
A Detailed Map of the 660-Kilometer Discontinuity are deep earthquakes in the Izu-Bonin sub- 

Beneath the Izu-Bonin Subduction Zone duction zone and the receiver is the War- 
ramunga seismic array (WRA) in north- 
central Australia ( ~ i ~ . '  1). 

Charles W. Wicks, Jr.,* and Mark A. Richards The phase S,,,P is akin to the depth 
phase pP (14) in that the time delays of 

Dynamical processes in the Earth's mantle, such as cold downwelling at subduction zones, S,,,P - P and pP - P are each fairly 
cause deformations of the solid-state phase change that produces a seismic discontinuity insensitive to epicentral location but are 
near a depth of 660 kilometers. Observations of short-period, shear-to-compressional very sensitive to hypocentral depth. For 
wave conversions produced at the discontinuity yield a detailed map of deformation example, for a typical Izu-Bonin event locat- 
beneath the Izu-Bonin subduction zone. The discontinuity is depressed by about 60 ed at an epicentral distance from the WRA 
kilometers beneath the coldest part of the subducted slab, with a deformation profile of 5300 km and a depth of 400 km, a 
consistent with the expected thermal signature of the slab, the experimentally determined difference in epicentral distance of 50 km 
Clapeyron slope of the phase transition, and the regional tectonic history. translates to less than 0.2 s of difference in 

the time delay pP - P and less than 0.1 s 
difference in S6,,P - P. In contrast, a 
difference in hypocentral depth of 50 km 

T h e  660 discontinuity, which is common- constrain further the dynamical significance translates to over 7 s of difference in pP - P 
ly regarded as the boundary between the of the 660 discontinuity, high-resolution and over 5 s difference in S,,,P - P. Also for 
upper and lower mantle of the Earth, is seismic images of topography on the discon- this event, a shift of 50 km in the depth of 
characterized by a -5 to 10% increase with tinuity are needed. In this report, we pre- the 660 discontinuity equates to nearly 5 s of 
depth in seismic velocities and density (1). sent a detailed map of the 660 topography difference in S,,,P - P time delay. There- 
It is uncertain whether the discontinuity is beneath the Izu-Bonin subduction zone. fore, accurate estimates of the local depres- 
coincident with a chemical boundary be- We measured topography on the 660 sion of the 660 discontinuity are possible 
tween two isolated, or nearly isolated, man- discontinuity beneath the Izu-Bonin trench only if we obtain accurate estimates of the 
tle reservoirs. However, the existence of a using short-period (-l-Hz) observations of hypocentral depths for the 73 deep (>250- 
solid-solid phase change (from upper man- the seismic phase S6,,P, which starts as a km hypocentral depth) earthquakes used in 
tle minerals dominated by y spinel to an downgoing S wave that partially converts to our study. We obtained accurate estimates of 
assemblage of lower mantle minerals domi- a downgoing P wave at the 660 discontinu- the earthquake hypocenters by using the 
nated by silicate-perovskite) near a depth of ity beneath the source. The length of the time interval pP - P or pwP - P (15). 
660 km has been known for some time (2). slower S leg of the path is proportional to The phase S6,$ can be reliably identified 

The 660 discontinuity is also known to the time interval between the S,,,P and P in Short-period array recordings (8-10) and 
be sharp (-5 km in width) from observa- arrivals. We used the difference in the can be consistently observed where source 
tions that short-period waves both convert travel tinies of the two phases, S,,,P - P, radiation patterns are favorable (16). For the 
at and reflect off of the interface. The to determine the apparent conversion Izu-Bonin events we used, favorable radia- 
sharpness of the discontinuity has led to depth in an IASP91 velocity model (1) that tion patterns and source-receiver geometry 
speculation that it may also represent a was modifid to include a 660 discontinuity result in many high-amplitude S,,,P phases 
change in bulk chemistry (3, 4). High- that varies in depth. The apparent conver- (Fig. 2). For each of the earthquakes, we 
pressure experiments and seismic observa- siotidepth of S,,,P is then used to infer the processed the 20 vertical channels of the 
tions have led to a consensus that the depth of the 660 discontinuity. The sources WRA using a nonlinear stacking technique 
sharpness of the 660 discontinuity results 
from the phase change of y spinel to per- 
ovskite. This phase change occurs within a 130'E 140'E 150'E Fig. 1. A map of the study area. 
small depth interval (-5 km) (5, 6) with a 40"N Detailed study windows A and B 
small negative Clapeyron slope [--2.8 are drawn around events with 
MPa K-' for the transition from y spinel to neighboring pP bounce points, 
silicate-perovskite plus magnesiowiistite events that also have neighboring 
(31. The transition occurs at a depth near S6,,P conversion points. Interna- 

