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Abstract

The volume and location of subducted plate, since 130 Ma, are reconstructed from magnetic anomalies and updated finite
rotation parameters describing relative motions in the ocean basins and between plates and hotspots. The area of subducted
plate is calculated from the relative motions between overriding and overridden plates along the length of convergence in the
hotspot reference frame in 5 Ma intervals. Ridge locations are reconstructed by rotating magnetic anomalies from their
present to their former positions. The distances between trenches and ridges, at a certain point of time, in the spreading
direction are thus estimated and are used to determine the ages of trenches, according to the spreading history recorded in
present-day oceans. The thickness of the oceanic plate is obtained from the age based on the half-space cooling model.
About 3.45 X 10! km® of oceanic plate has been subducted during the past 130 Ma, with maximum accumulation beneath
Southeast Eurasia. At spherical harmonic degree / = 2, where subduction flux peaks, excellent correlation is found between
four seismic tomographic models at the top of the lower mantle (about 800—1100 km deep) and predicted slab locations. For
some seismic models excellent correlation is also found at other degrees in that depth range. Some models also have good
correlations with predicted slab locations in the deep mantle at / = 2. Direct comparison between subduction and seismic
tomographic patterns at 800—1100 km shows that subduction history correlates with tomography very well in terms of
location and amplitude of anomalies. Cold downwellings, which may be related to slabs, appear to be trapped in the
mesosphere, or middle mantle. Correlations between seismic tomography and subduction over different time periods support
this conclusion. There are also some correlations in the upper mantle and in the deep lower mantle, although they are
generally not as significant as those in the 800—1100 km depth range. There may be a significant boundary in the mantle
near the 800-1100 km depth. From a geodynamic and chemical point of view, the lower mantle may start at a depth closer
to 1000 km than to 670 km.

1. Introduction the resistance of slabs increased in the transition
zone. Zhou and Anderson [2] showed that some slabs

The fate of subducted slabs is controversial and tend to flatten toward horizontal as they approach the

the issue of whether subducting slabs penetrate the
670 km discontinuity is crucial to the nature of
mantle convection. Isacks and Molnar [1] interpreted
the cessation of earthquake activity at about a depth
of 700 km, and the compressive nature of focal
mechanisms of deep earthquakes, as evidence that

base of the upper mantle. Shearer and Masters [3]
also suggested that subducting slabs are deflected
horizontally at the 670 km discontinuity based on
tentative correlation between regional depression of
the discontinuity and subduction. Some observations
from travel time studies suggested that seismic
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anomalies extend at least several hundred kilometers
below the 670 km discontinuity beneath subducting
slabs in some subduction zones [4—9]. Van der Hilst
et al. [10] showed that slabs beneath the Japan and
[zu Bonin island arcs may be deflected at the 670 km
discontinuity, whereas those beneath the northern
Kuril and Mariana arcs may sink into the lower
mantle. Slab deflection and penetration exist at dif-
ferent times in convection models characterized by
an endothermic phase change in a chemically homo-
geneous mantle [11-16]. The negative Clapeyron
slope of the phase change near the 670 km depth
may preclude slabs from sinking easily, and unde-
formed, into the lower mantle [13-16], as originally
proposed [4,5].

An alternative way to approach the problem of the
fate of the slab is to match the pattern of subduction
and pattern of seismic tomography at various depths
in the mantle. Seismic tomography is beginning to
provide more realistic mapping of the Earth as more
data are accumulated. Plate tectonic models make it
possible to reconstruct subduction locations and the
areas of subducted plates since the breakup of Pangea.
Scrivner and Anderson [17] determined regions of
subduction since the breakup of Pangea at 180 Ma
using paleoreconstruction maps [18]. They con-
structed a simple binary slab distribution function,
which ignored the amount, age and subducting angle
of the slabs and accounted only for the likely pres-
ence or absence of an overridden oceanic plate. They
showed that the long-wavelength (/ = 2) pattern of
high-velocity anomalies (generally, cold mantle) has
a correlation peak with respect to overridden oceanic
lithosphere centered at transition zone depths. Corre-
lations died off rapidly below the transition zone.
Engebretson et al. [19] constructed a more detailed
plate subduction history, quantifying the plate area
subducted over each of the 30 Ma periods back to
180 Ma. Richards and Engebretson [20] found corre-
lations at harmonic degree / = 1-3 between time-in-
tegrated subducted slab area and integrated lower
mantle seismic velocities. Cadek et al [21] found
good correlation between cold regions in the upper
part of the lower mantle and Cenozoic subduction
areas. Slab thickness and volume have been still
ignored in these studies [19,20].

