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Upper-mantle seismic discontinuities and the
thermal structure of subduction zones

John E. Vidale & Harley M. Benz

United States Geological Survey, Branch of Seismology, 345 Middiefield Road, MS 977, Menlo Park, California 94025, USA

The precise depths at which seismic velocities
change abruptly in the upper mantle are revealed
by the analysis of data from hundreds of seis-
mometers across the western United States. The
boundary near 410 km depth is locally elevated,
that near 660 km depressed. The depths of these
boundaries, which mark phase transitions, provide
an in situ thermometer in subduction zones: the
observed temperature contrasts require at least
moderate thickening of the subducting slab near
660 km depth. In addition, a reflector near 210 km
depth may mark the bottom of the aesthenosphere.

OUR understanding of the composition, convective pattern and
temperature field in the Earth's mantle is derived from many
kinds of geophysical evidence. The radial seismic structure is
an important clue to the dynamics of the mantle. At least two
depths in the mantle are known from seismology to be the
location of transitions in rock properties. Near 410 km depth,
the transition from the « to the B phase of olivine (hereafter
referred to as the ‘410°) is identified by a 5% increase in shear
and compressional velocity and density. Near 660 km depth
(hereafter the ‘660°), the P and S velocities and density again
increase by ~5%, consistent with the transition from y-phase
olivine to perovskite plus magnesiowiistite?, and perhaps an
increase in iron and silica content.
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There is continued debate as to whether the mantle convects
in a single system from crust to core, or whether mantle convec-
tion is stratified, with the ‘660’ inhibiting mass transport between
the upper and lower mantle?>. Many details remain unresolved.
Measurement of the sharpness, contrast and depth variations
of both the ‘410’ and ‘660’ boundaries can contribute to estimat-
ing the lateral temperature contrasts as well as the composition
of the mantle.

Measurements of the ‘410’ and ‘660’ boundaries have been
made with a variety of seismic techniques. These boundaries
generate reflections and conversions, as well as more compli-
cated arrivals near the critical angle. Generally, long-period
studies measure boundary depths.and impedance contrasts more
precisely, whereas short-period studies have greater resolution
of short-wavelength features such as sharpness and lateral
depth variation. The ‘410’ and ‘660’ were discovered from
studies of seismic body waves recorded at distances between
10. and 35° from earthquakes. Within part of this range,
for each boundary, it is possible to observe an arrival
that travelled above the discontinuity, an arrival that was
reflected by the discontinuity and an arrival that penetrated
below the discontinuity®.

Global observations of the ‘410" and ‘660’ discontinuities have
been obtained from reflected waves of 25-50 s period®*>®. The
lateral resolution of these waves is ~1,000 km. The temperatur¢
field near subducting slabs, however, is expected to show shorter-
wavelength variations, because of the ~100-km scale length of
thermal diffusion of lithosphere subducted 10 million years ago-
Temperature variations are expected to result in variations‘l"
the depth of both the ‘410’ and ‘660’ boundaries. Consequentiy.
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shorter-period seismic waves are necessary to measure these
shorter-wavelength boundary deflections.

In contrast to previous work, here we use a large-aperture
array with many elements, each of which is a short-period
seismometer. Array study of the waveforms improves the signal-
to-noise ratio by the cancellation of the near-receiver reverber-
ations and other noise, which differ for each station. We examine
one earthquake at a time to find mantle reflections that leave
the source region in a fairly narrow cone of take-off angles. Our
measurements sample mantle structures across a lateral extent
of only a few tens of kilometres, giving much higher resolution
than previous work.

The large-aperture dense array

The five regional, short-period arrays whose seismograms we
examine are the Northern California Seismic Network, the
Southern California Seismic Network, the University of Utah
Regional Seismic Network, the University of Nevada-Reno Seis-
mic Network and the Washington Regional Seismic Network.
Combined, the arrays consist of 881 short-period vertical stations
across the western United States (Fig. 1). The resulting antenna,
which spans 1,700 km by 800 km, covers more than 30 times the
area of the short-period arrays previously used for mantle
waveform studies. From six earthquakes, we observe mantle
reflectors beneath South America, Tonga, Bonin and Mariana
with roughly the geometry shown in Fig. 2. These earthquakes
are recorded with good signal-to-noise ratios at frequencies
between 0.2 and 5.0 Hz.

