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shows that the basic processes of floral organ specification are
evolutionarily old, and that the very different forms taken by
flowers of different plant families, at least among the dicoty-
ledonous plants, result from more recent modifications of
developmental processes. This recognition allows experimental
approaches to morphological evolution as wild-type or altered
Antirrhinum genes can now be introduced into Arabidopsis
plants with mutations in the homologous gene. When
Antirrhinum transformation procedures are discovered, the con-
verse experiment will also be possible. Such experiments will
reveal whether the evolutionary changes that lead to the very
different flower forms of the two plants are due to changes in
the homeotic genes themselves, changes in their regulators, or
changes in the downstream genes that they regulate.

The second conclusion is that the processes of flower develop-
ment that have been revealed are remarkably size-invariant.
Arabidopsis thaliana flowers, when mature, have a mass of
around 550 g, whereas Antirrhinum majus flowers have a mass
more than 1,000 times greater. Nonetheless, the basic processes
that specify their meristem and organ types appear to be
homologous. We soon may learn how the relative timing of cell
division and regulatory gene expression are controlled, and how
the domains of gene expression are developmentally regulated,
and thus comprehend how similar structures of very different
sizes may evolve from a common ancestor. t
Enrico S. Coen is at the Department of Genetics, John Innes Institute, Colney
Lane, Norwich NR4 7UH, UK; Elliot M. Meyerowitz is at the Division of Biology,
California Institute of Technology, Pasadena, California 91125, USA.
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Tomographic imaging of subducted lithosphere
below northwest Pacific island arcs
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The seismic tomography problem does not have a
unigue solution, and published tomographic images
have been equivocal with regard to the deep struc-
ture of subducting slabs. An improved tomographic
method, using a more realistic background Earth
model and surface-reflected as well as direct seis-
mic phases, shows that slabs beneath the Japan
and Izu Bonin island arcs are deflected at the
boundary between upper and lower mantle,
whereas those beneath the northern Kuril and
Mariana arcs sink into the lower mantle.

THE depth range involved in the recycling of material from the
Earth’s surface back into the mantle has been among the most
controversial issues in geodynamics in the past two decades.
Many studies have investigated the fate of subducted lithosphere

§ Now at: Department of Geological and Geophysical Sciences, Princeton
University, Princeton, NJ 08544, USA.
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near the transition between the upper and lower mantle to learn
more about the amount of mass transport across this boundary".
Although many seismologists explain the lower-mantle
heterogeneity beneath Middle America on the basis of deep
subduction of the Farallon/Pacific plate’® the subject has
remained controversial in studies of northwest Pacific subduc-
tion zones.

In the northwest Pacific, where old lithosphere of the Pacific
plate subducts below island arcs®, Jordan and coworkers'’"?
concluded from residual sphere analyses that the subducted slab
continues below the deepest earthquakes, to depths of at least
1,200 km. There is some evidence to support this interpreta-
tion'*'7; other studies, however, have suggested that the images
of subducted slabs determined by this method can be influenced
by noise in the data and by effects of lower-mantle and near-
receiver structure'®-2%,

Variations in the propagation velocity of seismic waves owing
to the presence of subducted lithosphere can be imaged by
seismic tomography. The tomographic method employed in this
study involves the interpretation of seismic-wave arrival-times
determined from millions of seismograms in terms of the Earth’s
three-dimensional structure. The controversial issues concerning
deep subduction have not so far been satisfactorily resolved by
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tomographic studies, mainly because of the lack of high-quality
seismic data. Another problem is the strong nonlinearity of the
tomographic problem, which requires linearization with respect
to a background Earth model that closely mimics the real Earth.
The solutions of linearized inversions are necessarily close to
this a priori model. Published results are equivocal but
mathematically acceptable as ‘minimum norm solutions’®® of
the inversion, and resolution tests have been used to claim their
reliability. The tests commonly used to assess the reliability of
tomographic images determined by linear inversion do not,
however, address the influence of the a priori assumptions and
data quality.

