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Subducted slabs stagnant above, penetrating through,
and trapped below the 660 km discontinuity

Yoshio Fukao' and Masayuki Obayashi>
Received 25 June 2013; revised 23 October 2013; accepted 24 October 2013; published 22 November 2013.

[11 A new P wave tomographic model of the mantle was constructed using more than
10 million travel times. The finite-frequency effect of seismic rays was taken into account
by calculating banana-donut kernels at 2 Hz for all first arrival time data, and at 0.1 Hz for
broadband differential travel time data. Based on this model, a systematic survey for
subducted slab images was developed for the circum-Pacific; including the Kurile,
Honshu, Izu-Bonin, Mariana, Java, Tonga-Kermadec, southern and northern South
America, and Central America, arcs. This survey revealed a progressive lateral variation of
the configuration of slabs along arc(s), which we interpret as an indication for successive
stages of slab subduction through the Bullen’s transition region with the 660 km
discontinuity at the middle. We identified the four distinct stages: I - slab stagnant above
the 660 km discontinuity; II - slab penetrating the 660 km discontinuity; III - slab trapped
in the uppermost lower mantle (at a depth of 660—1000 km); and IV - slab descending well
into the deep lower mantle. The majority of slab images are found to be either at Stage I or

111, suggesting that Stages I and III are relatively stable or neutral and II and IV are
relatively unstable or transient. There is a remarkable distinction for the deepest
hypocentral distribution between slabs at Stage I and slabs at Stages II or III.

Citation: Fukao, Y., and M. Obayashi (2013), Subducted slabs stagnant above, penetrating through, and trapped below
the 660 km discontinuity, J. Geophys. Res. Solid Earth, 118, 5920-5938, doi:10.1002/2013JB010466.

1. Introduction

[2] In areview of tomographic images of subducted slabs
around the circum-Pacific, Fukao et al. [2001] revealed that
subducted slabs tend to be trapped not only above the
660 km discontinuity (hereafter referred to as “the 660”) but
also across or below it, at depth ranges of ~400—1000 km (de-
fined by Bullen [1963] as being the transition region between
the upper and lower mantle). Such a tendency implies that
the entire depth range of Bullen’s transition region (with the
660 at the middle) plays a significant role in slab subduction.
Fukao et al. [2001] substantiated this implication by pointing
out the richness of reported seismic discontinuities in the lower
half of the Bullen’s transition region including Kawakatsu and
Niu [1994] (see also the review by Kind and Li [2007],
Courtier et al. [2007], Courtier \and Revenaugh [2008],
Andrews and Deuss [2008], and Cao et al. [2010]), contrasted
lateral heterogeneity patterns across depths of~1000 km in
some global tomographic models, and a complex viscosity
structure in the uppermost lower mantle in some geodynamic
models (see also Steinberger [2000], Forte and Mitrovica
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[2001], Mitrovica and Forte [2004], and Steinberger and
Holme [2008]). In particular, Wen and Anderson [1995,
1997] interpreted the uppermost lower mantle as being the
bottom layer of the vigorous convection system, involving
surface plate motion and slab subduction as an integral part.

[3] More recent tomographic studies have sharpened the
images of deeply subducted slabs considerably [e.g., Zhao,
2004; Li et al., 2008; van der Meer et al., 2009; Simmons
et al., 2012]. However, to our knowledge, none have
addressed the possibly unique role of the uppermost lower
mantle in the process of slab subduction. In this present
paper, we attempt a systematic survey of slab images around
the circum-Pacific in our tomographic model to find any
systematic changes of slab configuration along arc(s). We
interpret such changes as being slabs at successively different
stages of subduction through the Bullen’s transition region,
where we identify four distinctive stages: Stage I - slab stag-
nation above the 660; II - slab penetration through the 660; 111
- slab trap in the uppermost lower mantle; and IV - slab
descent into the deep lower mantle. In particular, we empha-
size the stage at which a penetrated slab is trapped in the
uppermost lower mantle. We also point out the remarkable
distinction for the deepest hypocentral distribution between
stagnant slabs in the transition zone and trapped slabs in the
uppermost lower mantle.

2. Data Sources and the Model

[4] The slab images shown in the next section are based
on our new mantle model inverted from P wave travel
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Figure 1. Velocity perturbation maps of GAP P4: (a)
just above the transition zone; (b) in the transition zone; (c)
across the 660 km discontinuity; (d) in the uppermost lower
mantle; (e) below the uppermost lower mantle; and (f) in
the midlower mantle.

time data (see Obayashi et al. [2013] for details). The model
is an update of GAP_P2 [Obayashi et al., 2009] derived
from~7.4 million first arrival times reported to the
International Seismological Center (ISC), in addition to the
first arrival times of ~ 50,000 P waves manually picked from
regional network records in the central to western Pacific re-
gion, and ~ 15,000 PP-P differential travel times obtained by
a waveform correlation of P and PP waveforms from global
broadband networks with a correction for time shifts due to
crustal reverberations at PP bounce points [Obayashi et al.,
2004]. The new model GAP_P4 is different from the earlier
model (GAP_P2) in two respects. First, it uses ~11.3 million
first arrival time data from the ISC bulletin (1964-2008)
and ~60,000 onset times visually picked from broadband

Kurile

Bonin

Mariana

seismograms from regional networks in the western Pacific.
In addition to these first arrival time data, we used the earlier
set of ~15,000 PP-P differential time data, to which we added
~4300 station-to-station differential travel time data from the
Broadband Ocean Bottom Seismograph arrays deployed in
the northwestern Pacific [Shiobara et al., 2009] and ~900
such data from the Russian Far East broadband seismic array
[Miyamachi et al., 2009]. The second way, in which the
GAP_P4 differs from the earlier GAP_P2, is that it corrects
all travel time data for the finite-frequency effect by calculat-
ing banana-doughnut kernels [Dahlen et al., 2000; Mercerat
and Nolet,2013]. All the first arrival time data are assumed to
be those at 2 Hz by referring to Oki et al. [2004], and all the
broadband differential travel time data are assumed to be
those at 0.1 Hz. Finite frequency corrections to the broadband
data are proved to be very important for sharpening the slab
images beneath the Mariana by Obayashi et al. [2013]. The
new model is available from http://www.jamstec.go.jp/pa-
cific21/google earth/kmlgenerator/tomography.html.