660 km, nearly independent of the bulk tional Seismology Center (ISC) 
earthquake locations deeper than chemistries expected in the mantle (5, 7). 
100 km are labeled with small 

Cold temperatures in a subducted slab solid dots to show the location of 
should depress this phase change up to -60 30'N the Izu-Bonin and Marianas deep 
km. By contrast, the dynamical depression Wadati-Benioff zones. The WRA is 
of a chemical boundary beneath subduction -5000 km south of the study 
zones should reach a minimum of -100 to area. 
300 km. To date, seismic studies have 
found a maximum of only -30 km of depth 
variation of the 660 discontinuity (8-1 3), 
consistent with a solid-state phase change 20"N 
with a small negative Clapeyron slope. To 
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(10) that resulted in a rectified seismogram 
(Fig. 2). This processing brings out phases 
with similar apparent wavefront velocity 
across the WRA, such as P, S660P, pP, and 
pwP (14). From the original 73 events, we 
selected 42 events to use. We selected only 
the events that displayed both prominent 
S660P and pwP phases to ensure good depth 
estimates of the 660 discontinuity. 

As shown in Fig. 3, the 660 discontinu- 
ity is depressed -40 km in window A. The 
full extent of the anomaly along A-A' may 
not have been measured and only one 
poorly constrained data point limits it on 
the west, but the depression appears to be 
-200 to 300 km wide. This broad anomaly 
agrees with the slab thickening of two to - u 

three times predicted by the numerical 
modeling of a steeply dipping slab encoun- 
tering a viscosity contrast (1 7). The anom- 
aly also agrees with slab thickening near the 
660 discontinuity presented as a possible 
model by residual sphere analysis in the 
Tonga subduction zone (1 8, 19). 

A comparison of the apparent depth of 
the 660 discontinuity in window A from 
three different hypocenter data sets (Fig. 4) 
shows that the magnitude of the depth 
anomaly does not change significantly 
among the three determinations. The appar- 
ent deflection of the discontinuity does shift 
- 10 km deeper from Fig. 4A to Fig. 4, B and 
C, and the anomaly appears broadest in Fig. 
4C. The points between 2' and 3" (Fig. 4) 
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Fig. 2. Section of the hypocentral depth record 
of the events used in this study. Each trace is a 
processed WRA seismogram for a single event, 
plotted at the hypocentral depth found by Eng- 
dahl and colleagues (25, 28). Phases S,,,P 
and pwP are prominent along the directions of 
the labeled arrows. Time is relative to the onset 
of P. Although the seismograms are from earth- 
quakes that span over 1000 km of epicentral 
distance, the robust sensitivity of S,,,P - Pand 
pwP - P on depth and their insensitivity to 
distance are apparent. 

sample the maximum depression of the dis- 
continuity and probably sample the 660 
discontinuity within the cold core of the 
subducted Izu-Bonin slab. 

To test the sensitivitv of our results to 
near source velocity anomalies, we estimated 
the bounds on 660 topography by redeter- 
mining hypocentral depths for the events 
(using observed pwP - P or pP - P time 
intervals) and redetermining the depth of 
the 660 discontinuity (using observed S660P 
- P time intervals) for slab models that were 
both faster and slower than the IASP91 
reference model (20). We used the redeter- 
mined values for the depth of the 660 dis- 
continuity for these ,two velocity models 
combined with estimated reading errors for 
the phases for each event to calculate the 
error bars (2 1) assigned to the depth deter- 

Distance (degrees) 

Fig. 3. Details for window A. The ISC earthquake 
locations are shown as hollow circles, the con- 
version points for S,,,P found in this study are 
shown as solid circles, and the conversion 
points for S,,,P from the study by Vidale and 
Benz (13) are shown as solid diamonds. (a) 
Location map for window A. (b) Projection of 
hypocenters and S,,,P conversion points on a 
vertical plane through A-A', perpendicular to 
the strike of the deep Wadati-Benioff zone. The 
hollow squares represent Engdahl and co-work- 
ers' hypocenters (25, 28) for events that also 
have an S,,,P conversion point. 

minations (Fig. 4C). In window B (Fig. 5), 
the 660 discontinuity is depressed more than 
50 km in an anomaly that appears open- 
ended to the west and abruptly limited to the 
east. The size of the anomaly is fairly robust 
in that the local depression of the 660 
discontinuity is -60 km for each hypocenter 
data set. 