Our objectives are to demonstrate that the use of different
seismic data and a priori assumptions can easily result in
different tomographic images, and that improvements in the
reference Earth model and, as a consequence, in the seismic
data and earthquake hypocentres routinely reported by inter-
national data centres, result in better tomographic images.
Important innovations to current methods introduced in this
study are the recomputation of earthquake hypocentres and the
re-identification of associated P- and pP-wave data using the
reference model iasp91 (ref. 24) before the inversion for three-
dimensional structure.

The iasp91 model is a good description of the spherically
averaged velocities of longitudinal waves below the study region,
which is a requirement for a proper linearization of the inversion
problem. The use of the iasp91 model and data from the direct
P and surface-reflected pP waves from improved hypocentres
provides information about deep slab structure that is more
reliable than previous inversions based solely on P data and
hypocentres reported by the International Seismological Centre
(ISC). The images resulting from our improved method reveal
relatively short slabs with high seismic velocity relative to sur-
rounding mantle material. In contrast, the inversion of uncorrec-
ted ISC P-wave data resulted in long slabs, penetrating to
lower-mantle depths, with smaller variations in seismic velocity.
The new images indicate slab deflection at the 670-km discon-
tinuity from southern Kuril to central Izu Bonin, but suggest
mass transport to lower-mantle depths below the northern Kurile
and the Mariana arcs.

Advantages of pP data

In the northwest Pacific, earthquakes and seismological stations
are confined mainly to narrow zones along plate boundaries
(Fig. 1). When the data set consists entirely of direct P-wave
data, this distribution of earthquakes and stations causes a
number of problems in the resolution of subduction-zone struc-
ture by tomographic imaging®. First, shallow structures below
intraplate regions will not be recovered because of inadequate
sampling. Second, because direct waves travel predominantly
either upwards to stations along the arc or steeply downwards

to more-distant stations, and only few waves are oblique to the
slab plane, ‘smearing’ of structure along the ray paths will occur
and slab structure cannot be resolved unambiguously?®. Third,
an uneven station distribution can result in biased or poorly
constrained hypocentres and loss of structurally related signal
in the data.

These problems are reduced by augmenting the data set used
for the tomographic imaging by data from the seismic phase pP
(ref. 25). This phase is a longitudinal wave that initially radiates
upwards from the hypocentre, is reflected at the Earth’s surface,
and subsequently travels to a distant seismological station. The
pP phase is sometimes called a depth phase because the phase
can be observed only for earthquake hypocentres with non-zero
depth. The northwest Pacific region is very suitable for the
incorporation of the pP phase in tomographic imaging because
of the numerous deep earthquakes and, in most cases, the
substantial spatial separation between P- and pP-wave ray paths.
The distribution of pP reflection points (Fig. 1¢) indicates that
pP-wave ray paths geometrically sample mantle structure
beneath the intraplate regions more adequately than do direct
P waves. Moreover, pP-wave ray paths are often oblique to ray
paths of the direct P waves. This enhances the resolution along
P-wave ray paths and thus counteracts the ‘smearing’ of velocity
anomalies. In addition, the combined use of P- and pP-wave
arrival times puts strong constraints on the earthquake focal
depth?”*® which limits the trade-off between uncertainties in
earthquake location and variations in P-wave velocity.

In spite of these obvious advantages, the pP phase has not
been used in tomographic imaging until recently because the
data were suspected of being unreliable. Van der Hilst and
Engdahl®, however, investigated possible sources of error and
showed that, after careful processing, pP data could significantly
improve tomographic images of mantle structure beneath the
Caribbean region. The statistical properties of pP data reported
by the ISC for northwest Pacific earthquakes are summarized
in Fig. 2a. The frequency distribution of the ISC pP data is
skewed to negative values but has a large positive tail. This tail
is due mainly to misidentifications of other later-arriving depth
phases such as sP (initially transverse compressional wave) and
water-reflected pwP, most of which can be recognized and
removed before inversion (R.E. and R.v.d.H., manuscript in
preparation, hereafter referred to as EH91).