Subduction zones involve oceanic lithosphere with
a wide range of ages. Old slabs are thicker than

young slabs. In order to find the most likely depth
where the slab pattern matches the seismic anomaly
pattern we need more detailed reconstructions of the
amount of subducted slab, which should take the age
of slabs into consideration. Moreover, the detailed
history of subduction can also provide constraints for
convection modeling.

In this paper, we quantify slab flux further by
estimating the ages and volumes of subducting plates
at the various trenches. A half-space cooling model
[22] is used to quantify the relation between thick-
ness and age of the oceanic plate. We reconstruct the
subducted plate area, and its average location, based
on updated finite rotation poles describing the rela-
tive motions cf plates, and between plates and
hotspots [23,24]. We determine the age of subducted
oceanic lithosphere from a digital age map of the
ocean floor [25] and the finite rotation poles. We
assume that the slabs accumulate at a certain depth
in the mantle, beneath their average locations in each
time interval. Subduction flux is evaluated by the
subducted plate volume per area of the Earth surface.
The actual slab distribution area is unknown, because
slabs might sink into the lower mantle and may be
deformed. The possible depth of slab influence is
found by matching with seismic tomographic pat-
terns. The areal distribution of the subducted plate
volume flux during the past 130 Ma is compared
with four seismic tomographic models at various
depths throughout the mantle.

2. Detailed reconstruction of subducted slab area
and thickness

An updated finite rotation model describing the
relative motion of plates and between plates and
hotspots is derived from the references in Table 1
[26—33]. This model is based on the assumption that
the hotspots in the Atlantic and Indian Oceans are
fixed relative to each other over geologically long
periods of time [24]. Since the locations of old
trenches are unknown, we follow Engebretson et al.
[19] in assuming that trenches remain fixed relative
to overriding plates during the past 130 Ma. The
trenches are thus reconstructed to their former posi-
tions in the hotspot reference frame. The relative
motions between overridden and overriding plate
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pairs are inferred from the references given in Table
1. The finite rotations are calculated at 5 Ma inter-
vals by assuming constant rotation during the time
intervals. Stage poles and rotations are used to recon-
struct the length of convergence. The length of the
subduction and the area of subduction, in 5 Ma
intervals, is reconstructed from the convergence his-
tory. The average positions of subduction are recon-
structed by rotating the trenches, with half of the
angle of rotation relative to hotspots, in each time
interval. The boundaries between plates are derived
directly from Miiller et al. [24). The subducted area
for different time periods is shown in Fig. 1. The

relative plate area subducted along these convergent
boundary segments is proportional to the area of the
plotted squares.

The complete history of subduction is different
from Fig. 1, which only describes the subducted slab
area. Different subduction zones involve oceanic
lithosphere with different ages. Old slabs are thicker
than slabs which involve young oceanic plate. A
more accurate way to evaluate the effect of subduc-
tion is to calculate subducted slab volume. In this
paper, we define the oceanic plate as mantle colder
than 1100° C (i.e., the thermal boundary layer, TBL).
The volume of the TBL is assumed to be the volume

30-60 Ma

Fig. 1. The area distribution of subducted slabs during the past 130 Ma in the hotspot reference frame. The subducted area is proportional to
the area of square plotted. Each plot is normalized to the maximum within that time interval. The maximum value in each plot is as follows:
(a) 8.12 X 10° km?. (b) 8.91 X 10° km?. (¢) 1.04 X 10° km*>. (d) 1.31 X 10° km?.
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of the subducted plate. Following the half-space
cooling model and taking the thermal diffusivity
k=107 m? s7', one can quantify the relation
between age and thickness to be 17 =121 X T, where
L is TBL thickness (km) and T is age (Ma) [25]. The
age of the subducting oceanic lithosphere is deter-
mined from the distance between trenches and ridges,
and using the relation between age and trench dis-
tance. Since different parts of the Pacific have differ-
ent spreading histories, the Pacific Ocean is divided
into four parts (north, central, southwest and south-
east). A digital age grid of the ocean floor with a
grid node interval of 6 arc minutes, and a self-con-
sistent set of global isochrons and associated plate
reconstruction poles, is available [25]. This allows us
to measure the relation between age and distance
relative to ridges in the spreading direction in those
four parts of the Pacific Ocean. As an example, the
average separation in the North Pacific Ocean be-
tween different aged isochrons is shown in Fig. 2.
The oldest ocean floor is about 160 Ma in the
Pacific. We assume the spreading rate and direction
of the ridges older than 160 Ma in the Pacific are the

Table |
Sources for the reconstruction

Plate Time (Ma)

