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ABSTRACT

The ~50 m slip of the Tohoku earthquake 
occurred along a very fi ne grained red-brown 
smectitic clay horizon subducting in the Japan 
Trench. This clay, cored in the plate boundary 
fault at Integrated Ocean Drilling Program 
Expedition 345, Site C0019, correlates with 
similar pelagic clay recovered seaward of the 
trench at Deep Sea Drilling Project Sites 436 
and 1149. Comparable clays occur throughout 
the northwest Pacifi c Basin. Backtracking of 
ocean drilling Sites 436, C0019, and 1149 indi-
cates that they formed during the Early Cre-
taceous at the Kula-Pacifi c Ridge. These sites 
traveled northwestward through the equa-
torial zone, accumulating siliceous and cal-
careous oozes until ca. 100–85 Ma. Sites 436, 
C0019, and 1149 then entered the realm of 
pelagic clay deposition where they remained 
until ca. 15 Ma. From ca. 15 Ma to the present, 
Sites 436, C0019, and 1149 accumulated clays 
and silty clays with variable amounts of sili-
ceous microfossils and volcanic ash, represent-
ing the transition from deep-sea conditions to 
a continental margin sedimentary environ-
ment. The predicted backtracked vertical 
sequence of sediments fi ts well with the cores 
at Sites 436, 1149, and C0019, after accounting 
for structural complications in the latter.

Pelagic clay occurs in numerous boreholes 
penetrating the relatively smooth ocean fl oor 
of the Pacifi c plate north and northeast of the 
Tohoku earthquake. Here the widespread 
pelagic clay apparently fosters tsunami and 
tsunamigenic earthquakes. Seamounts rising 
above the normal oceanic crust accumulated 
sequences of calcareous sediments as their 
crests remained above the calcite compensa-
tion depth for most of their history. A seafl oor 
including pelagic clay and carbonate-covered 
seamounts occurs south and southeast of the 

southern extent of the Tohoku earthquake rup-
ture zone. This area has no historic tsunami or 
tsunamigenic earthquakes along the Japan and 
Izu-Bonin Trenches with the possible excep-
tion of the poorly located Enpo earthquake 
of A.D. 1677. We believe that the seamounts 
incoming on the oceanic plate to the south and 
southeast of the Tohoku rupture zone inter-
fere with long-distance propagation of slip in 
the pelagic clay, limiting earthquake magni-
tude, shallow slip, and tsunami generation.

INTRODUCTION

Earthquakes that produce tsunamis are typi-

cally categorized in two ways. (1) Tsunami 

earthquakes are those that cause tsunamis greater 

in amplitude than would be expected from 

their surface wave magnitude (M
s
) (Kanamori, 

1972). (2) Tsunamigenic earthquakes are those 

that generate tsunamis (Polet and Kanamori, 

2009) that scale directly with earthquake size. 

Both tsunamigenic and tsunami earthquakes are 

characterized by substantial shallow slip.

The moment magnitude (M
w
) 9.0 Tohoku 

tsunamigenic earthquake of 2011 produced a 

very large tsunami along the coast of northern 

Honshu, Japan. The devastating tsunami had 

wave heights and run-ups exceeding anything 

known along this coast for more than a mil-

lennium (Lay and Kanamori, 2011). The earth-

quake lifted the seafl oor by as much as 5 m 

and displaced it laterally ~50 m, thus generat-

ing the observed tsunamis (Lay and Kanamori, 

2011). Lateral displacement was largest along 

the seaward-most portion of the principal thrust 

surface near the axis of the Japan Trench (Fig. 1) 

(Kodaira et al., 2012). Subsequently, Integrated 

Ocean Drilling Program (IODP) Expedition 343 

(Site C0019) penetrated this seaward portion of 

the plate boundary thrust where it was buried 

821 m below the seafl oor (Chester et al., 2013). 

These drilling results and associated seismic 

refection data indicate that the plate boundary 

thrust is located in brown scaly clay that is near 

the base of the sedimentary section incoming on 

the Pacifi c plate (Fig. 1).

