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Devastating earthquakes occur on a megathrust fault that underlies the Tokyo
metropolitan region. We identify this fault with use of deep seismic reflection
profiling to be the upper surface of the Philippine Sea plate. The depth to the
top of this plate, 4 to 26 kilometers, is much shallower than previous es-
timates based on the distribution of seismicity. This shallower plate geometry
changes the location of maximum finite slip of the 1923 Kanto earthquake
and will affect estimations of strong ground motion for seismic hazards anal-
ysis within the Tokyo region.

In central Japan, the Philippine Sea plate (PSP)

subducts beneath the Tokyo metropolitan

region. This fault was the source of the Genroku

earthquake of 1703 (magnitude M 0 8.0) and

the Kanto earthquake of 1923 (M 0 7.9),

which had 105,000 fatalities (1). The greater

Tokyo urban region has a population of 33

million and is the center of about 40% of the

nation_s economic activities (2). A M 0 7 or

greater earthquake in this region has the

potential to produce devastating loss of life

and property with even greater global eco-

nomic repercussions (3). The amount of

shaking and ground motion in earthquakes

depends on the magnitude and depth, among

other factors. Here, we provide high-resolution

images of this plate boundary and show that it

is shallower than has been thought.

In the Kanto region, the PSP subducts

northwestward under the Honshu arc at about

30 to 40 mm/year (4). The earthquakes of

the subducting PSP identify a shallow and

antiformally plunging surface from the Izu

peninsula, southwest of Tokyo (Fig. 1) (5–7).

High-resolution seismic velocity tomography

(8) resolves both the high-velocity core of the

slab and its associated overlying low-velocity lid

and confirms that the PSP lies under Tokyo (fig.

S1). The presence of the Izu-Bonin arc within

the PSP creates two styles of forearc accretion

and deformation. In eastern Kanto, an accre-

tionary prism composed of late Cenozoic sed-

iments overlies the downgoing PSP (Y to Y¶

and AC in Fig. 1). In western Kanto, the Izu-

Bonin arc has collided into the Honshu crust

during the past 15 million years; remnant pieces

such as the Tanzawa block were transferred to

the Honshu crust (X to X¶ and TZ in Fig. 1). A

megathrust separates the downgoing PSP

from the overlying forearc and Honshu crust

EMesozoic to early Cenozoic accretionary sed-

iments and granitic intrusions (9)^ (HpN in

Fig. 1).

We collected four seismic profiles distrib-

uted across the greater Tokyo region to image

the geometry of the PSP (P1 to P4 in Fig. 1)

and the megathrust earthquake zones (10).

Seismic reflections from the top of the PSP

are visible in all four profiles (Fig. 2). The

Neogene-Tertiary accretionary prism is iden-

tified in the eastern three profiles (AC in P2 to

P4). A portion of the Izu-Bonin island arc (TZ

in P1) is accreted into the Honshu middle

crust via wedge-thrust tectonics. The large-

scale forearc Kanto basin (KB) is present in

P1, P3, and P4 and overlies the upper crustal

Honshu pre-Neogene basement (HpN). These

profiles image the primary structural features

of the overall subduction and two forearc sys-

tems within the Kanto region (e.g., schematic

cross sections in Fig. 1).

Seismic reflections of the upper surface of

the subducted PSP (UPSP in Fig. 2) are ob-

served on all of the seismic sections and are

nearly concordant with slab geometry esti-

mated from seismicity (6). These reflections

are found at 5 to 24 km in P1, 4- to 11-km

depths in P2, and 6 to 25 km in P3 (10). In the

southern portion of P4, the megathrust dips at

È30- from 5- to 20-km depths but is flat
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Fig. 1. Tectonic region of metropol-
itan Tokyo (Kanto) area. (Top left)
Plate geometry of Honshu island.
PAC denotes Pacific plate; EU, Eur-
asian plate; and PSP, Philippine Sea
plate. Arrows denote plate conver-
gence directions relative to Honshu.
Red box is study area. (Right) Tec-
tonic map of Kanto region and lo-
cation of seismic profiles P1 to P4.
Contours represent depth in km to
upper surface of PSP based on our
study. Tectonic elements include
HpN, pre-Neogene rocks belonging
to Honshu arc; HLC, lower crust of
Honshu arc; KB, Neogene to Quarter-
nary sediments of Kanto Basin; TZ,
Tazawa block (arc fragment of Mio-
cene Izu-Bonin arc); IZ, Izu block
(volcanic Izu-Bonin arc crust); and
AC, primarily Neogene accretionary
complex. Stars are epicenters of 1703
Genroku (black) and 1923 Kanto
earthquakes (red). Red and blue pro-
file segments indicate multichannel vibroseis and explosion refraction and/or
wide-angle reflection acquisition methods, respectively. X to X¶ and Y to Y¶
denote locations of schematic cross sections. (Bottom left) Lithospheric