Pair From To
NA-HS 130.0 0.0
SA-HS 130.0 0.0
EU-HS 1300 0.0
AU-HS 1300 0.0
AF-HS 1300 0.0
AN-HS 1300 0.0
IN-HS 1300 0.0
AF-AR 300 0.0
EU-NA 130.0 36.0
EU-NA 360 0.0
PA-MB  130.0 90.0
PA-MB 900 495
PA-MB 495 427
PA-MB 42.7 0.0
MB-AN 1300 0.0
NZ-PA 130.0 840
NZ-PA 84.0 26.0
NZ-PA 260 0.0
VA-PA 1300 0.0
CO-PA 205 0.0
[Z-PA 1300 840
1Z-PA 84.0 00

Reference

Muller et al (1993)
Miller et al (1993)
Miller et al (1993)
Miller et al (1993)
Miiller et al (1993)
Miiller et al {1993)
Miiller et al (1993)
LePichon & Gaullier (1988)
Srivastava & Roest (1989)
Lawver et al (1990)
Royer et al (1992)
Mayers et al (1990)
Stock & Molnar (1987)
Mayers et al (1990)
Lawver & Scotese (1987)
Engebretson et al. (1984)
Mayers et al. (1990)
Mayers et al. (1990)
Royer et al (1992)

Royer et al (1992)

Royer et al (1992)
Engebretson (1984)

NA = North America; HS = hotspots; SA = South America; EU
= Eurasia; AU = Australia; AF = Africa; AN = Antarctica; IN =
India; PA = Pacific; MB = Marie Byrdland; NZ = Nazca; VA =
Vancouver; CO = Cocos; 1Z = Izanagi.
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Fig. 2. The spreading history in the North Pacific based on Miiller
ct al. [25]. The vertical axis gives the distance from isochron 5 Ma
and the horizontal axis gives the age of the ocean floor.

same as those in the 140-160 Ma interval. This
curve is set up as a reference spreading model for the
North Pacific. The age of the oceanic lithosphere in
the subduction zone is determined by the following
two procedures:

(1) At a particular time, we take the appropriate
isochron from the digital age map and rotate it to a
former position using the finite rotation describing
the relative motion between oceanic and overriding
plate which the trench is assumed to be fixed to. This
is the location of the ridge at the appropriate time
(assuming that the overriding plate, i.e. trench, is
fixed).

(2) We estimate the distance between each 20 km
segment of trench and ridge in the spreading direc-
tion and find the age of the oceanic lithosphere, at
the same distance from the reference isochron from
the spreading history curve.

This estimated age T,, from the spreading history
curve is the age from the present day. The age
determination in several subduction zones needs spe-
cial treatment. One is the North American subduc-
tion zone in the last 85 Ma. Because of the presence
of the Vancouver and Nazca spreading centers dur-
ing the past 85 Ma [33], the oceanic lithosphere at
the trenches in North America is young. Magnetic
anomalies in the eastern Pacific plate have been lost
beneath North America. We arbitrarily constructed a
series of Vancouver—Nazca ridge locations for the
past 85 Ma. The Izanagi—Pacific boundary is also
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unknown, as is the behavior of the Java trench. Few
magnetic anomalies are left in the Java trench today.
The oceanic remnant of Tethys is about 145 Ma old
(south of Indonesia, near the Java trench). The mag-
netic anomalies observed on the Indian Ocean floor
near the Java trench are nearly symmetric with re-
spect to the 47 Ma isochron, suggesting the cessation
of spreading at that time, and indicate a spreading
rate of about 5.7 cm y !, Tethys is assumed to have
these characteristics. Its ridge ceased spreading at 47
Ma. The locations of the Tethys ridges are recon-
structed based on these assumptions. Subduction in

the Java trench, due to the spreading of Tethys
before 47 Ma, is added into the calculation.

The volume of the subducted plate is recon-
structed by multiplying the area and thickness of
subducted slabs (TBL) in each 5 Ma interval. Fig. 3
shows the history of subducted slab volume during
the past 130 Ma. About 3.45 X 10" km? of oceanic
plate has been subducted during this time. The sub-
ducted slab volume pattern is different from the area
pattern. During the past 60 Ma subducted volume
under North America is small because the slabs were
very young when subducted, even though a large

30-60 Ma

toonoo®0”

Fig. 3. Subduction history during the past 130 Ma in the hotspot reference frame. The subducted volume is proportional to the area of square
plotted. Each plot is normalized to the maximum within that time interval. The maximum value in each plot is as follows: (a) 9.49 x 107

km?. (b) 1.25 X 10® km’. (c) 1.76 X 10% km®. (d) 1.85 x 10® km’.
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a Subduction 0-130 Ma b MDLSH (670-1022km)

-340 km 340 km -1.9% +1.9%

c Inoue’s slowness(800-991km) d SH12WM13 (800-1100km)

-0.56% +0.56% -0.6% +0.6%

e UCSD2 (670-1022km) f SH12WM13 (CMB)