Many scientifi c ocean drilling boreholes have 

penetrated the Pacifi c plate east of the Japan 

Trench near the latitude of the Tohoku earth-

quake (Fig. 2). In this paper we correlate the 

stratigraphic sequence from the borehole pene-

trating the Tohoku plate boundary thrust (IODP 

Site C0019) to scientifi c ocean drilling holes on 

the adjacent Pacifi c plate, and we investigate the 

origin of the pelagic clay that accommodates 

the plate boundary thrust of the Tohoku earth-

quake. We speculate on how the distribution of 

the brown pelagic clay, relative to coeval sea-

mounts, infl uences propagation of slip during 

earthquakes.

CORRELATION BETWEEN IODP 
SITE C0019 AND DEEP SEA DRILLING 
PROJECT SITE 436

To understand the structural evolution and 

sedimentary diagenesis and/or metamorphism 

of sediments in subduction zones, it is critical 

to have a reference site that samples the undis-

turbed sediments on the incoming oceanic plate. 

Time restrictions precluded the drilling of a 

designated reference site during IODP Expe-

dition 343. Because the incoming sedimentary 

sequence on the subducting Pacifi c plate is 

relatively uniform in the vicinity of IODP Site 

C0019, Deep Sea Drilling Project (DSDP) Site 

436, closest to Site C0019, was used as a refer-

ence site (Fig. 2). The age of the igneous oce-

anic crust at Site C0019 is 131 Ma and at Site 

436 is 124 Ma; both sites originated at the Kula-

Pacifi c spreading center (GeoMapApp, 2014, 

http://www.geomapapp.org/). Site 436 is on 

the outer swell of the Pacifi c plate incoming to 
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the Japan Trench (Fig. 1). Currently the Pacifi c 

plate converges with the continental margin at 

83 mm/yr in the vicinity of Site C0019 (Fig. 1). 

As the Pacifi c plate fl exes downward into the 

Japan Trench it is cut by normal faults on the 

seaward slope of the trench near both Sites 436 

and C0019 (Fig. 1). The trench adjacent to Site 

436 and C0019 shows little evidence of trench 

fi ll due to turbidite infl ux, but both regions prob-

ably receive a diffuse terrigenous hemipelagic 

cloud derived from Japan. Slumps from the 

trench slopes (Ogawa, 2011) could also contrib-

ute to the near-trench sediment infl ux.

Stratigraphy at Reference Site 436
At 398 m below seafl oor (mbsf), Site 436 

bottomed in Cretaceous chert older than 94 Ma 

(Fig. 3) (Doyle and Riedel, 1980). The chert 

sequence is overlain by brown pelagic clay 19 

m thick. The age of the pelagic clay is estimated 

to range from Eocene to early Miocene based 

on fi sh teeth (Doyle and Riedel, 1980). No other 

fossils were recovered from the clay, presum-

ably because it accumulated in a deep, chemi-

cally corrosive oceanic environment. The clay 

apparently disconformably overlies the Creta-

ceous cherts, and accumulated at a very low rate 

of ~1 mm/103 yr (uncompacted to surface poros-

ity). From 360 mbsf to the water bottom, the 

pelagic clay is overlain by several units of mud 

and mudstone, and ooze with signifi cant compo-

nents of radiolarians, diatoms, and vitric debris.

Relationship of Sites 436 and C0019
Site C0019 has a stratigraphic progression 

similar to that of Site 436 (Fig. 3). Both holes 

bottom in Cretaceous chert overlain by red-

brown clay in their basal sections. Both sites 

include a Miocene to Holocene sequence of 

mud and clay with abundant siliceous fossils 

and volcanic ash. A comparison of total sedi-

ment thickness at Sites 436 and C0019 indicates 

that C0019 is twice as thick, due to folding and 

thrust faulting, as indicated by age reversals 

(Fig. 3). Recent detailed chemostratigraphic 

studies (H. Rabinowitz, 2014, personal com-

mun.) and clay mineral analyses (Kameda et al., 

2015) indicate that the scaly clay of Site C0019 

correlates with the pelagic clay at Site 436. The 

thinner clay interval at Site C0019 relative to 

436 may be due to unrecovered section during 

coring, which could boost the potential thick-

ness to 5 m, or be due to shearing along the plate 

boundary fault zone. At Site C0019, the section 

below the scaly clay consists of mudstone and 

claystone of middle to late Miocene age that are 

out of stratigraphic sequence with respect to Site 

436. Their location can be explained by normal 

faulting associated with the horst and graben 

structure of the outer rise followed by thrust 

faulting along the plate boundary thrust.