Earthquake relocation

In delay-time tomography, a priori knowledge of seismic
velocities in the Earth’s interior (the reference model) is used
to linearize the inversion problem®. This reference model is
then used for estimating earthquake locations, for calculating
travel times, and for computing approximate ray paths along
which the seismic waves travel from source to receiver. The
delay time, or travel-time residual, is the difference between the

FIG. 1 a Epicentres of the northwest Pacific
earthquakes used in this study (time period: 1964-
1989). Two intervals of focal depth are distin-
guished: dots, 0-300 km (N =38,484) and triangles,
300-700 km (N =1,753). Abbreviations denote the
Kuril (Ku), Japan (Ja), 1zu Bonin (IB) and Mariana (Ma)
island arcs. b, Locations of the seismological
stations within the study region. The 323 stations
contributed 544,865 travel-time residuals to the
data set. We also used data from 1,961 stations
outside the study region, primarily in Europe and
North America, which contributed 1,363,431 P-wave
data. These data are corrected for delays acquired
along the P- and pP-wave ray paths outside the
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Earth’s volume under study (see text for discussion).

The solid and dashed lines depict the strikes of the mantle cross-sections
shown in Figs 4 and 5 and Fig. 6 respectively. ¢, The distribution of 83,831
pP reflection points. The reflection points are computed in a spherical Earth
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model. The pP data (Fig. 2¢) are corrected for water depth or topography
above the reflection point.
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observed and calculated arrival times of a seismic wave. In most
tomographic studies the Jeffreys-Bullen (JB) model for P-wave
velocities™ is used, with earthquake locations and seismic data
reported by the ISC without further processing. A disadvantage
of the JB model is the smoothness of the velocity-depth profile
at depths where upper-mantle discontinuities are known to exist.
This difference between JB and the true Earth degrades the
linearization and can result in reference-model artefacts at
depths of particular interest®®. Here we use the iasp91 reference
model**, which has rapid increases in P-wave velocity at depths
of 410 and 660 km.

There are also good reasons to redetermine the hypocentral
parameters published by the ISC. The hypocentres used by the
ISC to determine travel-time residuals are computed from P-
wave arrival times only. The presence of lateral heterogeneity
near the source and the peculiarities of station distribution about
most subduction zones can combine to produce a depth bias®'.
Indeed, the large negative mean of reported ISC pP delay times
(Fig. 2a and ref. 25) suggests that the focal depths of many
subduction zone earthquakes have been overestimated and the
associated pP phases potentially misidentified by the ISC (ref.
25, EH91).

For delay-time tomography this problem with ISC hypo-
centres has two important effects. First, the use of negative
reported pP delay times can result in tomographic images that
are improperly biased to higher velocities beneath pP reflection
points. Second, errors in earthquake hypocentres tend to absorb
structurally related signals along P-wave paths near the source,
which are not fully recoverable on tomographic inversion.

Before inversion, a combination of ISC P- and pP-wave arrival
times and the iasp91 velocity model were used to redetermine
earthquake hypocentres in the northwest Pacific region (EH91).
New travel-time residuals for reidentified P and pP phases
(hereafter referred to as NWP data) were computed from the
relocated hypocentres. Figs 2 and 3 demonstrate the effect of
the use of iasp91 and hypocentre relocation on the distribution
of P and pP residuals. The relocation with the additional infor-
mation from the pP phase would also lead to reduced variance
for pP data even if the JB model were retained as the background
Earth model. But for reasons mentioned earlier and because of
the large amounts of computer time involved in the relocation
procedure, we have relocated directly using the iasp91 model.
The improvement is clear from the histograms in Fig. 2.

The variance reduction for P and pP data (Figs 2 and 3) is
significant with respect to variance reductions typically obtained

from tomographic inversion®**?->* This demonstrates that in
linearized tomographic inversions of uncorrected ISC data there
is a danger of incorrectly mapping inadequacies in the reference
model and errors in the earthquake hypocentres into the three-
dimensional structure being determined.