-1.2% +1.2% -1.3% +1.3%
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Table 2
Correlations between 0—130 Ma subduction and MDLSH

Table 3
Correlations between 0—130 Ma subduction and UCSD2

0-130 Ma

Depth, km || I=1 ] 1=2] 1=3] 1=4] I=5] 1=6
0- 220 0.56 | 034 | 042 | 001 0.13 | 0.13
220- 400 [ -051 | 042 |-0.12{ 031 0.18 | 0.15
400- 670 | -039 | 0.58 | -0.03 | 0.40| 0.27 | 0.14
670-1022 || 096 | 0.82 | 063 | 0.76 | -0.20 | 0.25
1022-1284 || 0.38 | 0.16 | 0.17 | 051 | 0.22 | 0.20
1284-1555 || -0.45 | 0.22 | 0.59 | -0.48 | 0.30 | 0.09
1816-1555 || 0.68 | 0.67 | 0.47 | -0.58 | 0.26 | 0.10
1816-2088 || 0.65 | 0.33 | 0.04 | 0.22| 0.19 | 0.0
2088-2359 | 0.76 | 0.37 | 0.01 | 0.54 | 0.12 | -0.20
2359-2630 || 0.80 | 0.54 | 0.31 | 0.30 | 0.09 | -0.22
2630-2891 || 0.51 | 0.57 | 0.21 | 0.60 | 0.24 | -0.13

area was subducted (Fig. 2b and ¢). A large amount
of material subducted in the 30—-60 Ma and 60-90
Ma intervals between India and Eurasia because of
the thick plate and the rapid movement of India
toward Eurasia.

The 0-130 Ma subducted slab flux, up to spheri-
cal harmonic degree /= 6, is shown in the Fig. 4a.
The maximum accumulation of subducted material
occurs under Southeast Eurasia. There are large vol-
umes of slab beneath the India—Eurasia boundary,
Southeast Eurasia, Southeast Australia and the Amer-
icas.

3. Correlations between subducted slabs and seis-
mic tomographic models

One way to quantitatively compare the subduction
pattern with seismic velocity patterns is to calculate
the correlation coefficients. We use four seismic
models (MDLSH [34], SH12WM13 [35], UCSD2
(not an official name) [36] and Inoue’s [37]). The
seismic tomographic models are not entirely consis-
tent with each other, because they are obtained from
different datasets and use different smoothing param-
eters. The spherical harmonic expansion of the time-
integrated subducted slabs during the past 130 Ma
exhibits a maximum at /=2 and /= 1. The correla-

0-130 Ma
Depth, km =1 =2]1=3] I=4| I= 1=
20- 120 0.11[-029 036 | 0.48 | 0.29 | 0.31
120- 220 0.06 | 0.11 | 0.28 | 0.57 | 0.28 [ 0.30
220~ 400 0.02 | 062014 0.64| 0.29 | 0.00
400- 670 0.14 | 0.58 | 0.29 { 0.42 | 0.37 | -0.49
6701022 || 0.23 | 051 | 043 | 050 | 0.36 | 0.74
1022-1284 | -0.70 | 0.89 | 0.48 | 0.39 [ -0.07 | 0.33
1284~1555 || -0.98 [ 0.95 | 0.61 | -0.25 | -0.04 | -0.02
1555-1816 || -0.77 | 0.83 | 0.44 | -0.14 | 0.39 | -0.48
1816-2088 || -0.10 | 0.72 [ 0.22 | 0.10 | 0.34 | -0.48
2088-2359 || 0.30 | 0.77 | 0.19 | 0.10 | 0.06 | -0.03
2359~2630 || 0.22 [ 0.71 | 0.00 | 0.09 | -0.04 | -0.53
2630-2891 || 0.04 | 0.71]0.03 | 0.20 | -0.01 | -0.35

tion coefficients between slab flux and the seismic
tomographic models are listed in TablesTable 2 Table
32Table 4-Table 5-5. Correlations which are signifi-
cant at greater than the 90% confidence level are
underlined. There are excellent correlations for most
of the models (except UCSD2) over the depth range
800-1022 km (670-1022 km for MDLSH, 800-1100
km for SH12WM13, and 800-1435 km for Inoue’s
model) at degree / =1, 2 and 4. There are also some
correlations in the deep mantle. For UCSD2, excel-
lent correlations are found over the depth interval
1022-2359 km at degree [=2. Negative correla-
tions at degree /=1 for some models (UCSD2 and
Inoue’s model) at these depth ranges are of doubtful
significance because of the low power at degree
!=1 for both those models. The power at degree
=1 is about 50% (UCSD2 for a depth range of
1022-1284 km and Inoue’s model for a depth range
of 800-1435 km) of that at degree ! = 2. Subduction
also has some correlations with tomographic patterns
at the core—mantle boundary (CMB).