3. Slab Images Around the Circum-Pacific

[s] Figure 1 shows velocity perturbation maps of (a)
just above the transition zone (348—410km); (b) in the
transition zone (478-551km); (c¢) across the 660 km
discontinuity (629—-712km); (d) in the uppermost lower
mantle (893-991km); (e) below the uppermost lower
mantle (1203—1317 km); and (f) in the midlower mantle
(14351559 km). We can observe narrowly concentrated sig-
nals of downgoing slabs in Figure 1a; extensively broadened
signals of stagnant slabs in Figure 1b; less broadened signals
of penetrating slabs Figure 1c; rebroadened signals of trapped
slabs below the 660 in Figure 1d; the fading of presently
subducting slab signals and the emergence of remnant slab
signals in the Himalayas (Tethys anomaly), and North
America (Farallon anomaly) [Grand et al., 1997; van der
Hilst et al., 1997] in Figure le; and persistence of this situa-
tion in Figure 1f. We note here a geographical nonoverlap
between the broadened signals of stagnant slabs above the
660 in Figure 1b and rebroadened signals of trapped slabs
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Figure 2. Survey targets for tomographic images of subducted slabs around the circum-Pacific.
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Figure 3. Successive slices of slab images. (top, left) Across the northern Honshu arc along profiles
A-E shown in the top left map. (bottom, right) Across the northern Bonin arc along profiles F—J shown
in the bottom right map. The color scale is+1.5% in P wave velocity perturbation (blue=positive,
red =negative). White dots indicate earthquake hypocenters within a band 50 km wide on both sides
of the section plane. The three depth lines indicate the top (410 km) and bottom (660 km) of the tran-
sition zone and the bottom of the uppermost lower mantle (which is rather arbitrarily placed at 1000 km
depth). Tics are added on the upper frame of each cross section at every 5° from the left hand side. Their
locations are shown along each profile in the two maps.

below the 660 in Figure 1d, across less broadened signals of
penetrating slabs in Figure 1c.

[6] We visit typical subduction zones around the circum-
Pacific, including those of (1) Honshu-Izu-Bonin-Mariana; (2)
Kurile; (3) Java; (4) Tonga-Kermadec; (5) South America;
and (6) Central America (Figure 2). In each of these places,
the tomographic cross sections are taken along the mutually
parallel, equally spaced profiles to minimize the bias that
might be associated with a judicious selection of the cross
sections. However, the choice of the orientation of the mu-
tually parallel profiles for each arc is somewhat subjective.
Profiles parallel to the seafloor spreading direction, and
those normal to the trench, are two obvious choices, but
neither choice is often considered to be the best choice for
delineating slab configuration. Instead therefore, we take
many mutually parallel profiles at equal intervals, roughly
normal to the trench, so that consideration of the exact choice
of profile orientation is not of undue importance. We also
adopt a uniform velocity perturbation scale of +1.5% for
all the cross sections. Bullen’s transition region is indicated
by the three depth lines at 410, 660, and 1000km. The

1000 km depth line is not a well-defined boundary but is
used to give a measure of the approximate bottom of the up-
permost lower mantle. Earthquake hypocenters within a band
measuring 50 km wide on both sides of the section plane are
also shown, based on the EHB (Engdahl-Hilst-Buland)
Bulletins published from the ISC (http://www.isc.ac.uk/
ehbbulletin) [Engdahl et al., 1998]. The resolution of a slab
image is strongly region dependent, as discussed in the
Appendix A. In the following sections, we discuss the slab
images that are considered to have resolvable features.

3.1.

[7] Figure 3 shows successive southward cross sections
across the northern Honshu arc (A—E), and across the north-
ern Bonin arc (F-J), providing typical images of stagnant
slabs above the 660. Stagnant slab features in these regions
have been repeatedly reported. Fukao et al. [2001] provides
earlier references (including van der Hilst et al. [1991] and
Fukao et al. [1992], and more recent references include
Miller et al. [2004], Huang and Zhao [2006], Li et al.
[2008], van der Meer et al. [2009], Zhao et al. [2009],

Honshu-Izu-Bonin-Mariana
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Table 1. Detail of the Cross Sections, Slab Images, and Deepest Earthquakes
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End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

section A
113.5°E, 42.0°N
153.5°E, 36.0°N

1
600

section F
110.5°E, 36.0°N
150.5°E, 30.0°N

1
432
Yes

section A
116.0°E, 25.2°N
150.0°E, 31.2°N

1
521
Yes

section F
116.0°E, 20.2°N
150.0°E, 26.2°N

I-1I
520

section A
123.5°E, 54.5°N
151.5°E, 36.0°N

1
470

section F
130.5°E, 61.5°N
158.5°E, 43.0°N

11
681

section A
118.0°E, 15.0°S
133.0°E, 15.0°N

1
618
Yes

section F
107.0°E, 15.0°S
122.0°E, 15.0°N

1I-11I-
625

section A
160.0°E, 16.0°S
168.0°W18.0°S

I-1I-111
700
Yes

section F
160.0°E, 22.0°S
168.0°W, 24.0°S

1I-11I-
700

section B
113.0°E, 41.0°N
153.0°E, 35.0°N

1
195

section G
110.0°E, 35.0°N
150.0°E, 29.0°N

1
449
Yes

section B
116.0°E, 24.2°N
150.0°E, 30.2°N

1
532
Yes

section G
116.0°E, 18.2°N
150.0°E, 24.2°N

I-1I
644

section B
124.5°E, 55.5°N
152.5°E, 37.0°N

1
536

section G
131.5°E, 62.5°N
159.5°E, 44.0°N

11
650

section B
116.0°E, 15.0°S
131.0°E, 15.0°N

I
641

section G
106.0°E, 15.0°S
121.0°E, 15.0°N

1I-11I-
656

section B
160.0°E, 17.0°S
168.0°W, 19.0°S

I-II-111
696
Yes

section G
160.0°E, 23.0°S
168.0°W, 25.0°S

1I-11I-
692
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Honshu (Figure 3)
section C
112.5°E, 40.0°N
152.5°E, 34.0°N
1
561
Northern Bonin (Figure 3)
section H
109.5°E, 34.0°N
149.5°E, 28.0°N
1
505
Yes
Southern Bonin (Figure 4)
section C
116.0°E, 23.2°N
150.0°E, 29.2°N
I
583
Yes

Northern Mariana (Figure 4)

section H
116.0°E, 16.2°N
150.0°E, 22.2°N

I-1I
350

Southern Kurile (Figure 6)
section C
125.5°E, 56.5°N
153.5°E, 38.0°N
I-1T
406
Northern Kurile (Figure 6)
section H
132.5°E, 63.5°N
160.5°E, 45.0°N
1I-11T
634
Eastern Java (Figure 8)
section C
114.0°E, 15.0°S
129.0°E, 15.0°N
I
636
Western Java (Figure 8)
section H
105.0°E, 15.0°S
120.0°E, 15.0°N
1-1I1-