Experiments on the C0019 scaly clay and 

clays from Site 436 indicate that both are very 

weak with a coeffi cient of friction <0.1–0.2 over 

a range of slip velocities (Ujiie et al., 2013; M. 

Sawai et al., 2014). These sediments also show 
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Figure 1. (A) Geologic setting of the 2011 Tohoku earthquake (Chester et al., 2013; Expedition 343/343T Scientists, 2013); 
star is epicenter. Convergence vector is for Pacifi c–North America (PA, NAM) motion (northern Japan is arguably part of 
the North American plate). EQ—earthquake; DSDP—Deep Sea Drilling Project. (B) Interpreted seismic line crossing Inte-
grated Ocean Drilling Program Site C0019 showing the horst and graben structure of the incoming oceanic crust. Note that 
the plate boundary thrust rises from a graben and follows the top of the horst through Site C0019, and then drops back into 
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cruise. (C) Detail of seismic line showing plate boundary thrust descending from horst into adjacent graben.
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very low fracture energy during slip weakening 

(M. Sawai et al., 2014). Overall the brown clays 

comprise an ideal surface for extensive fault slip.

The correlation between Sites C0019 and 

436 is complicated by structure, but robustly 

justifi ed by chronology, lithology, and overall 

stratigraphic sequence. Site 436 provides a 

well-characterized reference site that can be 

compared to numerous ocean drilling sites in 

the adjacent NW Pacifi c Ocean.

ORIGIN OF THE PELAGIC CLAY OF 
THE PLATE BOUNDARY THRUST IN 
THE NORTHWEST PACIFIC BASIN

The plate boundary thrust at Site C0019 is 

sited in a smectite-rich pelagic clay layer that 

fosters large amounts of slip (Chester et al., 

2013; Fulton et al., 2013; Ujiie et al., 2013; 

M. Sawai et al., 2014; Kameda et al., 2015). 

Because of the apparent link to large tsunamis, 

it behooves us to investigate the origin of the 

special mineralogical and physical properties of 

this pelagic clay.

To better understand the genesis and distri-

bution of the pelagic clay of the plate bound-

ary thrust, we have examined drill sites on 

oceanic crust from the Japan, Kurile, and Izu-

Bonin Trenches to ~165°E (Fig. 2). Of these 

sites, 55% preserve a brown pelagic clay layer; 

the remainder show carbonate, siliceous, vol-

caniclastic deposits, or a hiatus through the 

interval where the pelagic clay typically occurs 

(Late Cretaceous into Neogene). Ocean Drill-

ing Program (ODP) Site 801, DSDP Site 307, 

and DSDP Site 567 at the southeastern portion 

of this area are still accumulating pelagic clay 

today because they are in deep water and starved 

of terrigenous, siliceous, or volcanic input. The 

sites lacking pelagic clays are on seamounts 

or other submarine highs where carbonate and 

siliceous sediments can accumulate above the 

calcite compensation depth (CCD), currently at 

~4.3 km (Pälike et al., 2012).

FORMATION OF PELAGIC CLAY 
INTERVALS BY NORTHWESTWARD 
OCEANIC PLATE MOTION: A 
TECTONIC APPLICATION OF 
WALTHER’S LAW

The principle that facies in conformable 

vertical successions of strata represent once 

laterally adjacent environments is known as 

Walther’s law (e.g., Prothero and Schwab, 

2013). To understand the origin of the pelagic 

clay deposits at Sites C0019, 436, and 1149, 

we backtracked these sites from their current 

location to their positions in the Early Cre-

taceous. We used the most recent estimate of 

absolute Pacifi c plate motion in a reference 

frame that accounts for the motion of hotspots 

(Doubrovine et al., 2012). The backtracking 

motion is shown on the background of simpli-

fi ed modern Pacifi c Ocean geography (Fig. 4); 