Correlations between subduction in different time
intervals and seismic models at degree /=2 are
listed in TablesTable 6 Table 76Table 8-Table 9-9.
Subduction in the past 30 Ma correlates with the
seismic models very well in most of the upper
mantle and the upper part of the lower mantle. Poor

Fig. 4. Comparison of subduction patterns (a) and seismic velocity anomaly patterns at the depth range 800-1100 km (b—e) and at the CMB
(f). The blue region indicates large amount of subduction in the subduction model and high velocity or low slowness anomaly in seismic
tomography models. All models are truncated at spherical harmonic degree ! = 6.
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Table 4
Correlations between 0—130 Ma subduction and Inoue

Depth, km I=1] 1=2

0-29 -0.03 | -0.70

29- 78 -0.38 | -0.71

78-148 | -0.38 | -0.74

148- 238 0.13 | -0.49

238- 348 0.01 | -0.23

348- 478 0.07 | 0.45

478-629 || -0.87 | 0.63 . . .

629- 800 -0.46 | 0.57 | -0.12 ] -0.19 | 0.12 | -0.03

0.87

0.92

0.77

0.72

-0.24

0.52

0.57

0.66

800- 991 | -0.76 0.69 | 0.58 | 0.00 | 0.28
991-1203 || -0.97 0.57 ) 036 | -0.30 | 0.21
1203-1435 || -0.72 0.79 | 0.08| 0.11 | 0.44
1435-1688 || 0.18 0.36 | -0.13 | -0.03 | 0.22
1688-1960 || 0.72 0.36 | -0.42 | 0.09 | 0.16
1960-2253 || 0.81 0.37 | -0.68 | 0.03 | -0.01
2253-2566 ) 0.38 -0.02 } -0.30 | -0.24 | 0.08
2566-2900 || 0.83 0.16 | -0.02 | -6.57 | -0.20

correlation is found below the 1555 km depth. For
subduction older than 30 Ma, little correlation is
found with upper mantle seismic models. The most
significant correlations are found in the upper part of
the lower mantle. Correlations between 90-130 Ma
subduction and seismic tomography appear to occur
in the upper part of the lower mantle and near the
CMB. Although the correlations change for different
time intervals, good correlations are most persistent
in the upper part of the lower mantle (800—1500 km)
(Tables 6-9). We suggest that the mantle between
the 400 km discontinuity and about 1000 km be
referred to as the mesosphere (for ‘middie mantle’).

Table 5
Correlations between 0—130 Ma subduction and SH12ZWM13

0-130 Ma

Depth, km I=1] 1=2]1=3] I=4] I=5] I=6
200~ 500 || -0.15 | 0.62 | 0.25 { 0.67 [ 0.37 | -0.02
500~ 800 0.03 (058 | 0.19 | 0.50 | 0.47 [ 0.20
800-1100 091 {092 (050 | 054} 0.35| 0.27
1100-1400 |{ 0.48 | 0.61 | 0.45 | 0.22 | 0.19 | -0.06
1400-1700 {| 0.14 | 0.63 | 0.33 | -0.34 | 0.06 | 0.03
1700-2000 || 0.52 [ 0.79 | 0.28 | -0.38 | 0.29 | 0.24
2000-2300 || 0.86 | 0.79 { 0.20 | -0.36 | 0.22 | 0.09
2300-2600 || 0.78 [ 0.70 { 0.08 | -0.20 | -0.14 | -0.03
2600-2891 || 0.73 | 0.57 | 0.25 | 0.22 | -0.27 | -0.04

Table 6
Correlations between MDLSH and subduction at different time
intervals

degree 1=2

Depth, km |[ 0-30 Ma | 30-60 Ma | 60-90 Ma [ 90-130 Ma

0-220 0.11 -0.52 -0.64 -0.26
220- 400 0.85 0.12 0.02 0.45
400~ 670 0.93 0.33 0.21 0.59
670-1022 0.94 0.67 0.55 0.80
1022-1284 -0.23 0.26 0.25 0.28
1284-1555 0.14 0.22 0.14 0.28
1555-1816 0.34 0.68 0.74 0.69
1816-2088 -0.17 0.48 0.57 0.36
2088-2359 0.07 0.40 0.39 0.45
2359-2630 0.17 0.56 0.58 0.64
2630-2891 0.19 0.60 0.62 O.GQ

4, Interpretations

Correlations give no information about cause and
effect, but one interpretation of the good correlations
is that subduction in the past 130 Ma had a much
greater effect on the seismic anomalies in the upper
part of the lower mantle (depth of about 800-1100
km) than elsewhere. Slab penetration into the lower
mantle or mesosphere may be one explanation.