With the spacious aperture and the multiplicity of stations,
we can effectively eliminate the largest sources of noise, which
are microtremor, electronic noise and near-station reverber-
ations. The scattering near the source is minimized by consider-
ing the part of the wavefield that arrives before pP, the earliest
arriving energy scattered off the Earth’s surface or ocean bottom
above the source.

The seismograms that we analyse contain most of their energy
at a period of 4s. Although the instruments are designed to
measure shorter-period seismic energy, they have been used to
study ground motion up to 20-30 s period’. We visually examine
every trace and reject the 40-70% that are too noisy or dissimilar
to nearby stations. A time in the P or pP arrival is handpicked,
either the onset time or a prominent early peak, depending on

124° 116° 108°
. 1 )

-{46°

-+ 38°

¢ Network short—period station

FIG. 1 Location of the 881 stations in the five regional short-period arrays
assembled in this study.

NATURE - VOL 356 - 23 APRIL 1992

-

0 km

210

Depth

FIG. 2 Typical geometry of an earthquake and the structures that we observe.
The shaded region marks the trend of the earthquakes that define the
Wadati-Benioff zone.

the character of the earthquake. The traces are shifted in time
so that the picked phase arrives at the same time for all traces,
normalized to a peak amplitude of unity and searched for plane
wave arrivals.

We do not combine earthquakes because the mechanisms and
rupture time histories vary, and also we do not assume that each
earthquake will illuminate the same structures. We do not cross-
correlate to isolate secondary arrivals, as some of the arrivals
we seek initially travel upwards, others downwards; some energy
emerges (rom the source region as an S wave, some as a P wave.
Only for cases in which the source is small compared to the
seismic wavelengths is cross-correlation or deconvolution
effective®®,

The earthquake depth is required to estimate the depth of the
reflectors imaged here. The uncertainty in earthquake depth is
least for the four events relocated with both pP and P arrivals
as part of an inversion for three-dimensional slab structures®.
The difference in earthquake depth between locations in a one-
dimensional and a three-dimensional velocity model is ~1 km
(ref. 8). The uncertainty in earthquake depth is difficult to state
precisely, but is probably less than 10 km.

The depth uncertainty is greater for the two events taken from
the International Seismic Centre (ISC) catalogue. These depths
are probably accurate to £15 km, depending mostly on whether
the correct pP phases were chosen and on the accuracy of the
assumed velocity structure above the earthquake®. For example,
ISC depth estimates using the pP— P times are 5 km deeper on
average than depths determined using P times alone, and
differences between the two depths have a variance of 11 km.
The errors in the two measurements are largely independent, as
errors in P locations mostly depend on velocity anomalies
beneath the earthquakes whereas errors in pP—P locations
mainly depend on velocity anomalies above the earthquakes.

Figure 3a and b compares data and synthetic seismograms
for 70 of the 279 waveforms analysed from the 3 April 1985
event, which is near 476 km depth in the Bonin subduction zone.
It is clear that the signals we seek are small compared with the
P-wave coda and that we must stack many records to resolve
the weak reflections expected from the upper-mantle discon-
tinuities.

A slantstack, also called a radon transform by mathematicians
and a p-r stack in the oil industry, resolves plane-wave arrivals
while minimizing incoherent signals. A point in the slant stack
represents the sum along a line through a seismic section such
as those shown in Fig. 3a and b. Each line is described by its
stowness (reciprocal of apparent velocity) across the array and
its delay time when the line intersects a reference station. Figure
3c and d compares the stacks at the P-wave slowness for the
data and the synthetic seismograms. Figure 3¢ and f compares
the stacks at the pP slowness. The stacking process has reduced
the noise enough that we can see a minor arrival 20 s after the
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TABLE 1 Earthquakes

