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Water in the deep upper mantle can influence the properties of seismic dis-
continuities in the mantle transition zone. Observations of converted seismic
waves provide evidence of a 20- to 35-kilometer-thick discontinuity near a
depth of 410 kilometers, most likely explained by as much as 700 parts per
million of water by weight.

Two major seismic velocity discontinuities,
at nominal depths of 410 and 660 km, border
the transition zone of Earth’s mantle. The
410-km discontinuity is the result of the tran-
sition from olivine to wadsleyite. The 660-
km discontinuity is caused by the transition
from ringwoodite to perovskite and magne-
siowüstite. Both phase transition intervals are
reported to be sharp (about 4 to 10 km thick)
(1–3). However, there are conditions under
which the transition interval of the 410-km
discontinuity can be thickened, such as by an
increase in water content in olivine or by a
decrease in temperature. Theoretical studies
(4, 5) have shown how water influences the
properties of the olivine-wadsleyite phase
transition. Because water is preferentially in-
corporated into wadsleyite rather than oli-
vine, it stabilizes wadsleyite over a wider
range of pressures and temperatures, thereby
thickening the transition interval. This has
been confirmed by experiments (6) showing
that under hydrous conditions, the zone of
coexistence of olivine and wadsleyite can
thicken to as much as 40 km. A decrease in
temperature would also thicken the transition
interval (7), but the effect of temperature on
the transition-interval thickness is much
smaller than the effect of water. A large
temperature reduction of 800 K would thick-
en the discontinuity by only 10 km (5). In-
creased water content in the mantle transition
zone would have the opposite effect on the
thickness of the phase transition interval at
660 km. This phase transition interval would
become thinner because ringwoodite can hold
much more water than perovskite, thereby
extending its stability phase (8). Moreover,
recent studies indicate that the phase transi-
tion interval from wadsleyite to ringwoodite,
nominally at a depth of 520 km, can be
sharper under hydrous conditions (9) (�15
km thick) than under anhydrous conditions
(10) (�60 km thick). Temperature anoma-

lies in the mantle transition zone would
have no seismically observable effect on
the thickness of the 660-km discontinuity
(7 ), whereas the effect on the 520-km dis-
continuity is unknown.

Both temperature and water content of the
upper mantle vary spatially. A variety of
evidence (11–14) has indicated that amounts
of 1500 parts per million (ppm) of water can
be present locally in the uppermost mantle.
This water is carried there by subducting
oceanic plates, which release most of the
subducted water at depths shallower than 150
km into the mantle wedge overlying the plate
(15). Reports of water being able to reside
below this depth are based on high-pressure
experiments (16) and seismic tomography
(17). It is, however, unknown whether and
how much water is transported down to 400
km and below. To investigate whether water
resides near the mantle transition zone, we
studied the properties of seismic discontinui-
ties beneath the Mediterranean region (Fig.
1). This region has been heavily affected by
the subduction of oceanic lithosphere for the
past 190 million years. Between 190 and 110

million years ago (Ma), subduction mainly
took place in the eastern Mediterranean with
mostly south- and eastward-dipping subduc-
tion. Remnants of the subducted slab can be
found in the lower mantle between 1300 and
1900 km depth under locations such as Egypt
and Libya (18). Subduction was ubiquitous
after 80 Ma. At present, active subduction
zones are found in southern Italy and Greece.
We investigated seismic discontinuities in the
deep upper mantle of the Mediterranean re-
gion by searching seismograms for seismic S
waves that converted from P waves at the
discontinuities. Our search was facilitated by
a recent temporary deployment of mobile
broadband seismic stations [MIDSEA (19)]
along the plate boundary between Eurasia
and Africa. We analyzed over 500 seismo-
grams recorded in the Mediterranean region
at 18 temporary and 6 permanent broadband
stations (Fig. 1). We identified converted
waves by analyzing receiver functions (20).

We found P-to-S converted waves from
the 410- and 660-km discontinuity for prac-
tically all stations. The conversions from the
410-km discontinuity are small in amplitude
for receiver functions that are low-passed
with corner frequencies higher than 0.5 Hz.
The amplitudes increase with decreasing cor-
ner frequency. This effect is not observed for
conversions from the 660-km discontinuity,
which show comparable amplitudes through-
out the whole frequency range.