to focus on the accumulation of sediments in 

the deeper portion of the ocean, we have left 
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Figure 2. Northwest Pacifi c DSDP (Deep Sea 
Drilling Project), ODP (Ocean Drilling Pro-
gram), and IODP (Integrated Ocean Drill-
ing Program) holes (sites identifi ed in Fig. 3 
caption) with locations and dates of tsunami 
and tsunamigenic earthquakes (Fukao, 1979; 
Schwartz et al., 1989; Lay et al., 2009; Polet 
and Kanamori, 2009; Chester et al., 2013). 
An example of a small interseamount earth-
quake is shown just south of the 2011 Tohoku 
earthquake (Mochizuki, et al., 2008). The epi-
center of this small earthquake is at the east-
southeast extent of the rupture zone. In this 
fi gure, the ocean drilling boreholes are clas-
sifi ed as those that show sections of pelagic 
clay sandwiched between chert-bearing Cre-
taceous rocks covered by muddy sediments 
containing varying amounts of radiolarians, 
diatoms, and volcaniclastic and terrigenous 
materials (in orange), and those with no 
signifi cant intervals of pelagic clay but sec-
tions of chert, limestone, and locally Miocene 
and younger mudstone containing radiolar-
ians, diatoms, and volcanic and terrigenous 
materials (in blue). Base map is from Ryan et 
al. (2009) and site locations and basic strati-
graphic information are from GeoMapApp 
(http://www.geomapapp.org). For detailed 
stratigraphic information at drill sites from 
relevant DSDP, ODP, and IODP site reports, 
see Shipboard Scientifi c Party (1975, 1980, 
1985a, 1985b, 1993, 2001, 2002) and Expedi-
tion 343/343T Scientists (2013).
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oceanic islands, seamounts, and plateaus off 

this map.

During the early history of the backtracked 

sites, the Pacifi c Ocean would have been wider. 

The atmospheric and oceanic processes con-

trolling biogenic production of sediment and 

sediment transport are strongly infl uenced by 

latitude and the position of continental margins. 

Thus, an earlier, wider Pacifi c ocean would 

probably have had sedimentation patterns simi-

lar to the modern distribution of sediments, 

albeit with some east-west lateral extension of 

the equatorial biogenic and pelagic clay depos-

its. The modern sediment distribution is wide 

enough to contain the paths of the backtracked 

sites, and we have used this distribution to pre-

dict the vertical sedimentary sequences that 

would have developed (Fig. 4).

Translating the drill sites forward through time 

from the Cretaceous illustrates how the strati-

graphic sequences accumulate and substantiates 

use of the modern sediment patterns to approxi-

mate late Mesozoic and Cenozoic sediment dis-

tribution. The temporally forward motion of the 

backtracked sites shows the following.

1. The sites began life in the equatorial upwell-

ing zone where they would have accumulated 

siliceous and calcareous sediments for ~30 m.y.; 

these sediments were ultimately transformed to 

chert. The coring recovered mostly cherty nod-

ules, apparently washing out softer sediments, 

probably largely composed of siliceous and cal-

careous microfossil ooze. From their inception 

at 2–3 km below sea level at the Kula-Pacifi c 

Ridge, the sites would have gradually subsided 

as the Pacifi c plate cooled (Parsons and Sclater, 

1977) (Fig. 5A).

2. The sites entered the zone of pelagic clay 

deposition ca. 100–85 Ma. Pelagic clay deposi-

tion continued until ca. 20 Ma.

3. After ca. 15 Ma, deposition transitioned 

to sediments with substantial amounts of sili-
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ceous microfossils and fi nally to sediments with 

increasing terrigenous and volcaniclastic infl ux 

from Japan (Fig. 5A).

The predicted lithology and age transitions at 

Site 436 are in good agreement with the cored 

sedimentary section (Fig. 5A); it is therefore 

reasonable to ascribe the pelagic clay layers in 

the other sites identifi ed in Figure 3 as due to 

lateral northwestward movement through the 

depositional realm of the pelagic clay.

Figure 5A excludes the nature of sediments 

that accumulated on high-relief areas of the 

oceanic plate such as oceanic plateaus and sea-

mounts. Figure 5B illustrates how a seamount 

originating within ~1 km of the sea surface would 

spend most of its history above the carbonate 

compensation depth (Van Andel, 1975; Pälike 

et al., 2012). Sites where this Late Cretaceous to 

Neogene pelagic clay layer does not exist were 

originally seamounts or other oceanic highs that 

did not submerge below the CCD for suffi cient 

time to accumulate the pelagic clay (Fig. 5B). 

Figure 6 shows how the seamount sites, domi-

nated by carbonate sediments (e.g., Sites 879 and 

1208), occur interspersed with sites with pelagic 

clay layers (e.g., Site 1149) on the Pacifi c plate in 

the area south and southeast of the Tohoku earth-

quake rupture zone (see Fig. 2 for site locations).