656

Tonga (Figure 10)
section C
160.0°E, 18.0°S
168.0°W, 20.0°S
I-II-11T
692
Yes
Kermadec (Figure 10)
section H
160.0°E, 24.0°S
168.0°W, 26.0°S
11-111-

700

section D
112.0°E, 39.0°N
152.0°E, 33.0°N

1
566

section I
109.0°E, 33.0°N
149.0°E, 27.0°N

1
521
Yes

section D
116.0°E, 22.2°N
150.0°E, 28.2°N

1
552
Yes

section I
116.0°E, 14.2°N
150.0°E, 20.2°N

T-II-11T
502

section D
126.5°E, 57.5°N
154.5°E, 39.0°N

I-I1
604

section I
133.5°E, 64.5°N
161.5°E, 46.0°N

I1I-111
649

section D
112.0°E, 15.0°S
127.0°E, 15.0°N

I
679

section I
104.0°E, 15.0°S
119.0°E, 15.0°N

1I-11I-
577

section D
160.0°E, 19.0°S
168.0°W, 21.0°S

I-TI-111-
675
Yes

section I
160.0°E, 25.0°S
168.0°W, 27.0°S

1I-11I-
620

section E
111.5°E, 38.0°N
151.5°E, 32.0°N

1
492

section J
108.5°E, 32.0°N
148.5°E, 26.0°N

1
541
Yes

section E
116.0°E, 21.2°N
150.0°E, 27.2°N

1
587

section J
116.0°E, 12.2°N
150.0°E, 18.2°N

T-II-11T
608

section E
127.5°E, 58.5°N
155.5°E, 40.0°N

I-IT
583

section J
134.5°E, 65.5°N
162.5°E, 47.0°N

II-111
446

section E
110.0°E, 15.0°S
125.0°E, 15.0°N

TI-111
526

section J
103.0°E, 15.0°S
118.0°E, 15.0°N

1I-11I-
659

section E
160.0°E, 20.0°S
168.0°W, 22.0°S

I-II-111-
683
Yes

section J
160.0°E, 26.0°S
168.0°W, 28.0°S

1I-11I-
639



Table 1. (continued)

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

End point P

End point Q

Interpreted stage

Deepest shock (km)
Subhorizontal deep shocks

section A
80.0°W, 19.0°S
50.0°W, 19.0°S

1
593

section F
80.0°W, 24.0°S
50.0°W, 24.0°S

1
577

section A
80.0°W, 17.0°S
50.0°W, 17.0°S

I-I1
611

section F
80.0°W, 12.0°S
50.0°W, 12.0°S

1I-111-
114

section A
99.5°W, 15.0°N
77.0°W, 38.15°N

I-1I-111
68

section F
94.5°W, 10.0°N
72.0°W, 33.15°N

1-1I-TV

245

section B
80.0°W, 20.0°S
50.0°W, 20.0°S

1
576

section G
80.0°W, 26.0°S
50.0°W, 26.0°S

1
611

section B
80.0°W, 16.0°S
50.0°W, 16.0°S

Northern Chile (Figure 12)
section C
80.0°W, 21.0°S
50.0°W, 21.0°S
1
550
Southern Chile (Figure 12)
section H
80.0°W, 28.0°S
50.0°W, 28.0°S
1
610
Southern Peru (Figure 13)
section C
80.0°W, 15.0°S
50.0°W, 15.0°S
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section D
80.0°W, 22.0°S
50.0°W, 22.0°S

1
580
Yes

section I
80.0°W, 30.0°S
50.0°W, 30.0°S

1
195

section D
80.0°W, 14.0°S
50.0°W, 14.0°S

I-1T I-1T TI-11T
591 592 640
Northern Peru (Figure 13)
section G section H section I
80.0°W, 11.0°S 80.0°W, 10.0°S 80.0°W, 9.0°S
50.0°W, 11.0°S 50.0°W, 10.0°S 50.0°W, 9.0°S
1-11- 1-11- 1-11-
623 634 622
Northern Central America (Figure 16)
section B section C section D

98.5°W, 14.0°N
76.0°W, 37.15°N

I-II-11T I1-111- I1-111-

112 191 241
Middle Central America (Figure 16)
section G section H section I
93.5°W, 9.0°N 92.5°W, 8.0°N 91.5°W, 7.0°N
71.0°W, 32.15°N 70.0°W, 31.15°N 69.0°W, 30.15°N

M-II-IV II-1IvV -1V
234 238

283

97.5°W, 13.0°N
75.0°W, 36.15°N

96.5°W, 12.0°N
74.0°W, 35.15°N

section E
80.0°W, 23.0°S
50.0°W, 23.0°S

1
580
Yes

section J
80.0°W, 32.0°S
50.0°W, 32.0°S

1
161

section E
80.0°W, 13.0°S
50.0°W, 13.0°S

TI-111
640

section J
80.0°W, 8.0°S
50.0°W, 8.0°S

1-111-
656

section E
95.5°W, 11.0°N
73.0°W, 34.15°N

TI-ITI-IV

256

section J
90.5°W, 6.0°N
68.0°W, 29.15°N
1I-1vV
261

Listed for each cross section are the positions of the two end points of the profile, interpreted stage of slab subduction, depth of the deepest shock in km and
observation of the subhorizontal distribution of deepest shocks (Yes if observed).

Li and van der Hilst [2010], and Simmons et al. [2012]).
The slab is regarded as being at Stage I: slab stagnation
in the transition zone (as summarized in Table 1). However,
the stagnant slab configuration across northern Bonin is very
different from that across Honshu, as the slab across northern
Bonin dips more steeply and bends more sharply above the
660 horizon. This bend is associated with the corresponding
bend of the hypocentral distribution, as observed in cross
sections G—J in Figure 3 (see also Table 1).

[8] Figure 4 shows successive southward cross sections
across the southern Bonin arc (A—E) and across the northern
Mariana arc (F-J). Beneath the southern Bonin arc, the slab is
stagnant above the 660. In cross sections A—D, the deepest
hypocenters extend horizontally within the stagnant slab over
a distance of 100—200 km from its trailing edge (see Table 1).
Thus, the deepest seismicity bends in a way that is consistent
with the tomographic images of the slab along the Bonin arc,
all the way from its northern to its southern part. This implies
that near the bending portion, the stagnant slab is brittle
enough to cause earthquakes. This feature is consistent with
recent finding: that near the bending portion, the stagnant

slab can be torn apart in a laterally extensional environment
[Obayashi et al., 2009].