Depth Latitude Longitude ‘660’ ‘410’ 210

Date Region (km) (N) (E) Mag depth depth depth

28 Aprit 1981 Tonga 540* -23.7° 180.0° 6.0 685 387 208
4 Janary 1982 Mariana 606* 18.0° 145.6° 6.1 — 408 214
3 April 1985 Bonin 476* 28.2° 139.5° 6.0 677 — 207
16 June 1986 Tonga 559* -22.0° -178.9° 6.3 690 398 202
27 October 1987  South America 604+ -28.7° -62.9° 6.0 6861 406 220
3 May 1991 Bonin 4621 28.0° 139.6° 6.0 686 — 215

* Depth from relocation and velocity inversion®.
+ Depth from pP -~ P location (PDE Bulletin).
1 Depth from 2-s rather than 4-s period slant stack.

P wave, but only in the stack at the P-wave slowness. This arrival,
as well as the energy 60 s after P, will be interpreted below. The
pP arrival is noticeably more complicated than the P arrival in
the data, probably because of the water layer and structurai
complexity where pP reflects from the surface of the Earth.

Figure 4 shows the logarithm of the envelope of the slant
stacks of records from this earthquake. The envelope is the
amplitude of the analytical slant-stack time series and serves
only to eliminate the four or five zero crossings in each arrival
apparent in Fig. 3¢ and e. The use of the logarithm with colour
allows a factor of 100 variation in amplitude to be presented.

Many arrivals can be seen in Fig. 4. Note that the window
between P and pP is very clean, so that signals with amplitudes
from 2 to 10% of the direct P wave can be identified. The arrivals
are unlikely to be aftershocks because most arrive with
slownesses different from the main shock. The similarity of the
sequences of arrivals following earthquakes in similar {ocations
also argues against their interpretation as aftershocks.

The signal-to-noise levels are similar for slant-stacks of period
1, 2 and 4. It seems that the improved instrument response at
shorter periods is offset by larger-amplitude scattered waves and
less coherence across the array. The stacks for 4-s period show
most clearly the signals from the ‘410’ and ‘660" reflectors, as
well as a signal reflecting near 210 km depth.

Identification of mantle reflections

Four earthquakes show the arrival that travels out from the
source as an S wave and converts to a P wave near 660 km
depth. A fifth event, indicated in Table 1, only shows a clear
arrival at higher frequency. Figure 5 shows the slant stacks of
the P wave and the following 30 s for the four events. The traces
are aligned so that an S-to-P conversion at 660 km depth would
appear centred on the purple vertical line. An arrival appears
for each event ~2-3 s later than expected. The amplitude of
this arrival is ~10% of the direct P wave, in accord with the
prediction of synthetic seismograms.

Arrival times of these S-to-P conversions correspond to reflec-
tor depths of 677, 685, 686, 686 and 690 km (Table 1). These
depths were calculated by solving for the location of a flat
reflector that produces an S-to-P converted arrival with the

®
®
S
S

FIG. 3 a Seismograms from 70 of the 279 stations used to
study the 3 April 1985 earthquake, which cover only a quarter
of the aperture of our array. All seismograms are aligned on
the pP phase. b, Reflectivity seismograms for the same 70
stations. The IASP91 velocity model is used™®, and the cen-
troid moment tensor mechanism3? is assumed. The syn-
thetics are filtered in the same way as the data. ¢, d, Stacks
of the data and reflectivity seismograms with the P arrivals
aligned. e, f, Stacks of the data and reflectivity seismograms
with the pP arrivals aligned.