It is useful to compare the subduction map pattern
with seismic velocity patterns at various depths in
the mantle. Subduction pattern and seismic anomaly
patterns at a depth range of 800—1100 km are shown
in Figs. 4a—e. Subduction correlates well with seis-
mic anomalies in terms of location and relative
amplitude at this depth range. Large subduction vol-

Table 7
Correlations between SH12WM13 and subduction at different
time intervals

degree 1=2
Depth, km || 0-30 Ma | 30-60 Ma | 60-90 Ma | 90-130 Ma
200- 500 0.77 0.42 0.36 0.66
500~ 800 0.93 0.34 0.21 0.58
800-1100 0.89 0.82 0.74 0.90
1100-1400 0.26 0.77 0.78 0.48
1400-1700 0.03 0.82 0.88 0.59
17002000 0.33 0.85 0.87 0.84
2000-2300 0.38 0.81 0.82 0.86
2300-2600 0.23 0.75 0.78 0.77
2600-2891 0.00 0.72 0.78 0.60
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umes beneath Southeast Eurasia, the India—Eurasia
boundary, the East Australian plate and North and
South America correlate with high velocity anoma-
lies beneath those regions. The absence of subduc-
tion, or small subduction volumes, correlates with
slow or normal seismic velocities. Anomaly patterns
at the CMB for various tomographic models are
shown in FigsFig. 5. 4f and Sa—c. Although there are
some individual correlations, the large-scale patterns
no longer agree with the subduction pattern. One
explanation is that slabs might be trapped in the
depth interval 800-1100 km, or, considering the
resolution, near 900 or 1000 km. Similar results were
obtained by Ray and Anderson [40] and Cadek et al
[21].

Correlations between tomographic models and
subduction over different time intervals may reveal
more information about the effects and fate of the
subducted slabs. Recent subduction (0-30 Ma) cor-
relates with seismic tomographic models in most of
the upper mantle and the upper part of the lower
mantle. Note the good correlations at depths of
800-1100 km for recent subduction. Excellent corre-
lations in the mesosphere at /=2, for subduction in
other time intervals, support the hypothesis that cold
downwellings might be trapped in this depth region

Table 8
Correlations between Inoue’s slowness and subduction at different
time intervals

degree 1=2

Depth, km [[ 0-30 Ma | 30-60 Ma | 60-90 Ma | 90-130 Ma
0-29 -0.43 -0.79 -0.76 -0.61
29- 78 -0.43 0.80 -0.77 -0.62
78- 148 -0.49 0.82 -0.79 -0.62
148- 238 -0.35 -0.60 -0.57 -0.32
238- 348 -0.23 -0.32 -0.31 -0.06
348- 478 0.40 0.29 0.23 0.61
478- 629 0.78 0.43 0.31 0.70
629~ 800 0.77 0.36 0.26 0.63
800- 991 0.91 0.75 0.67 0.82
991-1203 0.51 0.98 0.98 0.88
1203-1435 0.34 0.80 0.82 0.81
1435-1688 0.25 0.85 0.90 0.68
1688-1960 -0.74 0.00 0.09 -0.19
1960-2253 -0.06 0.69 0.78 0.50
2253-2566 0.06 0.66 0.70 0.63
2566-2900 0.17 0.74 0.77 0.70

Table 9
Correlations between UCSD2 and subduction at different time
intervals

degree 1=2 I
Depth, km || 0-30 Ma [ 30-60 Ma [ 60-90 Ma [ 90-130 Ma
20- 120 0.11 -0.53 -0.56 -0.16
120- 220 0.43 -0.16 -0.19 0.22
220- 400 0.71 0.46 0.40 0.63
400~ 670 0.88 0.37 0.23 0.57
670-1022 0.86 0.29 0.16 0.51
1022-1284 0.77 0.85 0.77 0.85
1284-1555 0.80 0.91 0.85 0.90
1555-1816 0.42 0.90 0.93 0.79
1816-2088 0.23 0.82 0.87 0.72
2088-2359 0.36 0.80 0.82 0.82
2359-2630 0.24 0.76 0.77 0.78
2630-2891 0.24 0.76 0.77 0.78

for a period of time. We need to stress again,
however, that correlations alone cannot establish
cause and effect.

The 670 km discontinuity is not the only possible
mechanical boundary in the deep mantle. Kawakatsu
and Niu [39] have recently reviewed evidence for a
sharp mantle discontinuity in the depth interval 900—
1000 km. This appears to be a global feature and
may mark a chemical change or change in intrinsic
density. If this discontinuity is a phase change
boundary, it would probably vary little in depth. A
large depth variation would make it more difficult to
detect. The mantle may also have relatively high
viscosity below this depth. Ray and Anderson [40]
found statistically significant correlations between
high velocities in the depth range 220—1022 km and
integrated slab locations, and between low velocities
and slab locations at the 1022—1284 km depth. There
may, therefore, be a buoyancy or rheological barrier
near the depth of 1000 km in the mantle. Slabs might
be trapped at this depth, either permanently or for a
period of time.