Subduction-zone morphology and mantle structure

Jordan and coworkers'®"'* advocated the penetration of subduc-
ted slab to depths of at least 1,200 km below northwest Pacific
island arcs. From tomographic studies with P-wave data, some
investigators have supported this interpretation'®'’>* whereas,
others suggested that slab penetration occurs only locally'®3%%,
To better understand this disagreement we compare below inver-
sions of reported ISC P data with inversions of our NWP P and
pP data (Figs 4 and 5). In our discussion we focus on the
structure near the transition from upper to lower mantle.

We inverted delay times for aspherical variations in seismic
velocity, for hypocentre relocation owing to near-source
heterogeneity, and for station corrections. For the inversion we
employed a damped least-squares method based on the LSQR
algorithm®®*®. We will present the complete results of our inver-
sion elsewhere (R.v.d.H., R.E. & W.S., manuscript in prepar-
ation, hereafter referred to as HES91).

The inversion results obtained from reported ISC P data using
a JB reference (Figs 4a, b and 5a, b) are characterized by a
number of important general features. Higher-than-average P-
wave velocities are imaged in upper-mantle regions where sub-
duction of the Pacific plate is known to occur. The images
suggest continuity of the high-velocity zones across the 670-km
discontinuity, although the amplitude of the lower-mantle veloc-
ity variations relative to JB (~2%) are smaller than in the upper
mantle (~3%). In the upper mantle, the locations of earthquakes
correlate reasonably well with the regions of high P-wave veloc-
ity, although the dip of the Wadati-Benioff zone deviates locally
from the dip of the imaged high-velocity zone. In the mantle
above the seismic zone, amplitudes of aspherical variations of
P-wave velocity are low. Locally, an increase in P-wave velocity
is imaged near a depth of 670 km.

For upper-mantle regions in the vicinity of the Wadati-Benioft
zones, results of tomographic inversions of NWP P and pP data
using the iasp91 reference model (Figs 4¢, d and 5¢, d) do not
differ significantly from the ISC images. In detail, however,
there are differences in the amplitudes of the velocity variations,
and in the correlation between seismicity and zones of high
P-wave velocities. The amplitudes of the velocity perturbations

All ISC pP 1SC pP: focal depth > 35km NWP pP: focal deptr{ > 35km
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FIG. 2 Frequency distribution of pP data at different stages
of data processing. a, pP data reported by the ISC between
1964 and 1987. These data are used only to identify pP
data initially, but are not used in our inversions. b, The
distribution of ISC pP data from earthquakes with a focal
depth larger than 35 km. The maximum value of the travel-
time residual is 7.5 s. ¢, The distribution of NWP pP delay
times, which are computed (EH91) from hypocentres that
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are relocated in the iasp91 model for P-wave velocities2*. .10

The maximum value of the travel-time residual is 7.5s.
With respect to the distribution in b, a variance reduction
of pP data of 30% was obtained. d, The distribution of NWP
pP data after the construction of 66,042 composite rays>®
and the deletion of pP data with residuals larger than 5s.
This is the distribution of the pP data before inversion. ¢,
The distribution of pP data after tomographic inversion. On
inversion for three-dimensional mantle structure, a further
variance reduction of 21% was obtained after 35 iterations
of the damped LSQR inversion algorithm®®37,
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near the deepest earthquakes of the Wadata-Benioff zones are
substantially higher in the NWP than in the ISC images.