[¢] In Figure 4, the successive southward cross sections
across the northern Mariana arc (F-J) show the images of a
progressively deepening slab across the 660. We interpret
this feature as indicating a process subsequent to the one
occurring in southern Bonin (A—E). Although the resolution
for the Mariana sections is more limited than for the Bonin
sections, their progressive southward variation seems to sug-
gest that the steeply down-dipping slab begins to penetrate
the 660 near its deflection point, by leaving the horizontally
deflected slab (stagnant slab) above the 660. This idea is con-
sistent with the deepest seismicity in cross sections E-G,
which extends vertically without bending (or with bending
slightly backward as in cross section F). The cross section
G depicts the deepest shock in the vicinity of the 660 km.
As shown in this and other cases, the deepest shocks
at depths 660+40km are diagnostic of slab penetration
(Table 1). These earthquake mechanisms are of the downdip
compression type [Alpert et al., 2010] and, in general, are
consistent with tomographic images of the slabs penetrating
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Figure 4. Successive slices of slab images. (top, left) Across the southern Bonin arc along profiles A—E
shown in the top left map. (bottom, right) Across the northern Mariana arc along profiles F—J shown in the
bottom right map. Other features are the same as those explained in Figure 3.

the 660, well into the uppermost lower mantle. Sections near
the southern end of northern Mariana (I and J) indicate
that the penetrated slab tends to be trapped in the uppermost
lower mantle at depths above approximately 1000 km (see
also Kennett and Gorbatov [2004]). Figure 5 shows a sketch
illustrating the progressive change in slab configuration
along the Japan arc to the northern Bonin, southern Bonin,
and northern Mariana arcs.

3.2. Kurile

[10] Figure 6 shows successive northeastward cross sec-
tions across the southern Kurile arc (A—E) and across the
northern Kurile arc (F-J). (Relevant references other than
Zhao et al. [2010] are included within those cited in the
previous section.) In the southern Kurile, cross section A
shows a typical stagnant slab image. As we move further to
the northeast, the bottom of the downgoing slab deepens pro-
gressively into the lower mantle across the 660. The horizon-
tal part of the slab (stagnant slab) apparently remains above
the 660 and is progressively thinned northeastward along
the arc. Cross sections F—J appear to indicate the subsequent

Along Honshu, Izu-Bonin, Mariana Arcs

Honshu

Northern Bonin
660

Southern Bonin

Northern Mariana

644 (>620)

Figure 5. Sketch illustrating the progressive southward
change in slab configuration, from the Honshu arc to the
northern Bonin, southern Bonin, and northern Mariana, arcs.
The numbers indicate the depth of the deepest shock beneath
each arc (see Table 1 for more detail).
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Figure 6. Successive slices of slab images. (bottom, right) Across the southern Kurile arc along profiles
A-E shown in the bottom right map. (top, left) Across the northern Kurile arc along profiles F—J shown in
the top left map. Other features are the same as those explained in Figure 3.

process occurring after the horizontal slab becomes too thin
to be resolved. After penetration, the downgoing slab is pro-
gressively thickened in the uppermost lower mantle, with a
tendency of being flattened near the bottom. Cross sections
F—I show that the deepest shocks are located in the vicinity
of the 660 km discontinuity (see Table 1). As pointed out in
section 3.1, such deep shocks (660 +40 km) are diagnostic
of slab penetration (Table 1). In each section, the deepest
shocks are aligned very steeply. Their downdip compres-
sion mechanisms [4lpert et al., 2010] indicate significant
resistance against slab penetration across the 660. Figure 7
shows a sketch illustrating the progressive change in slab
configuration along the Kurile arc, from its southern to
northern part.

3.3. Java

[11] Figure 8 shows the successive westward cross sec-
tions across the Java arc, beneath which the Indo-Australian
plate is subducted. (See Fukao et al. [2001] for earlier refer-
ences to the Java slab images, including those of Widiyantoro
and van der Hilst [1996]. See also Replumaz et al. [2004], Li
et al. [2008], van der Meer et al. [2009], and Widiyantoro

Along Kurile Arc
North Kurile

650 (>620)

Central Kurile

Southern Kurile

Figure 7. Sketch illustrating the progressive northward
change in slab configuration from the southern to northern
Kurile arc. The numbers indicate the depth of the deepest
shock beneath each arc (see Table 1 for more detail).
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Figure 8. Successive slices of slab images. (top, right) Across the eastern Java arc along profiles A—E
shown in the bottom right map. (bottom, left) Across the western Java arc along profiles F—J shown in
the top left map. Other features are the same as those explained in Figure 3.

et al. [2011]). The slab feature differs between the eastern
part (Flores and Sumbawa) and the western part (Java). In
the eastern part, the slab: is stagnant above the 660 (section
A, and sections further to the east (not shown)); begins to
penetrate the 660 (section B); penetrates it well (sections C
and D); and then starts to be trapped in the uppermost lower
mantle (section E) (see Table 1). The stagnant slab feature in
section A is consistent with that of the subhorizontal distribu-
tion of the deepest shocks. In the western part (sections F-J),
the slab penetrates the 660 and is trapped typically in the
uppermost lower mantle, where it spreads not only in a
forward direction but also slightly in a backward direction
[see Hafkenscheid et al. 2001, Figure 6]. It is intriguing
that the deep hypocentral distribution (at depths greater
than~500km) here dips steeply and slightly backward
(southward), as clearly observed in sections F—H. This pecu-
liar hypocentral distribution is consistent with the slightly
backward alignment of the downdip compressional axes in
the focal mechanisms of relevant deep shocks [Schdffel and
Das, 1999; Das et al., 2000]. The backward spread of the
trapped slab, and the backward dipping of the downgoing
slab, implies that these deeper and shallower parts of the slab
are continuous across the 660. It is possible that the advance
of the Java trench [Funiciello et al., 2008] is responsible for

Along Java Arc

Eastern Java
618
660

Western Java ~1000

659 (>620)

Figure 9. Sketch illustrating the progressive westward
change in slab configuration from the eastern to western
Java arc. The numbers indicate the depth of the deepest shock
beneath each arc (see Table 1 for more detail).

5927



FUKAO AND OBAYASHI: SUBDUCTED SLABS IN THE TRANSITION ZONE

slow 1.5%

1.5% fast

Figure 10. Successive slices of slab images. (top, left) Across the Tonga arc along profiles A—E shown in
the top left map. (bottom, right) Across the Kermadec arc along profiles F—J shown in the bottom right map.
Other features are the same as those explained in Figure 3.

the backward dipping of the downgoing slab with its bottom
anchored in the uppermost lower mantle. Cross sections F—J
appear to indicate that in western Java, the trapped slab in the
uppermost lower mantle begins to extend its leading edge
further deep into the lower mantle.