Slab migration in the hotspot reference frame is
generally retrograde (Figs. 1 and 3) (i.e., the migra-
tion direction is opposite to the subduction direction)
[41,42]. The seismic patterns at the CMB will corre-
late with ‘future’ subduction if subduction migration
remains retrograde (Figs. 4f and 5a—c). An interpre-
tation is that downwellings in the lower mantle may
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-1.3% +1.3%

-0.69% +0.69%

-1.6% +1.5%

Fig. 5. Seismic anomalies at the CMB for various tomographic
models: (a) MDLSH. (b) Inoue’s slowness. (c) UCSD2. All
models are truncated at spherical harmonic degree ! = 6.

control where continents accumulate and where sub-
duction takes place. Seismic anomalies in the lower
mantle, beneath subduction zones, may be the result
of downwellings in the lower mantle rather than slab

penetration. Even if the mantle is chemically layered
there will be a feedback between upper and lower
layer convection and between subduction locations
and downwellings in the system. A previous subduc-
tion regime may control locations of cold down-
wellings in the deep mantle [43].

The differing results for the different seismic
models indicate that, perhaps, none of the models is
an adequate representation of the Earth, even at long
wavelengths. It is therefore useful to look also at
high correlation coefficients, even if they are not
highly significant. The highest correlations are gen-
erally in the transition region and the top of the
lower mantle, as conventionally defined. The mantle
above the 400 km depth generally has much lower
correlation coefficients, except sometimes at [ =4,
or at /=2 for certain 30 Ma intervals. This poor
correlation may be due to the dominant role of
cratonic mantle at shallow depths. Several models
have good correlation at /=2 for parts of the deep
lower mantle (1000—1600 km) for older subduction
zones (30-130 Ma), but generally not for / # 2. This
may suggest that the high velocities, in the deep
mantle, associated with past subduction zones may
represent a pre-existing condition [43] rather than be
the result of relatively narrow slabs [4,5] or episodic
flushing events [13,14,16]. If the lower mantle has
high viscosity, its convection pattern may be much
more stable, and long-lived, than upper mantle con-
vection, and it may modulate the pattern of convec-
tion in the upper mantle.

5. Discussion

One must be cautious when interpreting correla-
tions between geophysical fields. We assume that
high-velocity anomalies (HVA) represent cold man-
tle. Cold material is generally dense, so cold high-
velocity regions may represent cold downwellings.
Of course, cold downwellings will slow or stop if a
buoyancy, viscosity or phase change barrier is en-
countered [44].

It is difficult to disentangle cause and effect.
HVAs may be the signature of slabs subducted from
the surface. Or, the locations of subduction zones
may be controlled by pre-existing cold downwellings
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[43]. Even bottomed-out slabs can cause cold down-
wellings, or the absence of upwellings, in the overly-
ing mantle. They can also, with possibly a consider-
able time delay, cause downwellings in the underly-
ing mantle. Continents may periodically collect over
cold downwelling mantle, forcing their associated
subduction zones to occur over pre-existing HVAs.

Excellent correlations in the upper part of the
lower mantle could also be the result of down-
wellings of the lower mantle, triggered by the cool-
ing of slab accumulated at the 670 km discontinuity.
However, if this is the case, good correlations at
transition zone depths (400—670 km) might also be
expected, because the cold slabs should also cool the
bottom of the upper mantle. For some seismic mod-
els there is little correlation between subduction flux
and seismic anomalies in the upper mantle and be-
tween 670 and 800 km. Correlations in the upper
mantle and transition region are generally good only
for recent subduction (0—30 Ma) or for degree [ = 4.

The 670 km discontinuity is generally believed to
result primarily from the phase change y-spinel —
perovskite + magnesiowiistite, which has a negative
Clapeyron slope. If the slab is identical in composi-
tion to the lower mantle, the former will still be in
the low-density phase when it encounters the discon-
tinuity. The slab can only penetrate the boundary
when sufficient negative thermal buoyancy has accu-
mulated [14~16]. If the slab has a different composi-
tion from the lower mantle, or if trench migration
precludes slab pile-up, it may not be able to pene-
trate at all. For example, a gamet-rich slab can be
less dense than the lower mantle over a considerable
depth range [44]. However, the interaction of a cold
slab with the 670 km discontinuity is probably com-
plex and variable [45—-47]. The cold interior of a slab
may incompletely transform to a high-pressure phase
[48]. Kinetic effects may also slow the transitions in
the slab.

