of Lion and
the Sabne, Limagne, and Bresse grabens in
France and the Rhine and Leine grabens in
Germany and then bifurcating west into the
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Lower Rhine Embayment in the Netherlands
and east into the Eger graben in the Bohemian
Massif and into Poland.

Extensional activity along the European rift
system started in the Eocene more or less con-
temporaneous with the main and late orogenic
phases in the Alps in a belt around the Alpine
collision front (/). Rifting was accompanied by
localized volcanism and uplift possibly due to
thermal doming. In several regions of the rift
system, minor phases of older, pre-rifting vol-
canism have been dated (2). Seismicity defines
zones of active extension in the Rhenish Mas-
sif, the lower Rhine Embayment, and the Mas-
sif Central (3). Active uplift (/, 4) and volca-
nism only a few thousands years old (2) are
documented in the Rhenish Massif, Massif
Central, and parts of the Bohemian Massif. In
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the southern Rhine graben and the French gra-
bens, extensional activity has ceased in the
Miocene (). The location of volcanism and
faulting appears to be largely controlled by

Fig. 1. On a tectonic map the approximate area
covered by the European Cenozoic rift system
is shaded. A, Alps; B, Bohemian Massif (includes
the Eger graben in the north); L, Lower Rhine
Embayment; M, Massif Central (cut by the Li-
magne graben in the north and bordered by the
Sadne and Bresse grabens in the east and the
Gulf of Lion in the south); P, Pannonian Basin; R,
Rhenish Massif; T, Tyrrhenean Sea; U, (Upper)
Rhine Graben; and V, Valencia Trough. The
sawtooth pattern represents thrust faults, and
the hachured lines represent rift grabens.
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preexisting tectonic structures (7).

The scale of the European Cenozoic rift
system has led to the search for a common,
plate scale mechanism. The end member hy-
potheses are (i) foreland splitting and passive
upwelling due to the indentation of the Adriatic
block (5) or due to plate scale extension (/) and
(ii) rifting and volcanism in response to the
presence of active mantle upwellings under the
region (6—9). Although some regional exten-
sion may be occuring parallel to the Alpine arc,
there are no indications that western and central
Europe are experiencing a large-scale exten-
sional stress regime or were under large-scale
extension during the Cenozoic (3, 10). Thus, it
is difficult to explain the formation of the rift
system and its continued activity as the result of
indentation or plate boundary forces alone.

The existence of one or more mantle up-
wellings under Europe has been suggested
based on geochemical and tomographic evi-
dence. Geochemical studies (7, 8, 11) found a
common mantle component in the rocks from
the widely distributed European volcanic cen-
ters, including those from the Cenozoic rift
system, the Canary Islands, and the back-arc
Pannonian and Tyrrhenian basins. This compo-
nent is different from normal asthenospheric
mantle and has isotopic and incompatible ele-

Fig. 2 (left). Tomographic images of P wave velocity anomalies
represented as deviations from a one-dimensional reference model
[AK135 (27)]. Shown are upper mantle cross sections under Europe at
(A) 100-km and (B) 600-km depth and lower mantle cross sections
(C) at 1100-km depth and (D) 1700-km depth for a larger region including (D).

ment signatures similar to those of ocean island
basalts (7, 8, 11), which are usually associated
with mantle plumes. There is, however, no
agreement on the upper or lower mantle origin
of this component (7, 8, 11, 12). Tomographic
studies on various scales have imaged anoma-
lously low velocities under central and west-
em Europe (7, 8, 13, 14). None of these
velocity models has resolved structure below
the upper mantle and a common root zone in
either upper or lower mantle has not been
identified. We use the tomographic model of
Bijwaard et al. (15) to identify a possible
lower mantle root for the European volcanic
centers.