Differences between the NWP and ISC images are substantial
in mantle regions where aspherical Earth structure is not indi-
cated by seismicity. The inversion of ISC P-wave data reveals
a zone of moderately high P-wave velocity continuous to lower-
mantle depths in all cross-sections. In contrast, our new results
indicate that fast slab-like regions in the lower mantle are found
only below the deepest earthquakes of the Kuril and Mariana
subduction zones (Figs 5¢, d and 6a). The new images suggest,
however, a maximum depth of about 850 km for the high-
velocity zone below the northern Kuril arc (Figs 5¢ and 6a),
whereas no maximum depth was indicated from the inversion
of ISC P-wave data (Fig. 5a). Figure 6a suggests the broadening
of the Kuril slab across the transition from upper to lower
mantle. The vertical mantle sections across the northern part of
the Philippine Sea Plate (Figs 4c and 6c¢), the Sea of Japan (Fig.
4d) and the southern Kuril arc (Fig. 6b) show images of fast
slab-like zones deflected at depths between 500 and 670 km.
Figure 6b and c illustrates upper to lower mantle. The relation-
ship between the images of high P-wave velocities and unusual
locations of earthquakes several hundreds of kilometres off the
inclined Wadati-Benioff zones***'. Okino et al*® explained
observed P-wave arrival times from an earthquake off the Izu
Bonin seismic zone (Fig. 6¢) by a model of a deflected slab with
a P-wave propagation 3.5% faster than in the JB model. This is
in good agreement with the results from our tomographic
imaging (Figs 4c and 6¢).

Vertical velocity contrasts at a depth of 670 km are absent in
the NWP images. This was expected, as we corrected for the
presence of the 670-km discontinuity by using iasp91 rather than

FIG. 3 The distribution of P-wave travel-time residuals ver-
sus epicentral distance. a, P delay times reported by the
ISC (1964-1987) and the National Earthquake Information
Center (NEIC, 1987-1989). These data are computed from
ISC/NEIC hypocentres and the Jeffreys-Bullen travel-time
tables2®. Displaying the data in this way shows that waves
travelling to stations between 50° and 70° arrive systemati-
cally earlier than expected from the JB model. In the distance
range of 15° and 25° the concentration of P-wave data
suggests the presence of triplication branches owing to
upper-mantle discontinuities unaccounted for by the JB
model°52, b, Northwest Pacific (NWP) P delay times com-
puted from improved earthquake hypocentres and the
iasp91 velocity model®*. The NWP P data are evenly dis-
tributed around the axis of zero delay time: the branches
between 15° and 25° are reduced because by using iasp91
we corrected for upper-mantle discontinuities, and the
slightly different lower-mantle structure of iasp91 removed
the systematic deviations between 25° and 90°. We remark
that the mean value of the ISC P distribution is slightly
closer to zero than that of the NWP P data because the
ISC data are optimal with respect to ISC hypocentre loca-
tions, whereas the NWP P data are computed from
hypocentres located with both P and pP data. The variance
of NWP P data is 17% less than the variance of the
uncorrected ISC P data. On subsequent tomographic inver-
sion, a further variance reduction of 41% was obtained
after 35 iterations (HES91).

o & N

Delay time (s)

JB as the reference model (compare Figs 5Sb and d). The section
across the southern Philippine Sea (Fig. 5¢), however, shows a
rapid increase in P-wave velocity between the 410- and 670-km
discontinuities. Below the northern part of the Philippine Sea
and the Sea of Japan, a comparable increase in P-wave velocity
at a depth of about 500 km coincides with the upper boundary
of the deflected continuations of the slab-like structures below
the northern Izu Bonin, Japan and southern Kuril arcs (Figs
4¢, d and 6b). These observations suggest that a seismic discon-
tinuity at a depth near 520 km (ref. 42) is associated at least
locally with subducted lithosphere deflected at the base of the
upper mantle®.

Reliability of the tomographic images

The reliability of results of large-scale inversions is assessed by
calculating the response to a synthetic input model®**~***, But
these resolution tests do not reflect inadequacies of the reference
model, systematic errors in the data, inconsistencies between
travel times and earthquake locations and ray paths, and biases
in earthquake location. As a consequence, the effect on resol-
ution of the use of better data, earthquake locations and refer-
ence model cannot be demonstrated by resolution tests. But in
regions where the sampling by P-wave ray paths only is
inadequate, significant improvement in computed resolution is
obtained with the additional ray-path coverage and focal-depth
resolution provided by the pP-wave data (HES91). This applies
in particular to mantle structure beneath intraplate regions and
to deflected aseismic parts of the subducted slab. In studies in
which only P-wave ray paths are used, these mantle regions are
often overlooked* or characterized by a lack of horizontal
resolution'®?%%3,