DISTRIBUTION OF PELAGIC CLAY 
AND SEAMOUNTS RELATIVE TO 
EARTHQUAKES WITH LARGE 
SHALLOW SLIP

Earthquakes with large thrust displacement 

at shallow depths beneath the seafl oor tend to 

produce tsunamis larger than expected from 

their moment magnitude (Kanamori, 1986; 

Polet and Kanamori, 2009). Series of earth-

quakes extending from the Tohoku earthquake 

rupture zone to the northeast along the Japan 

and Kurile Trenches have produced substantial 

tsunamis (Fig. 2). The drill sites offshore of the 

earthquakes consistently show a layer of pelagic 

clay tens of meters thick that correlates with the 

interval that became the principal thrust fault 

surface for the Tohoku earthquake (Site C0019) 

(Figs. 2 and 3). The pelagic clay layers are suc-

ceeded upsection by several hundred meters of 

mudstone mixed with various amounts of radio-

larians, diatoms, and volcanic ash. This area is 

characterized by a relatively smooth seafl oor 

offshore of the regions producing the tsunami 

earthquakes (Fig. 2).

South and southeast of the Tohoku rupture 

zone, along the Japan and Izu-Bonin Trenches, 

there have been no historic, instrumentally 

recorded earthquakes that produced notable tsu-

namis (Polet and Kanamori, 2009). The relatively 

low seismicity of the Izu-Bonin arc has been 

attributed to low compressional stress across the 

subduction zone (Uyeda and Kanamori, 1979). 

The seafl oor east of the southern portion of the 

Japan Trench and the Izu-Bonin Trench is charac-

terized by concentrations of seamounts and other 

small plateaus (Fig. 2). These features are capped 

by carbonate ooze, limestone, and volcanic and 

limestone breccias, with no signifi cant accumula-

tions of pelagic clay (Fig. 5B). However, bore-

holes in the basins between seamounts and small 

plateaus show pelagic clay layers (Fig. 6; Sites 

578 and 1149) similar to sites on the Pacifi c plate 

northeast of the Tohoku rupture zone (Fig. 3).

We quantifi ed the nature of the Pacifi c plate 

seafl oor described above as smooth or rough 

using a seamount census from altimetry-derived 

gravity data (Kim and Wessel, 2011), by count-

ing the number of seamounts >1 km high above 

the adjacent seafl oor along swaths extending 

seaward from the trench and laterally along the 

trench. These swaths extend 500 km seaward 

from the Japan Trench and related trenches, and 

along its trend in two directions, north and south. 

The swaths are 1800 km northward and 2100 

km southward from lat 37.5°N. Within these, 

Figure 4. Map of backtracked 
Integrated Ocean Drilling Pro-
gram (IODP) Site C0019, Deep 
Sea Drilling Project Site 436, 
and Ocean Drilling Program 
1149 in 10 m.y. increments. 
Backtracking uses poles of abso-
lute plate motions that account 
for movement of hotspots (Dou-
brovine et al., 2012). Because 
poles of rotation were unavail-
able for earlier than 120 Ma, the 
site locations for 130 Ma and 
place of origin cannot be speci-
fi ed. See question mark to right 
of 120 Ma backtrack location. 
However, paleomagnetic data 
from Site 1149 (Shipboard Sci-
entifi c Party, 2000) suggest that 
it, and probably Sites 436 and 
C0019, originated south of the 
equator. Backtracking overlies 
a map of modern North Pacifi c 
sediment distribution that 
shows deep-water deposits and 
excludes those on seamounts 
and oceanic islands (Horn et al., 1970; Davies and Gorseline, 1976). Although this sediment distribution is that of the Holocene, we believe its 
earlier history would have had similar sediment belts that were perhaps laterally more extensive because of the wider Pacifi c Ocean. Note that 
Sites C0019 and 436 are moving through the pelagic clay area from ca. 100 Ma (middle Cretaceous) to ca. 15 Ma (Miocene). Site 1149 has a 
similar path through the depositional environment of the pelagic brown clay.
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the frequency of seamounts north of 37.5°N 

(the approximate latitude of C00019) with an 

elevation >1 km is 1 seamount per 138 km of 

trench length to the north; the frequency south 

of 37.5°N is 1 seamount per 27 km of trench. 