Distance (km)

680

observed delay time after the direct P wave. Other possible
origins include P-to-P reflections from a horizon that varies
between 340 and 500 km depth, S-to-P reflections from a horizon
that varies between 380 and 520 km depth, or reflections from
dipping surfaces. The consistency of depths, the prediction of
such arrivals in reflectivity synthetics and the observation that
these arrivals generally show slightly steeper angles of incidence
than the direct P wave, as expected for S-to-P conversions in
transmission, rather than the slightly less steep angles of
incidence expected for reflections and conversions above the
source, indicate that the first explanation is correct. The uncer-
tainty in these boundary depth estimates would be less than
10 km, mainly due to the possibility of some dip in the boundary,
if the exact depth of the earthquake were precisely known.
The events in Tonga produce ‘660° depths of 685 and 690.
Earlier work on earthquakes with similar focal depths suggested
that this boundary was roughly 10km shallower'’. Our
earthquake depths, based on pP—P measurements and three-
dimensional upper- and lower-mantle velocity structure®, are
more accurate. The previous work'! measures arrivals that con-
tain energy at <1 s period, whereas we use arrivals of 4 s period.
Their arrivals convert nearer the deep seismicity than the arrivals
that we examine, as the array that they examine is in Australia
whereas ours is in North America. Their array aperture is
~10 km; ours is 1,500 km, allowing greater slowness resolution,
although their study has many more events at various depths.
We stack seismograms for one event at a time; they stack
envelopes for multiple events, so our study is more sensitive to
structure that varies laterally. Given these differences, it is not
surprising that slightly different depths for the ‘660’ are found.
The slant stacks for all six events are shown in Fig. 6. The
primary arrivals, P and pP, appear red and yellow; they have
high amplitude and are well defined. The purple triangles above
the upper four stacks locate the S'660’P arrivals that were shown
in more detail in Fig. 5. For four events, an arrival that we
identify as p‘410’P is marked by the blue triangles. It may also
be present for the other two events, but would be obscured by
S‘660’P. This reflector, measured with the assumption of
horizontal layering, lies at depths of 387, 398, 406 and 408 km
for the four events. If these reflections were S-to-P conversions

a Data b Reflectivity seismograms
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which have 30 km wavelength, requires that the reflector be less
than a quarter wavelength (8 km) thick.

Cause of reflectors at 210, 400 and 680 km

The five observations of upper-mantle seismic discontinuities
near 660 km depth suggest that the y-phase olivine to perovskite
plus magnesiowiistite boundary is depressed by 20-30 km com-
pared to global averages based on long-wavelength measure-
ments®>®. This variation is somewhat greater than the 20-km
depression observed to the northwest of subduction in the north-
west Pacific with long-period shear waves?, whose resolution is
~1,000 km. The resolution of our high-frequency observations
is an order of magnitude finer because we are using waves five
times higher in frequency and because the conversion point is
near the source rather than near the midpoint of the ray path.
We sample the ‘660" about 100 km from the intersection of the
seismicity that defines the Wadati-Benioff zone and 660 km
depth, toward the direction from which the subducting litho-
sphere is approaching (the right, in Fig. 2). The ‘660’ boundary
in this direction has been estimated to lie at a more normal
depth than on the other side in the Kurils?. We therefore observe
more depth variation than is seen with longer-wavelength
probes. Depression of the boundary by 25 km suggests a decrease
in temperature of ~300°C (£30%)''. And this elevation is
measured outside the region where simple models of through-
going subducting slabs place the core of the slab'?, requiring
that the thermal anomaly be spread by broadening of the slab
rather than by thermal conduction alone.

The four observations of upper-mantle seismic discontinuities
near 410 km depth suggest that the a-to-8 phase boundary is
elevated by ~15km near the core of subducting slabs. Our
reflection points range from the middle of the seismicity at
410 km depth to ~100 km to the side of the seismicity. As our
observations are made in areas above deep earthquakes, we are
measuring the depth of the phase transition either in material
that is subducting or that has been next to subduction for a long
time. An elevation of the equilibrium a = 8 phase boundary
of 15 km would result from 400 °C (+£30%) difference in tem-
perature between subduction zones and normal mantle'*!“. This
is less than the expected thermal anomaly in the core of the
slab. But as the wavelength of features that can be resolved in
this study is 50-100 km, we still may not be observing the full
elevation of the discontinuity if the coldest zone is narrow.