[12] In eastern Java, cross sections A—E show an additional
complexity due to the penetration of the subducted slab of the
Philippine Sea plate across the 660, and its trapping in the up-
permost lower mantle, although the projections are not prop-
erly oriented for viewing this feature. The trapped slabs of the
Indo-Australian plate and the Philippine Sea plate meet each
other beneath the Celebes Sea (section E). Table 1 lists the
depth of the deepest shock in each cross section across
the Java arc. As pointed out in sections 3.1 and 3.2, the prox-
imity of the hypocenters of these deepest shocks to the 660
(660+£40km) is indicative of the slab penetration. Their
downdip compression mechanisms [Schdffel and Das,
1999; Alpert et al., 2010] suggest some resistance against
slab penetration across the 660. Figure 9 is a sketch illustrat-
ing the progressive change in slab configuration along the
eastern to western Java arc. A three-dimensional view of

several slabs subducting complexly beneath the Sunda block
was given by Richards et al. [2007], who configured the up-
per surface of the subducted slab by appropriately combining
the hypocentral distribution of deep shocks and slab images
in several P wave tomographic models.

3.4. Tonga-Kermadec

[13] Figure 10 shows successive southward cross sec-
tions across the Tonga-Kermadec arc. Here sections A—E
are called the Tonga sections, and those from F-J are called
the Kermadec sections. (See Fukao et al. [2001] for earlier
references to Tonga slab images, including van der Hilst
[1995]. See also Hall and Spakman [2002].) The Tonga
sections (A—E) show the stagnant slab above the 660 and
the penetrated slab below the 660 simultaneously. The deep
seismicity also splits into two zones, in accord with the
split images of the subducted slabs. Cross sections showing
deep seismicity subparallel to the 660 horizon are marked
in Table 1. More detailed studies of the deep seismicity
and focal mechanisms [e.g., Brudzinski and Chen, 2005;
Bonnardot et al., 2009] seem to suggest that the stagnant
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Figure 11. Origami illustration to explain tearing and con-
sequent doubling of the slab in its deep part associated with
the lateral bend of the Tonga slab. Doubling causes one
slab to become stagnant above the 660 and the other to be
trapped in the uppermost lower mantle. The latter-mentioned
slab continues southward as the trapped slab beneath the
Kermadec. The numbers indicate the depth of the deepest
shock beneath each arc (see Table 1 for more detail).

slab above the 660 is the southwestward extension of the
downgoing slab beneath the Lau basin and that the pene-
trated slab below the 660 is the westward extension of the
downgoing slab from the southern Tonga trench. This situa-
tion is explained in Figure 11 using an origami illustration,
which is not intended to imitate the real slab configuration
but to illustrate the lateral bend of the stagnant slab and the
consequent juxtaposition of the Tonga slab. Unlike in this
origami illustration, the bent portion of the tomographic slab
image lacks its shallower part at depths less than ~400 km.
Noting this apparent lack, Richards et al. [2011] interpreted
the stagnant slab above the 660 as a slab remnant detached
from the Vanuatu trench, rather than from the northern
Tonga trench. Deep shocks within the stagnant slab in the
transition zone are characterized by slab-parallel compres-
sion mechanisms, such that the compressional axes are
oriented on average at an azimuth of 262° and at an extremely
shallow dip of 5° in the northern part, and at an azimuth of
309° and at a relatively shallow dip of 18° in the southern part
[Bonnardot et al., 2009]. These mechanisms imply that the
surrounding mantle is resisting the subhorizontal advance
of the stagnant slab.

[14] The trapped slab in the uppermost lower mantle is
persistently observed further to the south in the Kermadec
sections (Figure 10, F-J). As in the case of western Java

(Figure 8), after penetration the Kermadec slab spreads later-
ally through the uppermost lower mantle, not only in a for-
ward (westward) direction but also slightly in a backward
(eastward) direction. Cross sections D—-J appear to indicate
that the trapped slab in the uppermost lower mantle begins
to sink deeper, further along in the downdip direction of
the upper mantle slab. Table 1 lists the depth of the deepest
shock in each cross section along the Tonga-Kermadec arcs.
The depth systematically exceeds 650 km, again demonstrat-
ing the close correlation between the deep shock activity
at depths greater than~620km and slab penetration. The
downdip compression mechanisms of these earthquakes
[Brudzinski and Chen, 2005; Bonnardot et al., 2009; Alpert
et al., 2010] suggest that the surrounding mantle is resisting
the slab penetrating the 660.

3.5. South America

[15] Inthis study we call the slabs of the Nazca plate to the
north and south of the Peru-Chile border, the Peruvian slab
and the Chilean slab, respectively. Figure 12 shows succes-
sive southward cross sections along the EW profiles of the
Chilean slab, where we continually observe images of the
stagnant slab above the 660. Earlier P velocity models that
are consistent with these images include those of Bijwaard
et al. [1998] and Fukao et al. [2001], as well as the most
recent model of Simmons et al. [2012]. A recent model of
Li et al. [2008] does not show an obvious stagnant slab
feature, however. In the present study, the Chilean slab is
imaged to be stagnant above the 660 all the way along
the arc, yet its configuration differs significantly between
the northern part (A-E) and the southern part (F-J)
across~25°S. This difference in configuration includes a
difference in the dip of the slab image at shallow depths,
which corresponds well to the dip difference of the interme-
diate-depth seismic zone. The seismic zone dips relatively
steeply in the northern part (25+5° according to Brudzinski
and Chen [2005], see also Martinod et al. [2010]) but
very shallowly in the southern part (7+£4° according to
Brudzinski and Chen [2005], see also Martinod et al.
[2010]). In the northern part, both the tomographic image
and intermediate-depth earthquake distribution show an
abrupt kink around a depth of ~250 km, below which the slab
dips steeply, although the upper and lower portions of the
slab appear to be continuous across this kink. In the southern
part, however, the tomographic image and the seismicity
seem to suggest that the upper portion is detached from
the lower portion so that relative to the lower portion it inde-
pendently advances further landward. The slab entering
the transition zone spreads horizontally as a stagnant slab.
Cross sections D and E indicate that the deepest hypocenters
extend subhorizontally within the stagnant slab from its
trailing edge, over a distance range of ~200 km, as noted in
Table 1. This is a situation similar to that of the stagnant slabs
in northern Bonin (Figure 3), southern Bonin (Figure 4),
easternmost Java (Figure 8), and Tonga (Figure 10). This
situation again implies that the stagnant slab remains seis-
mically brittle, at least within some distance range from its
trailing edge.

[16] The stagnant slab feature (as observed in the Chilean
slab) does not extend northward into the Peruvian slab across
the slab-slab junction. Figure 13 shows successive northward
cross sections A—E and F-J of the Peruvian slab images. See
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Figure 12. Successive slices of slab images. (top, left) Across the northern part of the Chilean continental
arc along profiles A—E shown in the top left map. (bottom, right) Across the central part of the Chilean
continental arc along profiles F-J shown in the bottom right map. Other features are the same as those

explained in Figure 3.