Therefore the frequency of incoming sea-

mounts along the trench is 5 times higher south 

of 37.5°N than to the north along the trench 

of the subducting Pacifi c plate. The seamount 

count will probably become more detailed as 

new satellite data become available and more 

direct measurements of seafl oor bathymetry are 

collected. However, it is unlikely new data will 

affect the observed pattern.

DISCUSSION

The above observations indicate that incoming 

sediments containing a uniform layer of pelagic 

clay covered by relatively thin overburden, and 

largely uninterrupted by carbonate-capped sea-

mounts, correlate with subduction boundary 

segments producing tsunami and tsunamigenic 

earthquakes. The pelagic clay forms the plate 

boundary fault of the Tohoku earthquake (Figs. 

3 and 7), and it is reasonable to assume that this 

weak layer would likewise facilitate the subduc-

tion zone to the northeast, providing that the 

overburden is thin, can be easily deformed, and 

can displace a signifi cant amount of overlying 

seawater (e.g., Gulick et al., 2011). This incom-

ing stratigraphy and relatively smooth seafl oor 

apparently correlate with a high concentration 

of tsunamis in this region (Fig. 2). Conversely, 

where the pelagic clay layers are interrupted by 

carbonate capped seamounts (Figs. 6 and 8), 

large tsunamis are not observed (Fig. 2).

Recent observational evidence suggests that 

seamounts subduct largely aseismically, pro-

ducing numerous small earthquakes (Wang and 

Bilek, 2011, 2014). Areas adjacent to the sea-

mounts release strain on the subduction thrust 

with repeating earthquakes of moderate size 

but lacking large shallow slip (Mochizuki et 

al., 2008). Just south of the Tohoku earthquake 

rupture zone, a seamount chain enters the trench 

(Fig. 2). A seamount in this chain, buried ~7 

km below the seafl oor, apparently was associ-

ated with an Mw 7 earthquake (Mochizuki et 

al., 2008). The same locality has been subject 

to similar earthquakes repeating about every 20 

yr. We speculate that this process of interseismic 

deformation of seamounts by tremor or creep 

(Wang and Bilek, 2014) prevents the patchy 

pelagic clay deposits between seamounts from 

unleashing an extensive shallow slip earthquake 

that would produce a large tsunami (Fig. 8). 

Following the Wang and Bilek (2014) perspec-

tive, we believe that the irregular geometry and 

unique physical properties of seamounts hinder 
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Figure 6. Lithologic columns 
from drilling sites south and 
southeast of the Tohoku earth-
quake. Many seamounts in 
this area are shallow due both 
to initial volcanic construction 
and rapid carbonate sedimen-
tation (mbsl—meters below sea 
level; other abbreviations as in 
Fig. 3). Ocean Drilling Program 
(ODP) Sites 879 and 1208 illus-
trate the carbonate highs (Ship-
board Scientifi c Party, 1993, 
2002). Between seamounts the 
oceanic sedimentation is simi-
lar to that farther north with 
well-developed pelagic clay 
sequences, as shown at Deep 
Sea Drilling Project Site 578 
and ODP Site 1149 (Shipboard 
Scientifi c Party 1985a, 2000).
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propagation of earthquake slip; the seamounts 

compartmentalize the fault surface and limit the 

extent of earthquake slip and the production of 

large tsunamis.

The Enpo earthquake of 1677 was shown to 

have extended directly south from the southern 

boundary of the Tohoku rupture zone along 

the Japan Trench (e.g., Y. Sawai et al., 2014). 

Although the occurrence of this earthquake is 

undisputed, its location is controversial due to 

lack of regional tsunami run-up observations. 

Rather than being due to Pacifi c plate subduc-

tion, this earthquake may have occurred due 

to the subduction of the Philippine Sea plate 

beneath the Japanese continental margin, along 

the Sagami Trough (Y. Ogawa, 2014, personal 

commun.). Because of the controversy regard-

ing its location, we excluded the Enpo earth-

quake from our compilation (Fig. 2).

Pelagic clays are widespread in deep central 

oceanic areas (Jenkyns, 1986) and are ultimately 

swept into subduction zones. Because of the ubiq-

uity of weak smectitic pelagic clay, there should 

be a global correlation of these clays with the 

subduction zones, smooth seafl oor, and the pro-

duction of tsunamis due to enhanced shallow slip.