At depths down to about 400 km, the upper
mantle structure under Europe contains several
prominent low velocity anomalies (Fig. 2A).
The low velocities below the Pannonian and
western Mediterranean basins can be interpret-
ed in the context of their back arc setting as the
mantle wedge overlying the slab, possibly con-
taining volatiles that produce the low velocities.
Below 500- to 550-km depth, these basins are
underlain by high velocity anomalies associated
with subducted material (3, 16) lying on the
660-km discontinuity (Fig. 2B). The low veloc-
ities under the Rhenish Massif and Massif Cen-
tral have been attributed to small-scale up-

-05% [ Tl +0.5%

Fig. 3 (right). (A) and (C) are vertical cross sections through the P

Iceland and northern Africa. The white scale bars represent 500 km in (A) and
(B) and 1000 km in (C) and (D). Resolution tests can be found in Web figure
1. The color scale bar represents the percentage difference in velocity, with
the red colors indicating velocities slower than the reference model velocity
and the blue colors indicating faster relative velocities. The scale varies for
each panel, such that X = 2% in (A), 1% in (B), and 0.5% in (C) and

www.sciencemag.org SCIENCE

wave velocity model (represented as deviations from AK135; see Fig. 2
caption). Dotted lines mark the 400- and 660-km discontinuity. (B) and (D)
show “layer cake” resolution tests (75). Thin black contours indicate the
position of the input velocity anomalies (5% in the upper mantle and 0.5%
in the lower mantle). In color the recovered structure is shown. The thin
dashed lines mark the 410- and 660-km discontinuities.
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per mantle upwellings (§). Many of the low
velocity anomalies connect and skirt around the
flat lying slabs under the western Mediterra-
nean and the Pannonian basin (Fig. 2, A and B).

Within the transition zone (400- to 660-
km depth), the low velocity anomalies under
the Rhenish Massif and Massif Central dis-
appear. The anomalies may have low ampli-
tude, small dimensions, or both, but the de-
tection of a continuation of the low velocity
anomalies is hampered by the poor vertical
resolution within the transition zone (Fig. 3).
Granet and Trampert (/7) imaged a low ve-
locity anomaly beneath the Massif Central
down to 800 km, but their resolution is poorer
than that of the model shown here.

At the bottom of the transition zone, a low
velocity anomaly under the Rhenish Massif
starts to reappear and links up with a prominent
lower mantle low velocity anomaly under cen-
tral Europe (Fig. 3). In the shallow lower mantle
(900- to 1200-km depth), the central European
anomaly (CEA) is part of a semicircular low
velocity structure that links the Iceland plume,
the CEA, and a plume-like structure near the
Canary Islands (Fig. 2C) that may continue
down to the core-mantle boundary (/5). Lower
mantle low velocity anomalies under the Canary
Islands connect to upper mantle low velocity
anomalies under Spain. Note, however, that un-
der northern Africa and the Atlantic Ocean,
anomalies smaller than 300 km are not well
resolved laterally. Below 1200 to 1300 km the
semicircular structure separates into three anom-
alies again (Fig. 2D). The CEA continues down
to 2000-km depth. Below 2000 km the structure
may link up with a low velocity zone above the
core-mantle boundary (CMB) located on the
southwestern edge of the CEA, but the connec-

. tion is not resolved. The CEA between 660 and
2000 km is well resolved laterally (Web figure
1, C and D), but some vertical smearing of the
anomalies is observed (Fig. 3). The width of the
anomaly in east-west direction is about 400 km
and it is 1.5 to 2 times as long in north-south
direction. The size is within the range predicted
for the lower mantle from numerical models
(18) and is similar in width to the low velocity
anomaly interpreted as the lower mantle Iceland
plume (9). With a lower spatial resolution the
CEA is also present in the S wave velocities (20)
and in other global body wave models (21).

Seismic velocity anomalies in the shallow
mantle under Europe have been predominantly
attributed to thermal structure (22). The low
velocities between 50- and 200-km depth indi-
cate the presence of asthenosphere as shallow
as 100 km and elevated temperatures (by 100°
to 300°C) relative to the surroundings (22), but
they do not present evidence for anomalously
hot mantle (with temperatures 75° to 300°C
above an average mantle adiabat) as expected
for plumes (23). At 400-km depth temperatures
responsible for the low velocity anomalies are
estimated to be about 1650°C, about 100°C
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above a mantle adiabat. The maximum ampli-
tude of the lower mantle CEA is 0.55%. Using

Karato’s (24) 9V/dT estimate, this would cor-

respond to a maximum temperature anomaly of
200°C, if the low velocities are attributed solely
to temperature. The S wave (20) CEA (maxi-
mum amplitude of 0.8%) yields a similar tem-
perature estimate. This is a lower bound on the
maximum temperature because the amplitude
of the anomaly may be underestimated. The
thermal anomaly is consistent with estimates
for other lower mantle plumes (23).