logarithmic scale

2e02 2e10
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The result of resolution tests demonstrates that our approach
does provide good resolution of lower-mantle structure
(HES91). Here we show only the result of a simple test. For the
earthquake and station distributions shown in Fig. 1, we com-
puted synthetic P- and pP-wave travel-time residuals through a
target anomaly (8% faster than iasp91) at a depth of 975 km.
We added gaussian noise to the synthetic data using typical
standard errors for P and pP data (1s and 1.5 s respectively).
The (20%) contour lines of the inversion response to this target
anomaly are distorted only slightly, which indicates that there
is no significant ‘smearing’ in the dip direction of the slab.

Outside the area under study, we assume the reference Earth
structure (here iasp91) and there is a danger that the images are
affected by the mapping into the solution of aspherical structure
outside the mantle volume under study®"*%>. The contribution to
this mapping is largest from mantle regions in which the Fresnel
zone of the P and pP waves decreases in size, that is, in the
direct vicinity of the stations outside the study region. We
therefore computed station corrections, on tomographic inver-

FIG. 4 Vertical mantle sections across the lzu
Bonin and Central Japan island arcs (locations are
given in Fig. 1b). The seismicity of the subduction
zones is shown above the tomographic images.
The horizontal line depicts the 670-km discon-
tinuity. &, 1zu Boni cross-section by inversion of
ISC P data. Note the bent high-velocity zone across
the upper-lower mantle boundary below the lzu
Bonin arc. This structure was also reported in ref.
34. b, Central Japan cross-section by inversion of
ISC P data. The ‘'smearing’ of anomalies from the
bottom of the upper mantle to the surface reveals
lack of resolution along P-wave ray paths to
stations in Asia®®. ¢, Izu Bonin cross-section by
inversion of NWP P and pP data. d Central Japan
cross-section by inversion of NWP P and pP data.
The tomographic images shown here and in Fig.
5 are obtained after 30 iterations of the damped
LSQR inversion algorithm3®37, This algorithm has
intrinsic  damping properties that minimize
artefacts in the images of mantle structure in
regions with low resolution. We inverted travel-
time residuals for variations in P-wave velocity
relative to the one-dimensional reference velocity
models shown at the right-hand side of the figures.
The Earth’'s volume under study was parameter-
ized by 47,850 blocks with horizontal dimensions
of 1°x1° and thickness varying from 35km for
the uppermost layer to 200km at a depth of
1,500 km (HES91).

Mariang ar¢
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sion, for all stations outside the study area*®. Where available,
we used independently determined station corrections* as start-
ing values for our corrections. Studies of the effects of wavefront
healing (T. J. Moser and G. Nolet, manuscript in preparation)
shows that lower-mantle heterogeneity has a small effect on
delay-time variance, whereas systematic bias is mostly absorbed
in the station correction.

From the resolution test we concluded that ‘smearing’ in the
dip direction of the Kuril slab is not significant. Together with
the observation (Fig. 5¢) that low P-wave velocities are imaged
below the high-velocity slab (in contrast to Fig. 5a), this leads
us to conclude that the high-velocity structure below the Kuril
arc does not result from the mapping of distant structure. Also,
from analysis of the solution itself we can be confident that no
important artefacts from heterogeneities elsewhere have been
introduced into the model. Figure 6a and b shows images across
the Kuril arc (for locations see Fig. 1). If aspherical structure
outside the mantle volume under study contributes to the
imaged high P-wave velocity in the lower mantle below the

Centrol Jopon

FIG. 5 Mantle sections across the Kuril and
Mariana island arcs (locations given in Fig. 1). &,
Kuril cross-section by inversion of ISC P data. b,
Mariana cross-section by inversion of ISC P data.
Note the absence of high P-wave velocities near
the shallow part of the Wadati-Benioff zone. ¢,
Kuril cross-section by inversion of NWP P and pP
data d Mariana cross-section by inversion of NWP
P and pP data. In ¢ we also show the result of a
simple resolution test (see text for discussion).
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Wadati-Benioff zone, one would expect the effect to be similar
for the two images, as the sampling by seismic ray paths is about
the same. This is clearly not the case.