The situation is complicated somewhat by the low
radial resolution of the tomographic models and
relatively small effect of temperature on density and
seismic velocity in the lower mantle. It is even not
clear if cold slabs would show up in /=2 expan-
sions of seismic velocity, and why they should not
show up at other wavelengths.

Things become more complicated by the possible
intervention of non-thermal controls on density and

seismic velocity. The slab is cold but it may differ in
its chemistry and phase relations from the surround-
ing ‘mantle. If the interior of the slab, at transition
zone depths, is eclogitic (garnet + clinopyroxene or
majorite), or metastable olivine, it may have intrinsi-
cally lower velocity and density than the surrounding
mantle [46,49]. The low temperature would increase
velocity and density. The seismic velocity in a cold
dense slab lying on a chemical boundary under
isostatic equilibrium could be faster than that of the
mantle above the discontinuity but slower than that
on the other side. Seismic waves would see the
average difference. Also, the cold interior of the slab
may be a different, perhaps metastable, phase assem-
blage from the warm exterior [48]. Colder than aver-
age mantle above 400 km or below 900 km is
probably fast and dense but the situation is more
ambiguous in the vicinity of phase changes or mantle
discontinuities, or where kinetics may play a role.

It should also be kept in mind that the depths of
velocity anomalies in global tomographic studies are
uncertain by about 200 km. For example, the excel-
lent correlation at 670—1022 km for MDLSH can be
explained either by slab deflection at 670 km or
penetration into the lower mantle. Results from the
various correlations do not exclude the possibility of
slab deflection at 670 km for some slabs.

Anderson [46,50] showed that the subducting
oceanic crust is less dense than the lower mantle, at
least to depths of 750 km. This is largely due to the
wide stability field of garnet [49]. The endothermic
nature of most phase changes near 670 km makes it
difficult for slabs to penetrate the boundary unless
they are very cold or unless pushed through by the
accumulated weight of the overlying slab (avalanch-
ing). The top of the lower mantle has a high gradient
in elastic properties and is deleted in equation of
state fits. It is not part of the discussion regarding
composition of the lower mantle or chemical homo-
geneity, or otherwise, of the mantle. It is, however,
that part of the lower mantle for which some evi-
dence exists for slab penetration ‘‘into the lower
mantle’’ [51]. Slab penetration to about 900 km does
not preclude an intrinsically high density, due to
chemical differences, for most of the lower mantle.

There are several ways to interpret the correla-
tions between subduction and seismic anomalies.
Most investigators focus on the role played by the
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670 km discontinuity. Does subduction have any
connections with other boundaries in the deep Earth?
The present study suggests that a mantle discontinu-
ity near 920 km [39] may be a particularly important
geodynamic barrier and may be a chemical interface.
Linear undulations in the geoid show a strong peak
near the 1000 km wavelength, possibly indicating a
boundary near the 1000 km depth [52]. The 670 km
discontinuity is large and sharp but the high seismic
velocity gradient below it [53,54] suggests that the
homogeneous part of the lower mantle is deeper. The
lower mantle may start between the depths of 900
and 1000 km, as in its original placement by Bullen
and Gutenberg. The question of whether slabs sink
into the lower mantle is replaced by the question:
where does the lower mantle start?

6. Conclusion

The amount of subducted plate volume during the
past 130 Ma is reconstructed based on updated fi-
nite-rotation data and a digital age map of the oceanic
crust. About 3.45 X 10'® km” of oceanic lithosphere
has been subducted during the past 130 Ma, with
maximum accumulation beneath Southeast Eurasia.
Excellent correlations are found at harmonic degree
2 between subduction and seismic anomaly patterns
over the depth range of about 800-1100 km. The
regions with large amounts of subduction correlate
with high velocity anomalies, in terms of both loca-
tion and relative amplitude. The depth range of most
robust correlation is near a probable seismic discon-
tinuity. The correlation may indicate that (a) slabs
accumulate at mid-mantle depths (mesosphere), (b)
the boundary between the upper and lower mantle is
closer to 920 km rather than to 670 km, (c) lower
mantle downwellings control where subduction takes
place, or (d) pre-existing cold regions of the mantle
control the locations of post-Pangea subduction
zones.

If there is a chemical boundary near 900 km it
should have very large relief in a convecting mantle,
much higher than phase boundaries with reasonable
Clapeyron slopes. This may explain why it is rela-
tively difficult to detect by conventional (stacking)
seismology. If this is an important geodynamic
boundary, as we suggest, we can refer to the 400 km

to about 900 km depth range as the mesosphere, to
distinguish it from the transition region and lower
mantle.
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