Because of the temporary deployment of
the network and differences in site character-
istics, not all seismic stations yielded equally
robust results. Receiver functions for nine
stations, however, had a sufficiently high
signal-to-noise ratio to show unambiguous
evidence for this frequency dependence of
the P-to-S conversion from the 410-km dis-
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Hochschule–Hönggerberg (HPP)/Swiss Federal Insti-
tute of Technology CH–8093 Zürich, Switzerland.
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Fig. 1. Map of the Mediterranean region with seismic station and approximate plate boundary
locations. Stations for which results are discussed in this paper are represented by black triangles
and labeled with the station name (table S1); other analyzed stations are represented by black
squares. Curves with a sawtooth pattern indicate the present location of the convergent boundary,
with sawteeth pointing in the direction of subduction or underthrusting. Strike-slip is represented
by arrows. The gray scale indicates topography ranging from higher than 2.5 km in white to deeper
than –2.5 km in dark gray.
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continuity (Fig. 2). For the other stations, the
receiver functions were more ambiguous and
did not allow a significant interpretation of
the frequency dependence. For these nine
stations, the amplitude of the converted
waves from the 410-km discontinuity de-
pends on frequency with 75% confidence, on
average, whereas this confidence is only 21%
for the 660-km discontinuity (table S2). This
indicates that the observed frequency depen-
dence is almost four times more probable for
conversions from the 410-km discontinuity
than for those from the 660-km discontinuity.

We observed converted energy from the
410-km discontinuity that is significant (20)
above the 95% confidence level for corner
frequencies around 0.2 and 0.25 Hz for most
stations. For station PAB, the amplitude of
the wave converted at the 410-km disconti-
nuity becomes comparable to that of the wave
converted at the 660-km discontinuity for
frequencies as low as 0.15 Hz. This frequen-
cy dependence of the amplitudes and the
significance allows us to estimate the thick-
ness of the phase transition interval (20).

These findings indicate that the phase
transition around 410 km depth is not sharp
and occurs over depth intervals of about 20 to
25 km for these stations (fig. S1). For station
PAB, however, the transition appears to oc-
cur over an interval of about 30 to 35 km.
This agrees with an apparent weak contrast
found beneath eastern Spain that could not be
explained with a first-order discontinuity
(21). Such a broad interval could be the rea-
son why previous receiver function studies
(22, 23) found no 410-km discontinuity under
this station. In agreement with previous ob-

servations (1–3), we found that the phase-
transition interval at 660 km is relatively thin
(�5 km) beneath seven of the nine stations
(Fig. 2, fig. S1, and table S2).

Because of limited azimuthal coverage,
owing to the location of the Mediterranean
with respect to seismogenic zones, we could
not investigate the azimuthal influence on the
frequency dependence of the converted
waves. However, the conversion points at the
410-km discontinuity beneath most stations
fall within a radius of 100 km. Synthetic tests
(24) (fig. S3) showed that topography on the
discontinuity as large as 20 to 40 km on a
100-km length scale cannot be responsible
for the observed frequency dependence. To-
pography on the 410-km discontinuity would
mainly decrease the amplitudes of P-to-S
converted waves but could not be responsible
for the observed frequency dependence. We
also excluded scattering of converted energy
from discontinuities at shallower depths as a
possible cause for the observed frequency
dependence, because the standard deviation
of the converted wave from the 410-km dis-
continuity is comparable to the standard de-
viation of the converted wave from the 660-
km discontinuity. Seismic tomography (25)
has shown that large temperature anomalies,
which could affect the transition interval
thickness, are not expected at these depths
beneath the nine stations. The maximum tem-
perature anomaly is estimated to be around
300 K, which would lead to a broadening of
less than 10 km (7). Using different velocity
models for the depth conversion (both global
and local) does not influence the frequency
dependence of the converted waves from the

410-km discontinuity. Trace elements in oli-
vine are unlikely to be the cause of the broad-
ening, because their presence would thicken
the phase transition interval by no more than
2 km (26).

We interpret the broadening of the 410-km
discontinuity deduced here as being caused by
water in the mantle minerals at this depth.
These minerals can contain a substantial
amount of water: as much as 1000 ppm by
weight of water in olivine and about 20,000
ppm by weight of water in wadsleyite (27). The
estimated water content in olivine for a transi-
tion interval of 20 to 25 km is around 500 ppm
by weight (Fig. 3). To broaden the transition to
30 to 40 km, olivine would need to contain 700
to 1000 ppm by weight of water. This amount
of water is an underestimate because the con-
verted waves are the most sensitive to the lower
part of the phase transition interval, where the
fraction of wadsleyite increases more rapidly
with increasing depth (Fig. 3) and the corre-
sponding gradient in seismic velocity is the
steepest.