schematic cross sections across Kanto. X to X¶ represents arc-arc forearc
collision; Y to Y¶ illustrates accumulation of a standard forearc accretionary
complex.
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toward the north; this flat dip is apparent be-

cause the profile is on a strike line to the

locally westward dipping PSP (Fig. 1). These

seismic profiles show that the top of the PSP is

at depths of 4 to 26 km beneath the region,

shallower than has been commonly assumed

(Fig. 3A). Although there is good agreement

in southern and eastern Kanto between our

estimate and previous ones where the slab

is shallow, there are large downdip differ-

ences in central and western Kanto of up to

È18 km of mismatch. Our shallower PSP

geometry may lead to substantially larger

estimates of strong ground motion simply

because the region of megathrust earth-

quake rupture is closer to Earth_s surface. In

addition, this geometry serves as a new con-

straint for studies of Kanto seismotectonics

and seismic imaging using earthquakes, such

as high-resolution three-dimensional (3D)

tomography and receiver function analysis.

The 1923 Kanto earthquake was the last

major earthquake in this region. The source

region of this earthquake was previously

determined by finite-slip inversion (11, 12) of

coseismic geodetic and seismic waveform data

(13); the 1923 Kanto earthquake produced

two patches of large slip (Fig. 3B). Such

zones, or asperities, may represent repeat-

ing ruptures in interplate earthquakes (14, 15)

and thus potential sources of strong ground

motion. We recalculated the finite-slip inver-

sion for this earthquake with the use of our

revised PSP geometry. The location of the

eastern patch moved about 40 km northward

toward Tokyo (Fig. 3C). This new finite-slip

solution (including modified slip rate distribu-

tions) can be used to calibrate the calculation of

ground motions in the Tokyo metropolitan

region with seismic wave simulation meth-

ods (16, 17). This retuned procedure can then

be used to make peak ground motion estima-

tions for scenarios of potentially hazardous

future earthquakes.

Surrounding these asperity patches are areas

characterized by aseismic slip, slow earthquakes,

repeating earthquakes, and/or greater rates of

low-magnitude background seismicity (18, 19).

Several recent studies (20–27) have identified

three basic asperity-nonasperity zones within

megathrusts: an updip aseismic zone associated

with the overlying accretionary prism, the

locked seismogenic zone where large magni-

tude rupture will occur, and a downdip section

with active seismogenic release (28). These

zones have different physical states and proper-

ties, which can lead to the presence or absence

of associated megathrust seismic reflections

(20–27). In Kanto, the UPSP seismic reflec-

tions change laterally in the four profiles. In

addition to the megathrust zonation, several

nonstructural factors affect the presence and

amplitudes of these reflections: the mix of

acquisition styles (vibroseis, explosion, and

air gun sources plus land cable, bay cable,

and portable receiver sets); signal penetration

(land versus marine near-surface conditions

and the presence of basins); low versus

high common-depth point stacking fold; and

Fig. 2. Seismic reflection profiles P1 to P4 in the Tokyo metropolitan
area. These profiles are post-stack migrated and depth converted. Sym-
bols for tectonic elements are defined in Fig. 1. Red arrows denote posi-
tions of seismic reflections produced at the upper surface of the Philippine Sea

plate (UPSP). Black arrows delineate clearly visible UPSP reflections. Bars at
bottom of P3 indicate lateral presence of strong-amplitude (black and A) or
weak-to-no-amplitude (white) reflections evaluated by relative amplitude
processing (fig. S8).
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variable signal-to-noise recording conditions,

particularly in the highly populated urban

areas. The majority of P3 was acquired by

using one marine seismic acquisition method

and was amenable to relative amplitude seis-

mic processing (10). The updip termination

of UPSP reflection A in P3 (Fig. 2) correlates

with the transition from low to high slip

bounding the eastern asperity region (Fig.