Mineral physics experiments show that the a =8 phase
transition is kinetically hindered at temperatures below 520-
900 °C, at least on laboratory timescales'®. Seismic studies have
suggested that the depth of this transition is depressed near
slabs'®, is elevated'™'® or has no measurable deflection®, and a
small anticorrelation between the depth to the 660 and 410 km
discontinuities has been observed®. Our observations of a bound-
ary elevated by 15km suggest that the phase transition can
proceed at temperatures 400 °C colder than ambient mantle'’.
It is still possible that isolated pockets of olivine remain untrans-
formed, or that the cold centre of the slab forms a thin, untrans-
formed tongue of metastable olivine.

Recent work indicates that this transition may initiate and
lubricate deep earthquakes, overcoming the high friction
theoretically expected to prevent seismic faulting!*?°. Our results
indicate that the transformation progresses at temperatures
several hundred degrees colder than the normal mantle
geotherm. If metastability is to account for deep earthquakes,
it must persist to near 660 km depth, despite the adiabatic
temperature increase of ~200 °C from 410 to 660 km depth'’.
Alternatively, some compositional or grainisize influence on
metastability may allow the penetration of the a phase to the
depths of the deepest earthquakes, but this seems unlikely.

Published observations and interpretations of a seismic veloc-
ity discontinuity near 210 km depth span the past 30 years®"-2'-22,
Long-period, wide-angle seismic profiles have often been inter-
preted to show structures near 210 km depth. A velocity increase
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near 200 km depth underlain by a minor velocity decrease is
seen beneath Australia®®, but the sharpness is difficult to resolve,
A velocity decrease near 160 km depth, underlain by an increase
in velocity near 190 km, is inferred beneath northwestern
Eurasia?®. These two studies examined areas beneath stabje
continents. A large velocity contrast underlies Japan, somewhat
shallower than 200 km depth®. Under Tibet, a reflector is obser-
ved near 200 km depth?.

Reflections from near 210 km depth are not seen by recent
long-period shear-wave studies®?’ under oceans; the present
study, however, has the advantage of a more favourable signal-
to-noise ratio, more localized sampling and more sensitivity to
moderately dipping reflectors. Another explanation of this dis-
crepancy would be that the reflector is laminated, with little
long-period signature. Perhaps the feature is confined to a smal!
area around subduction zones. But the volume of literature
reporting seismic velocity changes near 210 km depth suggests
that a global boundary may be present.

The nature of the reflector required by Fig. 6 is not simple to
deduce. A depth of 210 km has been proposed as the level of a
compositional boundary???®. The constancy of depth adjacent
to subduction zones, where material passes through the 210-km
level, is difficult to reconcile with a compositional boundary.
This depth has also been proposed as the bottom of partial
melting, which would correspond to the base of the low-velocity
zone, and this is the most likely interpretation. A discontinuity
near this depth has been proposed as the base of the lid beneath
continents, but it seems to lie deeper and mainly beneath older
continents”’, whereas we observe the structure beneath oceans.

The reflections from the ‘410’ show that the « — 8 boundary
is elevated by ~15km within cold, subducting material, con-
sistent with a temperature anomaly of ~400 °C. This amount of
relief on the boundary argues against penetration of metastable
olivine to the depth of the deepest earthquakes. The 25-km
depression of the boundary at which the y-phase of olivine
transforms to perovskite plus magnesiowiistite is greater than
that observed at longer wavelength, and consistent with tem-
peratures 300 °C colder than normal. Such temperature contrasts
are about twice as large as those inferred from large-scale global
variations of discontinuity depth. Measurements of long-period
shear waves™® find ~15km of depth variation (zero to peak)
for the ‘660’ and 5-10 km for the ‘410’. These studies indicate
lateral variations of ~100 °C. Lateral compressional-wave veloc-
ity variations have been interpreted to indicate 120 (+£100) °C
temperature variations in the mid-mantle®®.