Fukao et al. [2001] for earlier references to the Peruvian slab
images, including Engdahl et al. [1995]. (See also Ren et al.
[2007], Li et al. [2008], and Simmons et al. [2012]). Cross
sections from A to E show slab images in the transitional
stages, from the subhorizontal slab above the 660 to that
below it. The deepest shocks in sections D and E are both
at depths of 640 km, thoroughly exceeding 620 km, and are
diagnostic of slab penetration. Note that the vertical spread
of the slab image in these cross sections is largely an artifact
due to the slab contortion across the Peru-Chile border,
where the slab is dipping to the north rather than to the
cast (see Figure 14). The EW alignment of the deepest
shocks, as observed in cross sections D and E, is also an arti-
fact, due to the locally northward dipping nature of the slab
(not remarked on in Table 1 accordingly). Cross sections
F-J clearly show the images of the slab as it penetrates the
660 and then deflects to be trapped in the uppermost lower
mantle. The leading edge of the trapped slab seems to begin
to submerge further down. Seismic activity is very high
within the penetrating slab in the proximity of the 660 (cross
sections G-J; see also Table 1). Although this deepest seis-
micity is well isolated from the shallower seismicity [see

Brudzinski and Chen, 2005; Martinod et al., 2010], the tomo-
graphic cross sections seem to suggest that the slab involving
this seismicity is not detached but continues from the pres-
ently subducting shallow slab of the Nazca plate (at least to
the south of 10°N). Earthquakes occurring at the greatest
depths are of the downdip compression type, with steep com-
pressional axes (average plunge = 79°) [Brudzinski and Chen
2005]. This again suggests that the surrounding mantle is
resisting the penetration of the slab across the 660.

[17] We have observed a significant contrast in the slab
configuration between southern South America (Chilean
slab: Figure 12) and northern South America (Peruvian slab:
Figure 13). Figure 14 shows this contrast in a cross-sectional
view along the north-south profiles. In southern South
America, the slab is persistently stagnant above the 660,
while in northern South America, the slab is persistently
trapped in the uppermost lower mantle. This change of
slab configuration, from the Chilean to Peruvian type, occurs
across the arc-arc junction where the slab forms a plateau.
The northern flank of this E-to-NE-oriented plateau of
the slab has the following features: It is steeply sloping to
the north, then encounters the 660, generates the deepest
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Figure 13. Successive slices of slab images. (bottom, right) Across the southern part of the Peruvian con-
tinental arc along profiles A—E shown in the bottom right map. (top, left) Across the northern part of the
Peruvian continental arc along profiles F—J shown in the top left map. Other features are the same as those

explained in Figure 3.

earthquakes at depths of around 660 km, penetrates the 660
km discontinuity, and thereby connects to the Peruvian
trapped slab in the uppermost lower mantle. This unique lo-
cal slab configuration appears to be consistent with the focal
mechanisms of the deepest shocks in this region (a typical
example of which is taken from the Global Centroid-
Moment-Tensor (gCMT) catalog (Global CMT Project,
2006) (formerly Harvard CMT), available at http:/www.
globalcmt.org/, accessed May 2008) and is shown in
Figure 14. The P axis of this event is consistent with its in-
terpretation as being a downdip compression within the lo-
cally northward dipping slab. The slab configuration in
this region is explained in Figure 15 using an origami illus-
tration, which is not intended to imitate the real slab config-
uration but to suggest a possible slab continuation across
the junction from the Chile to Peruvian slab, where the slab
to the south is stagnant in the transition zone and the slab to
the north is trapped in the uppermost lower mantle.

3.6. Central America

[18] Tomographic images of the slab deeply subducted in
the lower mantle in this region have been repeatedly reported

[Grand, 2002; Ren et al., 2007; Li et al., 2008; see Fukao
et al., 2001 for the earlier references including van der
Hilst et al. [1997] and Grand et al. [1997]]. Figure 16 shows
the successive southward cross section across Central
America. The northernmost cross sections show the slab
penetrating the 660 and trapped in the uppermost lower
mantle. As we move southward, the trapped slab progres-
sively changes its configuration and increases its average
dip, becoming a slab deeply penetrating through the lower
mantle. In cross sections F—J, the slab at intermediate depths
is imaged as being one with higher-than-surrounding veloci-
ties associated with intermediate-depth seismic activity;
suggesting a continuation of the slab all the way from the
shallow to lower mantle. Although the shallow subduction
is not clearly imaged in cross sections A and B, and is not
even represented by higher-than-surrounding velocities, the
connection between the shallow and deep subduction can
be observed in the tomographic work by Gorbatov and
Fukao [2005], who used an extensive regional data set in
addition to the global data set. According to Gorbatov and
Fukao [2005], the slab image further to the north of the north-
ernmost cross section A is split into the shallow and deep
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Figure 14. Successive slices of slab images along north-south profiles A—D shown in the map at the bot-
tom right. Here a significant contrast is observed in the slab configuration between the Peruvian and Chilean
segments. Also shown is the focal mechanism of a deepest shock occurring in the Peru-Chile junction re-
gion in an equal-area projection of the lower half of the focal sphere, where the shaded quadrants represent
the compressional first motions. Other features are the same as those explained in Figure 3.

parts, with a significant gap between the two. The shallower
part is the subducting slab of the Cocos plate, now stagnant
above the 660, and the deeper part is interpreted as being
the remnant slab of the Farallon plate still trapped in the
uppermost lower mantle, which appears to continue further
to the north up to 35°N where it is then truncated by the east-
ward continuation of the Mendocino fracture zone [Sigloch
et al., 2008; Sigloch, 2011]. Figure 17 shows a sketch of
the slab configuration change along Central America, from
its northern to middle part. In the sketch, cross sections A—J
are interpreted as being successive snapshots of the clock-
wise rotation of the slab.

4. Discussion

[19] We have observed systematic along-arc lateral varia-
tions in slab configuration for each of the major subduction
zones around the circum-Pacific. We interpret this lateral
variation as indicating the progressive descent of the slab
through the mantle transition region at a depth range of
400-1000km. The stages of slab decent are as follows:
the subducted slab is stagnant above the 660 (Stage I); the
stagnant slab then penetrates the 660 (Stage II); the pene-
trated slab is subsequently trapped in the uppermost lower
mantle, although its bottom is only vaguely defined at around
~1000 km (Stage III); the trapped slab eventually descends
into the deep lower mantle (Stage IV). There may be a case,

however, where a downgoing slab bypasses stage I and en-
ters directly into stage II or where a penetrated slab bypasses
stage III and enters directly into stage I'V.