For some stations (Fig. 2), we also ob-
served, above the 95% confidence level,
waves that converted at the 520-km disconti-
nuity. Water would make the corresponding
phase transition interval thinner and therefore
detectable by high-frequency receiver func-
tions. However, we did not observe a positive
correlation between the estimated thickening
of the 410-km discontinuity and thinning of
the 520-km discontinuity. More seismograms
need to be recorded to reduce the large un-
certainties for the observed conversions from
the 520-km discontinuity, thereby permitting
a meaningful estimate of a correlation coef-
ficient. Moreover, the distribution of water in
the mantle transition zone does not need to be
homogeneous but likely depends strongly on
factors such as the configuration and type of
past subduction and the composition of the
downgoing lithosphere. We also observed
splitting of this discontinuity beneath some

Fig. 2. Stacked receiv-
er functions for nine
stations in the Medi-
terranean region pro-
cessed with different
low-pass filters. In
each panel, from left
to right, corner fre-
quencies of approxi-
mately 0.75, 0.62, 0.5,
0.4, 0.35, 0.3, 0.25,
0.2, and 0.15 Hz, re-
spectively, have been
used. Assuming a
Gaussian distribution,
the standard deviation
of the stacked receiver
functions was calculat-
ed, allowing an inter-
pretation of the statis-
tical significance of the
converted waves. We
define the significance
of a converted wave as
the gray area between
zero amplitude and the
lower boundary of the
double standard devia-
tion. In other words, we
identify waves that have amplitudes larger than zero with 95% confidence.

Fig. 3. The olivine-wadsleyite phase transition
interval for initial water contents in olivine of 0,
200, 500, and 1000 ppm by weight [after Wood
(4)]. For a phase transition thickness of 20 to 25
km, about 500 ppm by weight of water needs
to be present.
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stations, which has been reported for other
subduction zones, especially in southeast
Asia (28). In addition to previous explana-
tions for this splitting (28), we speculate that
the split 520-km discontinuity could also be
explained by an increased water content in
the mantle transition zone.
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Laboratory Simulation of Charge
Exchange–Produced X-ray
Emission from Comets
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In laboratory experiments using the engineering spare microcalorimeter de-
tector from the ASTRO-E satellite mission, we recorded the x-ray emission of
highly charged ions of carbon, nitrogen, and oxygen, which simulates charge
exchange reactions between heavy ions in the solar wind and neutral gases in
cometary comae. The spectra are complex and do not readilymatch predictions.
We developed a charge exchange emission model that successfully reproduces
the soft x-ray spectrum of comet Linear C/1999 S4, observed with the Chandra
X-ray Observatory.

X-ray emission from comets is localized to
a 104- to 105-km region of the cometary
coma between the comet’s nucleus and the
Sun (1–5). The spatial morphology and to-
tal luminosity of the emission can be ex-
plained by charge exchange between heavy
ions in the solar wind and cometary gases
(4–7 ). Charge exchange competes with two
other explanations considered possible: (i)
the scattering of solar x-rays by attogram
(10�19 g)–sized dust particles and (ii) line
and continuum plasma emission heated by
turbulence driven by counterstreaming ions
(8, 9). Cometary x-rays can serve as a
diagnostic for solar activity and thus for

“space weather” by measuring the quantity
and composition of the heavy ion flux in
the solar wind. In addition, recent work has
shown that the emission is a potential di-
agnostic of the speed of the solar wind
(10–12). Because comets enter the solar
system from different directions in and out
of the ecliptic, they probe regions that are
not covered by spacecraft.

We used the spare x-ray microcalorimeter
spectrometer (XRS) from the ASTRO-E sat-
ellite mission to study charge exchange–in-
duced cometary x-ray emission (13). The
XRS consists of a 6 � 6–pixel array with 32
active channels, forming a combined active
area of 13 mm2 operating at 59 mK (14). The
XRS was designed to view extended objects,
such as supernova remnants, with an energy
resolution better than 10 eV. This resolution
is an order of magnitude better than that
available with the Chandra X-ray Observato-
ry or with that of other laboratory instrumen-
tation (12, 15).

The XRS was installed at the Lawrence
Livermore EBIT-I electron beam ion trap.

The measurements were carried out during
the magnetic mode of operation (16, 17 ), in
which trapped ions interact with selected
gases. The temperature of the ions of inter-
est is about 200 to 300 eV.

The XRS spectrum of helium-like O6� is
dominated by the forbidden 1s2s 3S13 1s2 1S0

emission, though to a considerably smaller de-
gree than assumed by the most recent predic-
tions (Fig. 1). In contrast, early modeling
predictions favored the 1s2p 1P1 3 1s2 1S0

resonance line (6, 10, 18), and a more recent
prediction favored the 1s2p 3P1 3 1s2 1S0

intercombination line (11) in the n � 2 emis-
sion (fig. S1). The dominance of the forbidden
1s2s 3S1 3 1s2 1S0 line cannot result from
collisional excitation but is a signature of
charge exchange.

The spectrum of hydrogen-like O7� is
very different from that of the helium-like
O6� emission (Fig. 2). Unlike the O6�
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Fig. 1. K-shell emission of O6� produced by
charge exchange between O7� and CO2. Line
identifications and energies are given in table
S1. The dashed red curve represents a recent
radiative cascade model (23).
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