CONCLUSIONS

1. The scaly clay of the plate boundary thrust 

penetrated during IODP Expedition 343 at Site 

C0019 correlates to a brown, very fi ne grained, 

smectitic pelagic clay of Eocene to middle-late 

Miocene age at Site 436 on the outer rise of the 

incoming oceanic plate.

2. Backtracking of the locations of Sites 

C0019, 436, and 1149 to their initial positions of 

formation predicts that they would accumulate 

Cretaceous siliceous and calcareous sediments, 

Cretaceous to Miocene red-brown pelagic clay, 

and Miocene and younger clastic sediments 

with components of diatoms, radiolarians, and 

terrigenous and volcaniclastic deposits. This 

lithologic progression is observed at Site 436 

and generally reproduced at many other sites 

offshore of northern Japan (Fig. 3).

3. Seamounts immediately east and southeast 

of Sites 436, C0019, and 1149 originated near the 

equator. Many of these highs in the oceanic crust 

have accumulated calcareous ooze and limestone 

from Cretaceous into the Neogene because they 

never subsided below the CCD (Figs. 5B and 6).

4. Northwest of the Tohoku earthquake rup-

ture zone, sedimentary sequences incoming 

to the subduction zone are similar to those at 

Site 436; seamounts with extensive carbon-

ate and biosiliceous sediments are rare. We 

hypothesize that the apparently extensive and 

continuous layer of pelagic clay with minimal 

overburden enabled shallow large-slip tsunami 

and tsunamigenic earthquakes along the north-

ern Japan and Kurile subduction zones (Figs. 

2 and 7).
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geometry of the upper plate rock units is generalized from Tsuru et al. (2002) and von Huene et al. (1994).

Figure 7. Tohoku earthquake shallow slip model showing localization of plate boundary faulting along 
pelagic clay as observed in the tsunamigenic Tohoku earthquake. Uninterrupted slip is fostered by the 
continuity of the weak pelagic clay layer and minimal overburden, in spite of the horsts and grabens on 
the incoming oceanic crust (kmbsl—kilometers below sea level; Seds.—sediments).
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5. The region south and southeast of the 

Tohoku rupture zone, along the Japan and Izu-

Bonin Trenches, has not produced instrumen-

tally recorded tsunamis or tsunamigenic earth-

quakes. We hypothesize that here the occurrence 

of seamounts with biogenic (calcareous and sili-

ceous) sedimentary caps break the continuity of 

the pelagic clay layers, hinder throughgoing slip 

at shallow depths, and suppress tsunamis.

6. Pelagic clays are widespread in deep central 

oceanic areas (Jenkyns, 1986) and are ultimately 

swept into subduction zones. The ubiquity of 

weak smectitic pelagic clays should encourage a 

global correlation of these clays with subduction 

zones, smooth seafl oor, and the production of tsu-

namis due to enhanced shallow slip.

ACKNOWLEDGMENTS

We appreciate the large-scale fi nancial support 
of the Japan Agency for Marine-Earth Science and 
Technology (JAMSTEC) and the U.S. Integrated 
Ocean Drilling Program that makes ocean drilling 
possible. We appreciate the insights and experience 
of the drilling vessel Chikyu crew and other JAM-
STEC staff who supported the drilling program that 
made deep-water operations possible. We thank the 
U.S. Science Support Program funding for manu-
script preparation. Eli Silver provided the software 
for backtracking drilling sides. Yujiro Ogawa con-
tributed insightful information and translations 
regarding the 1677 Enpo earthquake. We thank Dave 
Scholl, Sean Gulick, Shanaka de Silva, and Hilde 
Schwartz for constructive reviews.

REFERENCES CITED

Chester, F.M., 14 others, and the Expedition 343 and 343T 
Scientists, 2013, Structure and composition of the plate-
boundary slip zone for the 2011 Toho ku-oki Earth-
quake: Science, v. 342, p. 1208–1211, doi: 10.1126 
/science.1243719.

Davies, T.A., and Gorseline, D.S., 1976, Oceanic sediments 
and sedimentary processes, in Riley, J., ed., Chemical 
oceanography (second edition): London, Academic 
Press, p. 1–80.

Doubrovine, P.V., Steinberger, B., and Torsvik, T.H., 2012, 
Absolute plate motions in a reference frame defi ned 
by moving hotspots in the Pacifi c, Atlantic and Indian 
Oceans: Journal of Geophysical Research, v. 117, 
B09101, doi:10.1029/2011JB009072.