[20] Figure 18 is a collection of typical pairs of tomo-
graphic images of a stagnant slab (left) and a trapped slab
(right) in the same subduction zone. We interpret each pair
as being at Stage I and III, respectively. This figure exhibits
the remarkable correlation of deep slab configuration with
the distribution of deepest earthquakes. The subhorizontal
distribution of deepest shocks is associated with a stagnant
slab in the transition zone (slab at Stage I). The steeply
dipping distribution is associated with a penetrating slab
across the 660 or a trapped slab below it (slab at Stage II or
III). There are no cases of association of either a stagnant slab
(at Stage I) with the subvertical distribution of deepest shocks,
or a trapped slab (at Stage II or III) with the subhorizontal dis-
tribution. Only steeply dipping slabs appear to penetrate the
660 to be trapped in the uppermost lower mantle. As in the
cases of Mariana (Figure 4) and Kurile (Figure 6), the stagnant
part of the slab seems often to be left on the 660 when the
downgoing part penetrates it.

[21] Table 1 summarizes the characteristics of slab images
for all the cross sections, including our interpretations.
Figure 19 is the outline of this table. Most of the slabs are
either at Stage I or III. The Central America slab is the only
slab definitely identified as being at Stage IV, at least among
the slabs we surveyed. In view of the observed frequency of
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Figure 15. Origami illustration for the slab configuration
change across the arc-arc junction of South America, viewed
from north. The Chilean slab to the south of the junction
is stagnant above the 660, and the Peruvian slab to the north
is trapped in the uppermost lower mantle. The two slabs
are continuous across their junction at least at depths
above the 660 km discontinuity. The numbers indicate the
depth of the deepest shock beneath each arc (see Table 1
for more detail).

cases, we regard Stages I and III as being relatively stable
or neutral stages and II and IV as being relatively unstable,
transient stages. Stages I and III suggest that there are two
slab reservoirs in the mantle transition region, one above
the 660 and the other just below it, although neither is a
perfect barrier to further slab decent. This dual nature
of the slab reservoirs in the mantle across the 660 has also
been demonstrated in the global map view in Figures 1b,
Ic, and 1d.

[22] InFigure 19, a cross section showing the subhorizontal
distribution of deepest shocks within the slab is marked by
the corresponding cross-section letter. The subhorizontal
hypocentral distribution is, in general, associated with a
stagnant slab in the transition zone, not with a trapped slab
in the uppermost lower mantle, as we have already observed
in Figure 18. Figure 19 also shows the depth of the deepest
shock in each cross section. The depth is given in black if it
is shallower than 620 km and in red if deeper than 620 km.
This depth classification clearly distinguishes penetrated
slabs from stagnant slabs. The deepest seismic activity at
depths greater than ~620 km is a good measure of the pres-
ence of a slab penetrating the 660. The downdip compres-
sion nature of deepest earthquakes [Brudzinski and Chen,
2005; Bonnardot et al., 2009; Alpert et al., 2010], and the

steeply dipping nature of the slab at Stage II or III near the
bottom of the transition zone (Figure 18), implies that the
surrounding mantle is resisting the slab penetration.

[23] Figure 20 delivers an explanation of this situation with
reference to the Tonga-Kermadec arc, where deepest earth-
quakes occur at depths ~700km well below the nominal
depth of the 660 km discontinuity. The location of the 660
km discontinuity in the Tonga-Kermadec region, estimated
by the S-to-P converted waves, lies at depths as deep as
730 km in the central part of the slab, then shallows progres-
sively outward and returns to the normal depth of 660 km
well outside of the slab [Niu and Kawakatsu, 1995]. The
boundary depth of 730 km implies the boundary depression
of 70km from the 660, which is much deeper than the
experimentally expected phase boundary depth of postspinel
transition at equilibrium. The experimental Clapeyron slope
is reported to be dP/dT=-—1.3MPa/K for Mg2SiO [Fei
et al., 2004], with which the 660 km depression is predicted
to be only 16 km for a cold temperature anomaly of 500 K.
The seismologically observed excess depression may be
explained by a kinetically retarded postspinel transition
[Kubo et al., 2002a, 2002b]. The retarded phase transition
would widen the buoyant part of the slab downward and
hence the downdip-compression domain of the slab [Bina,
1996], which would generate deep shocks at depths greater
than expected from the equilibrium phase transition.

[24] Many numerical modeling studies have focused on
the processes occurring at Stages I and II across the 660,
where the postspinel phase transition takes place and a vis-
cosity jump may occur as well [Billen, 2008; Fukao et al.,
2009; Yanagisawa et al., 2010]. None of these studies, how-
ever, have directly addressed the processes occurring at
Stage III, although some have shown a case of the slab un-
dergoing subhorizontal bent below the 660 [Christensen,
1996; Torii and Yoshioka, 2007] (see Fukao et al. [2009]
for other references), including a case of the slab buckling
directly below its penetration point [Christensen, 1996;
Ribe et al., 2007; Stegman et al., 2010]. These numerical
experiments suggest that the postspinel phase transition
and the viscosity jump across the 660 alone are unable to
explain stage III as a generally occurring process of slab
descent. In addition, although trench retreat is one of impor-
tant factors controlling deep slab configuration [van der
Hilst and Seno, 1993], there seems to be no systematic
correlation between deep slab configuration and ongoing
trench migration in any global reference model [Funiciello
et al., 2008; Schellart et al., 2008].

[25] Reflection analyses of seismic waves from deep
shocks have detected seismic reflectors associated with
penetrated slabs. These reflectors have been attributed to
fragments of the subducted oceanic crust (see Fukao et al.
[2009] for discussion and references). Because these frag-
ments are mostly located well inside the penetrated slab
[e.g. Kaneshima, 2003, 2009] or even at the bottom [Niu
et al., 2003], they seem to have been displaced from
their original positions at the top of the slab through severe
internal deformation. The internal deformation is likely to
be due to slab softening associated with the postspinel
transition, which would also explain the abrupt cessation
of deepest seismicity at a depth of 700km, rather than
at 660km (Figure 20, Table 1). The possible softening
mechanism includes superplasticity due to a grain size
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Figure 16. Successive slices of slab images. (top, left) Across the northern part of the Central America
arc along profiles A—E shown in the left top map. (bottom, right) Across the middle part of the Central
America arc along profiles F-J shown in the right bottom map. Other features are the same as those

described in Figure 3.