Evidence for upper mantle plume structures
under western and central Europe has been
found before (7, 8, 17), and a common root zone
for these upwellings has been proposed (7, 8,
11). We suggest that the lower mantle low ve-
locity anomaly under central Europe is the com-
mon root for European volcanism, supplying the
heat and probably also some material for the
upper mantle upwellings. We attribute the ab-
sence of a more mature rifting zone and large-
scale volcanism, such as seen for example in the
East African rift zone, to the interaction of the
plume with subducted material under southern
Europe and the predominantly compressive Eu-
ropean stress regime (/0). The thin European
lithosphere (100 km or less) with preexisting
zones of weakness (/) and the stress field asso-
ciated with the Alpine collision (5) may allow
the relatively weak plumes to reach the surface.

The ages of European rift volcanism indicate
that—assuming volcanism is related to a lower
mantle plume—the plume dates back to before
subduction in the Mediterranean and Pannonian
basins was fully developed [ possibly as far back
as the breakup of Pangea (9, 25)}]. In the upper
mantle the upwelling plume material would
have been progressively pushed aside by the
subduction of cool material, forcing hot material
to well up in a zone surrounding the subduction
zones (Fig. 2B). This would be consistent with
the observed synchronicity of Alpine orogenesis
and western and central European rifting (/) and
the geometry of the rifting zones in the foreland
of the Alpine and Pannonian subduction zones.
Furthermore the rifts closest to the Alpine front
(Bresse, Saone, and upper Rhine grabens) have
ceased their activity possibly in response to the
advancing collision front, while the zones fur-
thest away (Massif Central, Rhenish Massif, and
northern Bohemian Massif) are still active or
have been until very recently (/). Volcanism in
the back-arc regions in the Pannonian and Tyr-
rhenian basins may tap an upper mantle previ-
ously affected by plume activity, explaining
the plume signature seen in rocks from these
regions (7) where volcanism is subduction-
related. A lower mantle upwelling south of
the Canary Islands may contribute to volca-
nism in the western Mediterranean.

The proposed scenario is consistent with
numerical models (26) which show that low-
er mantle plumes trigger much narrower up-
per mantle plumes (possibly including some
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material exchange across 660 km) and that
lateral displacement of upwelling material in
the upper and shallow lower mantle may
occur below downwellings. The seismic de-
tection of upwellings in the transition zone
may be hampered by their small width, and
possibly also by their low amplitude caused
by the interaction between the upwellings and
the nearby cold subducted material (Figs. 2B
and 3). The observed partial ring-shaped
anomaly (Fig. 2C) may in part be due to
lateral flow below the flat lying subducted
slabs (given the vertical resolution of the
model, the partial ring structure starts below
the slab anomalies). Although neither the to-
mography presented here nor geochemical
data (7, 8, 11) are conclusive about a connec-
tion between upper and lower mantle upwell-
ings beneath central Europe, a lower mantle
root and the interaction of upwelling material
with subducted slabs provides a reasonable
geodynamical explanation for European vol-
canism that is consistent with geological,
seismological, and geochemical observations.
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Transition States Between
Pyramids and Domes During
Ge/Si Island Growth

F. M. Ross,* R. M. Tromp, M. C. Reuter

Real-time observations were made of the shape change from pyramids to
domes during the growth of germanium-silicon islands on silicon (001). Small
islands are pyramidal in shape, whereas larger islands are dome-shaped. During
growth, the transition from pyramids to domes occurs through a series of
asymmetric transition states with increasing numbers of highly inclined facets.
Postgrowth annealing of pyramids results in a similar shape change process. The
transition shapes are temperature dependent and transform reversibly to the
final dome shape during cooling. These results are consistent with an anomalous

coarsening model for island growth.

The formation of self-assembled islands, or
quantum dots, during the epitaxial growth of Ge
on Si is characterized by several distinct island
shapes and an unusual island size distribution.
The islands form spontaneously as a means of
relieving the strain caused by the mismatch
between the larger Ge lattice and the smaller
lattice of the Si substrate. The question of
whether the islands are thermodynamically sta-
ble or only transient structures is important both
for understanding the general process of semi-
conductor epitaxy and for developing novel
quantum dot-based electronic devices requir-
ing well-controlled arrays of islands. Island
growth has therefore been studied extensively
using both in situ and post-growth anatytical
techniques.

For Ge deposition on Si(001), islands first

IBM T. J. Watson Research Center, Post Office Box
218, Yorktown Heights, NY 10598, USA.