Our images of a sub-horizontal high-velocity structure below
the northern Philippine Sea Plate and the Sea of Japan are in
agreement with the results of Fukao et al**, who solved simul-
taneously for updates of the one-dimensional reference model
and for aspherical variations in seismic velocity. This indicates
that our results are not artefacts of the iasp91 model. Slab
deflection at the 670-km discontinuity was also suggested by
Zhou and Clayton®, but they used only a few teleseismic rays
and would thus have missed steeply dipping structures in the
lower mantle.

Mantle convection and subduction history

The inference that subducted slabs are deflected in the transition
zone (410-670 km) below the southern Kuril, Japan and Izu
Bonin arc (Figs 4¢, d and 6b, ¢), and sink into the lower mantle
below the Kuril-Kamchatka and Mariana arcs (Figs Sc, d and
6a) is in good agreement with other images obtained recently’”.
These results suggest that the boundary between upper and
lower mantle acts as a strong barrier for mantle flow. The
observation that (at least locally) slabs sinks into the lower
mantle is, however, inconsistent with a model of strictly indepen-
dent convection in the upper and lower mantle.

Seismological observations and numerical simulations of
mantle flow suggest that the lower mantle is at least 10-30 times
more viscous than the upper mantle*. Several studies of mantle
convection (for a review see ref. 1) have considered variable
degrees of isochemical and compositional density and viscosity
contrasts between the upper and lower mantle and have shown
that slab deflection and slab penetration might coexist*’~*°. A
recent numerical modelling study*® of mantle flow included
compressibility and the endothermic phase change from spinel
to perovskite and magnesiowustite which is associated with the
seismic discontinuity at a depth of 670 km. For a shallow nega-
tive Clapeyron slope of —2 MPa°C™' they found intermittent
mixing between the upper and lower mantle with flow structures
resembling our images of subducted slab below the northwest
Pacific.

Our images are consistent with a convection model that allows
local mass transport across the boundary between upper and
lower mantle. One should be cautious of such interpretations,
however: tomographic images depict variations in seismic
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FIG. 6 Mantle cross-sections showing images of slab structure by the
inversion of NWP P and pP data (locations given in Fig. 1). a Central Kuril.
b, Southern Kuril, across the island of Sakhalin. The red dot depicts the
location of the earthquake that occurred on 12 May, 1990 (ref. 40). ¢, Central
Izu Bonin. The red dot depicts the July 1982 earthquake** (m,=6).

velocity, and from the images alone one can not unambiguously
discriminate between actual mass transport across the upper-
lower mantle boundary or velocity perturbations in the lower
mantle resulting from thermal coupling in layered convection®,
possibly combined with a locally depressed 670 km discon-
tinuity.

Present convection models fail to explain why subducted
lithosphere deflects at the base of the upper mantle below
particular island arcs, but sinks into the lower mantle below
others. Results of fluid-dynamical modelling®’ suggest that sub-
duction history plays an important role in controlling the mor-
phology of the subducted slab near the upper-lower mantle
boundary. Slab deflection at a layer with high viscosity can
occur in the case of the oceanward migration of the trench owing
to the roll-back of the subduction zone, whereas penetration of
subducted lithosphere into a high-viscosity lower mantle is
possible when the location of the trench is stable*’”’'. This
provides a working model for a tentative explanation of imaged
differences in slab morphology below, for instance, the Izu Bonin
and Mariana island arcs. Reconstructions of the tectonic history
of the Philippine Sea plate®® indicate that, after initial onset
~45 Myr ago, the evolution of the subduction zones below the
northern and southern parts of the Philippine Sea plate have
been different. In the preferred kinematic model of Seno and
Maruyama®, the location of the Mariana trench has been stable,
possibly triggering slab penetration, but the Izu Bonin trench
migrated northwest, over hundreds of kilometres, to its present
location southeast of Japan. This would be consistent with the
image of a deflected slab below the Izu Bonin arc (Fig. 4c).