The deflections of the 660 discontinuity 
that we determined in windows A and B are 
larger than those found by others (8-13), 
probably because we are probing a colder and 
more confined thermal anomaly than has 
been studied before (22). Our error estimates 
suggest a deflection of between 46 and 80 km 
in the coldest part of the slab, which we take 
to be 1000 k 200 K colder than the ambient 
mantle. This temperature results in an esti- 
mated Clapeyron slope for the phase bound- 
ary from y spinel to perovskite of - 1.7 to 
-4.4 MPa K-' (23). This estimate com- 
pares well with the value of -2.8 MPa K-' 
in (5) and is lower than -4.0 + 2.0 
MPa K-' found in (24). More importantly, 
the range of values has an estimated error of 
k1.35 MPa K-', less than that of +2.0 
MPa K-' in (24). With a better thermal 
model of the slab and the incorporation of 
S6,,P times into a tomography model, we 
should be able to offer a more accurate 
determination of the Clapeyron slope. 
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Fig. 4. Projection of S,,,P conversion points 
from window A on a small area of cross section 
A-A' for three different hypocenter data sets. 
The solid circles represent S,,,P conversion 
points determined in this study, and the solid 
diamonds represent S,,,Pconversion points of 
Vidale and Benz (13). (A) Hypocenters from the 
ISC catalog (43) located in the reference ve- 
locity model of Jeffreys and Bullen (44). (B) 
Hypocenters provided by Engdahl and co- 
workers (25, 28), who utilized pP and water 
depth to locate the events using the IASP91 
reference model. (C) Hypocenters found with 
the use of pwPin this study. The horizontal error 
bar in the lower right corner represents the 
worst standard error in the location of the earth- 
quakes we used, as reported in the ISC cata- 
log. This error bar should represent a good 
estimate of the horizontal error of the conver- 
sion point locations. 
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Tomographic images of the Izu-Bonin 
subduction zone (25, 26) have been inter- 
preted to suggest that the subducted Izu- 
Bonin slab lies horizontally atop the 660 
discontinuity beneath the Philippine plate. 
Although the horizontal lying slab has been 
described as being deflected by the 660 
discontinuity, the slab may have been depos- 
ited on the discontinuity during an episode 
of eastward trench retreat (25, 27) at a time . .  , 
of back-arc spreading. Such an episode may 
also be largely responsible for the presence of 
other apparently horizontally lying slab 
structures beneath the Kurile and Japan 
subduction zones (26) that, like the Izu- 
Bonin subduction zone, underlie back-arc 
basins (29). > ,  

The Izu-Bonin trench retreated eastwiird 

Distance (degrees) 

Fig. 5. Details for window B, similar to Fig. 3. (a) 
Location map for window B. (b) Projection of 
hypocenters and S,,,P conversion points on a 
vertical plane through cross section B-B', per- 
pendicular to the strike of the deep Wadati- 
Benioff zone. We determined the hypocenters 
using pP - P or pwP - P and estimated the 
errors using the same method as described for 
Fig. 4C. The size of each solid circle in this 
projection is scaled to the estimated error of the 
depth to the 660 discontinuity for each S,,,P 
conversion point. The symbols are the same as 
in Fig. 3. 

from about 25 million to 15 million years ago 
during the opening of the Shikoku basin in 
the East Philippine Sea (30). The northern 
Izu-Bonin subduction zone has been station- 
ary in the hot-spot reference frame for the 
last 15 million years, whereas the southern 
part has experienced westward trench ad- 
vance for the last 5 million years (3 1). Thus, 
trench advance may explain the interpreted 
broad thermal depression found in window 
A (Figs. 3 and 4). By contrast, the abrupt 
increase in depression of the 660 discontinu- 
ity on the east side of the Wadati-Benioff 
zone found in window B (Fig. 5) may result 

.from a lack of trench advance in the north- 
em end of the Izu-Bonin subduction zone. 

The fate of the slab below the 660 dis- 
continuity is unknown. There remains some 
evidence that the lower mantle and upper 
mantle are chemically distinct (32-34), and 
slab penetration of the 660 discontinuity 
does not necessarily require a homogeneous 
mantle. However, seismic tomography indi- 
cates that in some cases slabs do penetrate 
deep into the lower mantle (26). With 
modest assumptions of threefold thickening 
of the slab below a depth of 660 km and a 
subduction rate of 6 cm the regional 
plate tectonic history suggests that the Izu- 
Bonin slab could extend -300 km into the 
lower mantle. Such an extension is not 
observed in tomographic studies of the area 
(25, 26), but there is reason to believe that 
once the slab passes through the 660 discon- 
tinuity its material properties would make it 
nearly invisible to seismic body waves (7, 
35). However, if slabs are invisible below 
the 660 discontinuity, what is the nature of 
high-velocity extensions of slabs to depths of 
- 1200 km, such as seen in the Java subduc- 
tion zone (26)? 