*To whom correspondence should be addressed. E-
mail: fmross@us.ibm.com

www.sciencemag.org SCIENCE VOL 286 3 DECEMBER 1999

appear after the formation of a flat wetting layer
~3 monolayers (ML) thick. At low growth
temperatures the islands are rectangular-based
huts with {501} facets (1), whereas at higher
temperatures two different island shapes exist,
depending on island size (2). Small islands are
square-based pyramids, again with {501} fac-
ets, whereas larger islands are multifaceted
domes, which have a higher aspect ratio and
include facets such as {113} (3). The same
island morphology is observed, although with
larger lateral dimensions, for lower-strained
Ge Si, __ alloys on Si(001) (4).

Detailed observations of island shapes and
size distributions made using scanning tunneling
microscopy (2, 5) reveal interesting details of
the evolution of the islands. Over a wide range
of growth conditions, Ge islands show a bimod-
al distribution of sizes, with pyramids occupying
the lower peak of the volume distribution and
domes occupying the higher peak. Several mod-
els have been proposed (2, 5, 6) to explain how
islands grow from low-volume pyramids to

Schroeder, Farth Planets Space 50, 1035 (1998); B.
Steinberger and R. J. O'Connell, Geophys. J. Int. 132,
412 (1998).

27. B. L. N. Kennett, E. R. Engdahl, R. Buland, Geophys.
J. Int. 122, 108 (1995).

28. R. White and D. McKenzie, J. Geophys. Res. 94, 7685
(1989); N. H. Sleep, /. Geophys. Res. 95, 6715 (1990);
G. Ito, . Lin, CW. Gable, Earth Planet. Sci. Lett. 144,
53 (1996); H-C. Nataf and ). C. VanDecar, Nature
364, 115 (1993); J. C. VanDecar, D. E. James, M.
Assumpgao, Nature 378, 25 (1995); C. J. Wolfe et al.,
Nature 385, 245 (1997); Y. Shen et al., Nature 395,
62 (1998).

29. E. Griesshaber, R. K. O'Nions, E. R. Oxburgh, Chem.
Geol. 99, 213 (1992); T. ). Dunai and H. Baur,
Geochim. Cosmochim. Acta 59, 2767 (1995).

30. We thank M. Rehkdmper for discussions on the geo-
chemical signature of plumes and two reviewers for
their critical reading of our manuscript. Funding was
provided by the NEESDI program (NWO grant 750-
29-601) (S.G.) and the Netherlands Geoscience Foun-
dation (GOA) (H.B.), both financially supported by
the Netherlands Organization for Scientific Research
(NWO), and by the Vening-Meinesz Research School
of Geodynamics.

12 August 1999; accepted 27 October 1999

high-volume domes, and there is still much de-
bate about which factors determine the island
size distribution.

The details of the process that takes place
as an island changes from a pyramid to a
dome are crucial in understanding growth
kinetics and in distinguishing between mod-
els. We have therefore studied island growth
using low-energy electron microscopy
(LEEM), a technique capable of distinguish-
ing between different shapes and determining
island sizes in real time during growth.

Our experiments were carried out in a
LEEM apparatus with in situ growth capabili-
ties, a base pressure of 2 X 107! torr, and a
point resolution of 5 nm (7). Si(001) specimens
were flash-cleaned and heated to the desired
growth temperature of ~650° to 700°C,
Ge Si,_, was grown by chemical vapor deposi-
tion using a mixture of disilane and digermane
gases introduced to the specimen area through a
capillary tube. Typical growth rates, measured
from the motion of steps in the early stages of
growth or from post-growth cross-sectional
analysis, were ~1 to 5 ML/min. Images were
recorded at video rate, at electron energies of 5
to 10 eV.

Inthe LEEM images (Fig. 1A), pyramids are
clearly distinguished by their cross-shaped pat-
tern, whereas domes appear qualitatively differ-
ent, most notably showing four bright areas each
bisected by a narrow dark line. The eight bright
regions, or facet beams, are only visible within a
certain range of electron energy. They are
formed when electrons diffracted from highly
inclined facets pass through the objective aper-
ture, and they indicate that additional facets are
present on the domes; however, because of local
focusing effects, the bright regions on the image
may not correspond exactly to the spatial posi-
tions of the additional facets. Examination by ex
situ scanning electron microscopy (Fig. IB)
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