3C). These revised geometries of the UPSP

megathrust and its asperity regions as pro-

vided by our seismic profiles provide vertical

and lateral constraints for improved estima-

tions of seismic hazards within metropoli-

tan Tokyo.
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Heat Flux Anomalies in Antarctica
Revealed by Satellite

Magnetic Data
Cathrine Fox Maule,1* Michael E. Purucker,2 Nils Olsen,1
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The geothermal heat flux is an important factor in the dynamics of ice sheets; it
affects the occurrence of subglacial lakes, the onset of ice streams, and mass
losses from the ice sheet base. Because direct heat flux measurements in ice-
covered regions are difficult to obtain, we developed a method that uses satellite
magnetic data to estimate the heat flux underneath the Antarctic ice sheet. We
found that the heat flux underneath the ice sheet varies from 40 to 185 mega-
watts per square meter and that areas of high heat flux coincide with known
current volcanism and some areas known to have ice streams.

The geothermal heat flux depends on geologic

conditions such as crustal heat production,

mantle heat flux, and the tectonic history of the

crust, which all vary spatially. Studies have

shown that heat flux can vary much on scales

less than 100 km (1, 2). Underneath ice sheets,

the geothermal heat flux influences the basal

ice, which may cause varying amounts of

basal melting in Greenland (2, 3). Heat flux is

thus an important boundary condition in ice

sheet modeling. Little is known about the

geologic setting of the crust underneath the

Fig. 3. PSP vertical and lateral characteristics derived from seismic profiles.
(A) Depth to PSP in km. Blue contours are from a previously published
study (6). Depths from seismic profiles are annotated (red) at marked
locations (red dots); note substantial mismatch along P1 and northern P3. (B)
1923 Kanto earthquake finite-slip determination (11) based on previous fault
model (12, 13). Red zones of large displacement represent two asperity

patches of 1923 Kanto earthquake rupture. (C) 1923 Kanto earthquake finite-
slip determination recalculated with the use of our revised PSP geom-
etry. Note the eastern red zone showing large coseismic slip is relocated
northward toward the most densely populated area of greater Tokyo (solid
outline). Stars are epicenters of 1703 Genroku (black) and 1923 Kanto
earthquakes (red). Amplitude character color code along P3 defined in Fig. 2.
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SUPPORTING ONLINE MATERIAL 

 

METHODS 

 

Data acquisition and basic processing of seismic reflection profiles 

 Data acquisition was performed over a duration of ten months using different seismic 

methods. Common mid-point seismic reflection data were acquired in profiles P2, P3, southern 

part of P4, and northern part of P1 (red in Fig. 1) using four vibroseis trucks or air-guns with 

9700 cm3
 capacity. In addition, profiles P1 and P4 were supplemented with refraction/ 

wide-angle reflection profiling using widely spaced explosive sources up to 300 kg plus sets of 

100 stationary vibroseis sweeps at several sites per seismic line (blue in Fig. 1). All seismic 

signals were recorded by profile arrays of up to 2500 channels consisting of digital telemetry 

cable, off-line portable recorders, and when was necessary ocean bottom cables. The seismic 

data were processed using conventional common-midpoint reflection methods including 

bandpass filtering, waveform deconvolution, common-midpoint sort, normal moveout correction, 

and variable fold stacking. The seismic sections were converted from two-way traveltime to 

vertical depths using velocity information derived from first-arrival travel times (S1), reflection 

moveout analysis, and regional seismicity first-arrival velocity tomography (S2) (see Figs. 

S4-S7). 

 

Earthquake seismic tomography 

 The target region of Kanto is 34-37ºN and 138.6-141ºE. A total of 422,799 P-wave and 
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369,596 S-wave arrival times for 15,214 earthquakes recorded at 129 Hi-net stations (S3) are 

available for tomography (S4) with spatial velocity-correlation (S5). The high-sensitivity 

seismograph network of Japan (Hi-net) is operational since October, 2000, by the National 

Research Institute for Earth Science and Disaster Prevention (NIED). 

 A three dimensional grid with a spacing of 0.05º (corresponding to about 5 km) was 

constructed for the velocity structure with a resolution of 0.1º (S2). The traveltime inversion 

reduces the root mean square (RMS) P-wave traveltime residual from 0.333 s to 0.195 s and that 

for the S-wave data from 0.667 s to 0.302 s. The slowness of a point was calculated in this study 

by interpolation from surrounding velocity grid nodes because the slowness is linear for the 

calculation of traveltimes. The covariance matrix of traveltime data and slowness parameters 

with smoothness and a positive correlation between near grid nodes (e.g., Laplacian) were also 

employed. 