Temperature variations of 300-400 °C are consistent with ther-
mal models of slabs. The core of the slab may be ~800 °C colder
than ambient mantle'?, so a contrast of 400 °C at 410 km depii
is the result one would expect from this fairly long-wavelength
probe. Near the ‘660, it is more difficult to know what tem-
perature contrast to expect ~100 km towards the direction of
approach of the subducting plate. The simplest, narrowest slab
models'??° predict only a small temperature perturbation at our
S$‘660’P conversion point. The models in which viscosity in-
creases by more than a factor of 10 below the ‘660’ (ref. 30) and
the models in which the anomalously cold zone is broad'’ do

predict a few hundred degrees of anomaly, as we observe. &
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The main stress proteins of Escherichia coli func-
tion in an ordered protein-folding reaction. DnaK
(heat-shock protein 70) recognizes the folding poly-
peptide as an extended chain and cooperates with
Dnal in stabilizing an intermediate conformational
state lacking ordered tertiary structure. Dependent
on GrpE and ATP hydrolysis, the protein is then
transferred to GroEL (heat-shock protein 60) which
acts catalytically in the production of the native
state. This sequential mechanism of chaperone
action may represent an important pathway for the
folding of newly synthesized polypeptides.

PROTEINS can fold in vitro without the help of additional
components, demonstrating that the amino-acid sequence con-
tains the full information to specify the native conformation'?.
It was therefore assumed that the folding of proteins in vivo
occurred by an essentially spontaneous process as well. But then
it was discovered that the folding of certain newly synthesized
proteins depends on so-called ‘molecular chaperones™, or ‘poly-
peptide chain binding proteins**. These proteins have the ability
to interact with many unfolded or partially denatured proteins
apparently without specific recognition of defined sequence
motifs. The involvement of molecular chaperones in de novo
protein folding has been established for the constitutively
expressed stress proteins of the heat-shock proteins Hsp70 and
Hsp60 families®™®. Defining the functions of these components
will be crucial for understanding the mechanisms of protein
folding within cells.

Although structurally unrelated, members of both classes of
molecular chaperones use the energy of ATP hydrolysis to
release bound substrate proteins. The Hsp70s probably act as
monomers or dimers, whereas the Hsp60s (the so-called

§ To whom correspondence should be addressed.
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chaperonins®) are functional as high-molecular-weight
oligomeric structures that are composed of two stacked seven-
subunit rings. Members. of the Hsp70 family are involved in
diverse functions, including maintaining proteins in an unfolded
state'®!® dissociating protein aggregates, and facilitating
renaturation>'*'5, The Hsp70 homologue of E. coli, DnakK,
cooperates functionally with two additional heat-shock proteins,
Dnal and GrpE (refs 16-18). Members of the Hsp60 family in
vivo and in vitro mediate the folding of proteins to the native
structure and facilitate oligomeric protein assembly'?-?°. Folding
may occur by a process of stepwise ATP-dependent release from
the oligomeric GroEL structure®®,

Studies on the cellular functions of heat-shock proteins have
focused mainly on one class of components, so we do not yet
have an integrated view of the roles of the different chaperone
families in protein folding. Hsp70s and Hsp60s seem to interact
with different structural elements of unfolded polypeptides.
Consistent with their binding to nascent chains®, members of
the Hsp70 family interact with synthetic peptides® and with
polypeptides in extended conformations®’. In contrast, the
Hsp60 of E. coli, GroEL, may recognize secondary structure
elements®? and stabilize bound proteins as conformational inter-
mediates formed early in folding, like the ‘molten globule'?.
That division of labour between Hsp70s and Hsp60s is phy-
siologically significant is shown by the folding of proteins in
mitochondria. During import from the cytosol, precursor pro-
teins traverse the mitochondrial membranes as extended
chains®*. The newly translocated polypeptides first interact with
the DnaK-related Hsp70 in the mitochondrial matrix**-*’. For
a number of proteins this interaction is necessary but not
sufficient for folding and assembly, which depend on the sub-
sequent transfer of the polypeptide chains to Hsp60 (refs 19,
21, 37), the mitochondrial GroEL homologue®®. A Dnal-like
activity may participate in the process, given that a DnaJ-related
protein has recently been identified that is possibly localized in
mitochondria®.

As the chaperone proteins of mitochondria have homologous
equivalents in the E. coli cytosol, it may be that the pathways
of chaperone-mediated protein folding in both compartments