As ~ointed  out by Wahr and colleagues 
(36), topography on the 660 discontinuity 
may have unmodeled effects on seismic ve- 
locity inversions, particularly in subduction 
zones. The area of 660 depression will cause 
a pronounced low-velocity anomaly. A 
high-frequency P wave that samples 60 km 
of depression in the 660 discontinuity (-7% 
slow) could sample nearly 200 km of slab 
material in the lower mantle that is 2% 
faster than the surrounding mantle with no 
net travel-time anomaly. This type of com- 
pensation could be a problem in tomo- 
graphic studies of areas with short extensions 
of the slab into the lower mantle. A short 
slab extension is expected from plate recon- 
structions in the Izu-Bonin subduction zone, 
but longer extensions into the lower mantle 
may be expected elsewhere, such as observed 
in the Java subduction zone (26). 
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Comparisons Between Seismic Earth Structures 
and Mantle Flow Models Based on Radial 

Correlation Functions 

Thomas H. Jordan, Peter Puster, Gary A. Glatzmaier, 
Paul J. Tackley - 

Three-dimensional numerical simulations were conducted of mantle convection in which 
flow through the transition zone is impeded by either a strong chemical change or an 
endothermic phase change. The temperature fields obtained from these models display 
a well-defined minimum in the vertical correlation length at or near the radius where the 
barrier is imposed, even when the fields were filtered to low angular and radial reso- 
lutions. However, evidence for such a feature is lacking in the shear-velocity models 
derived by seismic tomography. This comparison suggests that any stratification induced 
by phase or chemical changes across the mid-mantle transition zone has a relatively 
small effect on the large-scale circulation of mantle material. 

O n e  goal of structural seismology is to 
map variations in the seismic wave speeds 
in sufficient detail to resolve the pattern of 
the mantle convection. The most funda- 
mental issue is the degree to which the 
large-scale flow is stratified bv chances in - - 
mineralogical phase or bulk chemistry 
across the transition zone from depths of 
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400 to 700 km (1). Particular attention is 
being paid to the role of the 670-km 
discontinuity, which is dominated by the 
endothermic dissociation of spinel 
(Mg,Fe) ,SiO, into perovskite (Mg,Fe) - 
SiO, plus (Mg,Fe)O. Laboratory (2) and 
seismic observations (3) constrain the 
Clapeyron slope of this phase transition to 
be negative and relatively steep: -4 k 2 
MPa K-'. Convection calculations that 
combine phase-change dynamics with 
two-dimensional (2D) (4, 5) and 3D (6, 
7) flow geometries indicate that an en- 
dothermic transition of this magnitude 
acts to inhibit convection through the 
phase boundary. 

Any restriction of the large-scale flow 
bv this or some other mechanism (8) 
should be evident in the shear-wivk 
speeds determined by seismic tomography. 
Seismic data sets have been inverted by 
several research groups (9-1 3) to obtain 
the shear-velocity perturbation Sp(r,fl) 
up to spherical harmonic degree 12 
throughout the mantle, where r is the 
radius ranging from the core-mantle 
boundary at b = 3480 km to the surface at 
a = 637 1 km and f2 = (0,cp), a point on 
the geographic sphere S,. In regions where 
compositional and phase differences can 
be ignored, SP(r,f2) is relatively small, 
typically less than 5% of the mean wave 
speed, and can be related to the aspherical 
temperature variations by the linear ap- 
proximation 

Progress in the calculation of 3D, solid- 
state convection (6, 7, 14, 15) makes it 
feasible to discriminate among the various 
stratification hypotheses by the compari- 
son of numerical simulations of ST with 
seismic estimates of SP throughout the 
entire mantle. 

A direct comparison of the temperature 
and shear-velocity fields is not the best 
approach, however. Convection models are 
still too crude to ~redic t  the details of 
mantle flow. Moreover, whole-mantle 
(WM) tomography cannot resolve such de- 
tails, and there is still considerable uncer- 
tainty in the value of (apIaT), in the lower 
mantle (1 6). Competing convection hy- 
potheses must therefore be tested by con- 
sideration of the average properties of the 
temperature field that can be reliably de- 
rived from low-resolution estimates of the 
seismic velocities and that are robust with 
respect to the ST-SP scaling. In most to- 
mographic inversions, the shear-speed vari- 
ations are represented by a truncated series 

where b I r a and Y;" is the surface 
spherical harmonic of angular degrge l and 
azimuthal order m. For hypotheses regard- 
ing convective stratification, the most ob- 
vious discriminants are radial functions 
constructed by some sort of averaging over 
the angular coordinates. An example is the 
angular squared-amplitude (power) spec- 
trum, Sp(r,l) = 2 ISP;"(r) 1 2 .  Tomographic 
estimates of Sp(r,l) display high amplitudes 
and low characteristic wave numbers in 
both the uppermost and lowermost mantle 
(9-1 2). These estimates have been inter- 
preted as manifestations of thermal, and 
perhaps chemical, boundary layers at the 
top and the bottom of the mantle (9, 18). 
The Sp(r,l) spectrum peaks at 1 = 4 to 5 in 
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