 A regional north-south P-wave velocity profile through central Kanto is shown in Figure 

S1. Additional velocity slices were used for the depth conversion of the seismic reflection 

profiles; these are shown in Figures S4-7. 

 

Depth conversion of Profiles P1 - P4 (Figs. S4 to S7) 

 Two-way traveltimes of PSP reflections were converted to depth using velocity 

information obtained from CDP stacking method for shallow reflections and from the regional 

earthquake P-wave tomography for deeper reflections (S2). Profiles displayed using a vertical 

scale in two-way traveltime (sec) are shown in A in Figs. S4-7. Red triangles denote locations 

where PSP reflection depths were calculated (see Fig. 3A). Velocity structures obtained from the 

CDP stacking method are in B (Figs. S4-7). These velocities represent seismic normal moveout 
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stacking velocities and are representative for shallower events as based on reflection character. 

Vertical slices of P-wave tomography corresponding to these seismic profiles are shown in C 

(Figs. S4-7). On these slices, dots represent earthquake events during October, 2000 to 

September, 2003. 

 

Seismic reflection relative amplitude processing of Profile P3 

 

 The northern two-thirds of profile P3 was collected using a seismic airgun source and a 

marine receiver bay cable. Main factors which influence reflection amplitudes in this profile 

include geometrical spreading, transmission losses, and surface-related coupling effects. 

Important steps for the relative amplitude processing of profile P3 included geometrical 

spreading corrections, coherent noise suppression, and surface-consistent deconvolution, 

followed by surface-consistent amplitude corrections. The surface-consistent corrections almost 

compensated the frequency-dependent amplitude and wavelet variation due to the surface-related 

source and receiver coupling. This relative-amplitude processing provides in profile P3 an image 

of the lateral variation of the reflectivity associated with the top of the PSP (Fig. S8). 
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SUPPORTING FIGURES 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1. South-to-north cross-sectional view of the hypocentral distribution and P-wave velocity 

structure obtained by seismic tomography along 139.5ºE longitude (S5). Number of 

earthquake events is 1990 within +0.5º longitude swath during October, 2000 to September, 

2003 observed by the Hi-net national permanent seismic network. Seismicity identifies 

shallow, curved subducting PSP above 75 km and broad zone of underlying Pacific plate 

below 100 km. Blue line denotes previous definition of UPSP (e.g., Fig 3A) based on older 

seismicity study (S6). Red line denotes UPSP based on our seismic profiles; downdip 

termination of this line is due to the northern extent of the profiles. Velocity contours (in 

km/s) reveal a low velocity layer above the PSP seismicity which we identify to be the top 

of this downgoing plate. 
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Fig. S2.  Seismic reflection profiles P1 and P2 displayed at a large scale. 
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Fig. S3.  Seismic reflection profiles P3 and P4 displayed at a large scale. Location of Fig. S8 

marked on profile P3.   
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Fig. S4.  Information used for the depth conversion of seismic profile P1. Red triangles denote 

locations where PSP reflection depths were calculated (see Fig. 3A).  (A) Profile P1 

(vertical scale in two-way traveltime).  (B) Stacking velocity structure for P1. (C) P-wave 

tomography slice corresponding to P1. (D) Depth-converted seismic profile. 
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Fig. S5.  Information used for the depth conversion of seismic profile P2. (A) Profile P2 

(vertical scale in two-way traveltime).  (B) Stacking velocity structure for P2.  (C) 

P-wave tomography slice corresponding to P2. (D) Depth-converted seismic profile. 
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Fig. S6.  Information used for the depth conversion of seismic profile P3.  (A) Profile P3 

(vertical scale in two-way traveltime).  (B) Stacking velocity structure for P3.  (C) 

P-wave tomography slice corresponding to P3. (D) Depth-converted seismic profile. 
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Fig. S7.  Information used for the depth conversion of seismic profile P4.  (A) Profile P4 

(vertical scale in two-way traveltime).  (B) Stacking velocity structure for P4.  (C) 

P-wave tomography slice corresponding to P4. (D) Depth-converted seismic profile. 
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Fig. S8.  Relative amplitude-processed stack of profile P3. See Fig. S3 for location. Seismic 

reflection red and blue colors are positive and negative amplitudes, respectively. Reflection 

A (red arrows) is top of PSP; note abrupt southern termination.   
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