A detailed interpretation is beyond the scope of this paper.
Nevertheless, it is clear that the integration of results of seismic
imaging with information from tectonic reconstructions and
fluid-dynamical modelling will ultimately lead to new under-
standing of the relationship between plate tectonics and mantle
convection. O
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Assignment of G-protein subtypes to
specific receptors inducing inhibition of

calcium currents
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The inhibition of voltage-dependent Ca®* channels
in secretory cells by plasma membrane receptors
is mediated by pertussis toxin-sensitive G proteins.
Multiple forms of G proteins have been described,
differing principally in their a subunits, but it has
not been possible to establish which G-protein
subtype mediates inhibition by a specific receptor.
By intranuclear injection of antisense oligonucleo-
tides into rat pituitary GH; cells, the essential role
of the G,-type G proteins in Ca>*-channel inhibition
is established: the subtypes G,; and G,, mediate
inhibition through the muscarinic and somatostatin
receptors, respectively.

REGULATORY GTP-binding proteins (G proteins) constitute a
family of proteins involved in signal transduction across the
plasma membrane!. They consist of three different subunits,
a, B and vy. G proteins are classified according to their «
subunits, some of which are substrates for ADP-ribosylating
bacterial exotoxins, such as cholera and pertussis toxin. Sixteen
G protein a subunits encoded by different genes are known,
and this diversity of « subunits is increased by alternative
splicing”. In combination with a particular @ subunit, at least
three types of 8 and four types of y subunits contribute to an
even greater variety of heterotrimeric G proteins.

G proteins transduce signals from membrane receptors to
effectors like enzymes (for example, adenylyl cyclase and phos-
pholipase C) and ion channels (such as the voltage-sensitive
calcium or potassium channels). But unequivocal assignment
of one G protein to a single receptor/effector system has been
achieved only for G, the stimulatory G protein of adenylyl
cyclase, and for the transducins, the retinal G proteins, which
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mediate between activated photoreceptors and a cyclic GMP
phosphodiesterase. As the a subunits are very similar, it is
difficult to distinguish between the G-protein subtypes: recom-
binant G-protein subunits expressed in bacteria are not
particularly active, possibly because of inadequate post-
translational modification®*, and antibodies raised against pep-
tides corresponding to specific regions of G-protein subtypes
have little affinity for native G proteins.

Our study concerns the G, family, which is limited to
neuronal, neuroendocrine and endocrine cells®”’, and makes use
of the fact that the distinction between the a subunits of G,
subtypes is greater at nucleic acid level than in the translated
protein. We have identified selective base sequences in each a
subunit and designed oligodeoxynucleotides in an antisense
orientation to the respective messenger RNAs for specific
‘knock-out’ experiments. We microinjected these oligonucleo-
tides directly into nuclei, the presumed site of action, in con-
trolled amounts without significantly disturbing cell-surface
functions, which might happen should they be added in high
concentrations to the culture medium.

Using this approach in rat pituitary GH; cells, we assign a
function to G, in the receptor-induced inhibition of voltage-
sensitive Ca’* channels and show that the subtype G,
specifically mediates the action of carbachol via a muscarinic
receptor and that G, transduces the signal from the somatostatin
receptor. As the cytosolic Ca®* concentration is regulated by
Ca?*-channel activity, the receptor-induced inhibition of Ca>*
channels by somatostatin or carbachol could be crucial for the
control of secretion.

Effectiveness of microinjected antisense DNA

To check whether our procedure does suppress G-protein
a subunits, we monitored cells by immunofluorescence
microscopy following microinjection of antisense DNA. GH;
cells express a subunits of Gy(«,) and two forms each of «
subunits of G; and G, (refs 8, 9). G-protein « subunits were
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