reduction associated with the phase transition [/fo and Sato,
1991] and/or softening due to networking of a very soft
ferropericlase phase through the matrix of a perovskite
phase [Yamazaki et al., 2009]. The softened slab might eas-
ily be deflected to a shallower dip upon its descent through
the more viscous surrounding mantle, to become trapped in
the uppermost lower mantle, although the detailed process
is poorly understood. This is a possible mechanism attrib-
uting the subhorizontal deflection of the slab below the
660 to the internal process occurring within the slab.
Alternatively, one might consider a mechanism that is asso-
ciated with a structural barrier outside the slab. Joint inver-
sion of convection-related data and glacial isostatic
adjustment data shows several viscosity profiles consistent
with geophysical observations that have a relative maxi-
mum at depths around 1000km [Mitrovica and Forte,
2004]. Such a viscosity maximum would allow the slab to
deflect horizontally in the uppermost lower mantle and then
to sink further deep [Morra et al., 2010]. Although the
mechanisms are poorly understood, it is almost certain that
the uppermost lower mantle acts as a slab reservoir. Slabs
may remain trapped in the uppermost lower mantle even

Along Central America Arc

Northern C.America

Middle C.America

Figure 17. Sketch illustrating the progressive southward
change in slab configuration from the northern to middle
Central America arc.
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Images of a stagnant slab in the transition zone (left) and of a trapped slab in the uppermost

lower mantle (right) in the same subduction zone. Five subduction zones are selected in this illustration.
Subhorizontal distributions of deepest shocks as marked by arrows are associated with stagnant slabs in
the transition zone. Steeply dipping distributions are associated with penetrating slabs across the 660 or

with trapped slabs below it.

after cessation of slab subduction in the upper mantle.
Indeed, the slab remnants of the Farallon plate are still
widely observed in the uppermost lower mantle under
North America [Sigloch and Mihalynuk, 2013].

5. Conclusions

[26] Our systematic survey of slab images around the
circum-Pacific shows the systematic variations of slab con-
figurations implying that subducting slabs are in one or two
of the following four stages:

[27] 1.1 Slab is stagnant above the 660.

[28] 2. II. Stagnant slab penetrates the 660.

[20] 3. II. Penetrated slab is trapped in the uppermost
lower mantle.

[30] 4. IV. Trapped slab descends well into the deep
lower mantle.

[31] We interpret Stages I to IV as being the successive
stages of slab subduction through the transition region (with
the 660 at the middle), although there may be cases where a
downgoing slab enters directly into Stage II by bypassing
Stage I, or where a penetrated slab enters directly into
Stage IV, thereby bypassing Stage III. These four stages in-
dicate that not only the transition zone above the 660 but
also the uppermost lower mantle below it acts separately
as a reservoir of subducting slabs. There is a remarkable

Stage I

(stagnant)

Stage II
(penetrated)

Stage III
(trapped)

Stage IV
(deeply sinking)
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Figure 19. Summary illustration showing the current stage
(s) of a subducting slab. In the case of northern Mariana, the
slab penetrates the 660 (bold bar), leaving the horizontal slab
above the 660 (dotted bar). The numbers indicate the depth of
the deepest shock within each slab. Red numbers indicate
that the depth is greater than 620 km, which is always associ-
ated with penetrated slabs at Stages II or III. The cross section
showing the subhorizontal bend of the deepest hypocentral
distribution is marked by the corresponding cross-section let-
ter, which is always associated with stagnant slabs at Stage 1.
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Figure 20. (a) Seismologically-determined phase boundary
depths (closed and open circles) of the postspinel transition
across the Tonga-Kerrmadec arc [Niu and Kawakatsu, 1995].
Dotted line represents the deep seismic zone, which is
assumed to be the slab core. The pointwise estimated phase
boundary depths are smoothly connected by the present
authors. Deepest shocks (marked by stars) are schemati-
cally added by the present authors, and extend to depths of
700 km. (b) Tomographic cross section across the Kermadec
arc (the same as cross section F in Figure 10).

correspondence between the images of deep slabs and the
deepest hypocentral distributions. Stagnant slabs above the
660 (slabs at Stage I) are associated with the subhorizontal
distribution of deepest shocks shallower than~ 620 km,
and penetrated slabs at Stages II or III are accompanied
by the very steeply dipping distribution of deepest shocks
deeper than~ 620 km.

Appendix A: Resolution Test

[32] We computed the so-called point-spreading kernels
for selected blocks that correspond to the column vectors
of the resolution matrix [Humphreys and Clayton, 1988],
in order to assess how well the slab images have been
obtained. A point-spreading kernel shows to what extent a
unit (1%) anomaly given to a selected block is recovered
by the data. Because the mantle is not parameterized by
uniform blocks but by the blocks of which size varies with
the resolution expected by the data (a smaller block in
the region where good resolution is expected), it is difficult
to interpret the individual values of a point-spreading ker-
nel. We thus consider the resolution on a 2.5° % 2.5° lateral
scale, which is 4 times as large as the smallest block
and retain the layer thickness within the real tomography.
Although the resolution on a smaller scale would be lower

(a) Honshu 3C

(e) Kuril 8B

slow 0.5% T D 0.5% fast

(i) Tonga 10C (m) Peru 13D
T

(p) C. America 16H

slow 0.5% MY TN 0.5% fast

Figure Al. Point spreading kernels for selected target
blocks. The letters indicate the cross section containing the
target block and the numbers indicate the relevant figure
number. The anomaly given to a target block is 1.0%.
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Figure A2. (left) Point spreading kernels for selected target

blocks. The block size is twice the length and 8 times the
volume of the one given in Figure Al. Only the Chile sec-
tions are shown. See Figure A1 for other explanations. (right)
Locations and sizes of target blocks used for A1 and A2. The
tomographic slab images are superposed.

than the one obtained in this test, the slab structure (which
is our interest) is much larger than the test block size.
Figure A1l shows several examples of the test results. In
this figure, we select one from five of the across-arc cross
sections in each of 16 regions along the circum-Pacific.
The target block is chosen in the flattened part of the slab
image in the case of a flattened slab and in the penetrated
portion of the slab image in the case of a penetrated slab.
In Figure A1, only the target block is of a relatively large
positive value; therefore, we can easily recognize it from
other blocks. This indicates that most target blocks are re-
solved on the relevant scale, even though the anomaly value
of 1.0 given to the target block spreads considerably to the
surrounding blocks. Exceptions are found in the Chile sec-
tions (k) and (1). In both these sections, the value recovered
for the target block is much smaller than those in other cross
sections. In section (k), in particular, the target anomaly
spreads horizontally landward. Since our interest is the slab
signature on a much larger scale, we tested the resolution for
larger target blocks with a linear dimension twice as large as
that in Figure A1. Figure A2 shows the results for the Chile
sections (k) and (1), where the target block is now well
resolved. We conclude that the resolution of our tomogra-
phy is adequate for discussing slab morphology on a scale
presented in either Figure Al or A2.
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