Doyle, P.S., and Riedel, W.R., 1980, Ichthyolites from Site 
436, Northwest Pacifi c, Leg 56, Deep Sea Drilling 
Project, in Scientifi c Party, Initial Reports of the Deep 
Sea Drilling Project, Volume 56, 57, Part 2: Washing-
ton, D.C., U.S. Government Printing Offi ce, p. 887–
894, doi:10.2973/dsdp.proc.5657.127.1980.

Expedition 343/343T Scientists, 2013, Site C0019, in Ches-
ter, F., et al., Proceedings of the Integrated Ocean Drill-
ing Program, Volume 343/343T: Tokyo, Integrated 
Ocean Drilling Program Management International, 
Inc., doi:10.2204/iodp.proc.343343T.103.2013.

Fukao, Y., 1979, Tsunami earthquakes and subduction 
processes near deep-sea trenches: Journal of Geo-
physical Research, v. 84, p. 2303–2314, doi:10.1029 
/JB084iB05p02303.

Fulton, P.M., Brodsky, E.E., Kano, Y., Mori, J., Chester, 
F.M., Ishikawa, T., Harris, R.N., Lin, W., Eguchi, N., 
Toczko, S., and Scientists of Expeditions 343, 343T, 
and KR13–08, 2013, Low coseismic friction on the 

Tohoku-Oki fault determined from temperature mea-
surements: Science, v. 342, p. 1214–1217, doi:10.1126 
/science .1243641.

Gulick, S.P., Austin, J.A., Jr, McNeill, J.C., Bangs, N.L.B., 
Martin, K.M., Henstock, T.J., Bull, J.M., Dean, S., 
Djajadihardja, Y.S., and Permana, H., 2011, Updip 
rupture of the 2004 Sumatra earthquake extended by 
thick indurated sediments: Nature Geoscience, v. 4, 
p. 453–456, doi:10.1038/ngeo1176.

Horn, D.R., Horn, B.M., and Delach, M.N., 1970, Sedi-
mentary provinces of the North Pacifi c, in Hays, J.D., 
ed., Geological investigations of the North Pacifi c: 
Geological Society of America Memoir 126, p. 1–21, 
doi:10.1130/MEM126-p1.

Jenkyns, H.C., 1986, Pelagic environments, in Reading, H. 
G., ed., Sedimentary environments and facies: London, 
Blackwell Publications, p. 343–397.

Kameda, J., Shimizu, M., Ujiie, K., Hirose, T., Ikari, M., 
Remitti, F., Mori, J., Oohashi, K., and Kimura, G., 2015, 
Pelagic smectite as an important factor in tsunamigenic 
slip along the Japan Trench: Geology, doi:10.1130 
/G35948.1.

Kanamori, H., 1972, Mechanism of tsunami earthquakes: 
Physics of the Earth and Planetary Interiors, v. 6, p. 
346–359, doi:10.1016/0031-9201(72)90058-1.

Kanamori, H., 1986, Rupture process of subduction-zone 
earthquakes: Annual Review of Earth and Planetary 
Sciences, v. 14, p. 293–322, doi:10.1146/annurev.ea .14 
.050186.001453.

Kim, S., and Wessel, P., 2011, New global seamount cen-
sus from altimetry-derived gravity data: Geophysical 
Journal International, v. 186, p. 615–631, doi:10.1111 
/j .1365-246X.2011.05076.x.

Kodaira, S., No, T., Nakamura, Y., Fujiwara, T., Kaiho, Y., 
Miura, S., Takahashi, N., Kaneda, Y., and Taira, A., 
2012, Coseismic fault rupture at the trench axis during 
the 2011 Tohoku-oki earthquake: Nature Geoscience, 
v. 5, p. 646–650, doi:10.1038/ngeo1547.

Lay, T., and Kanamori, H., 2011, Insights from the great 
2011 Japan earthquake: Physics Today, v. 64, p. 33–39, 
doi:10.1063/PT.3.1361.

Lay, T., Kanamori, H., Ammon, C., Hutko, A., Furlong, K., 
and Rivera, L., 2009, The 2006–2007 Kuril Islands 
great earthquake sequence: Journal of Geophysical 
Research, v. 114, B11308, doi:10.1029/2008JB006280.

Mochizuki, R., Yamada, T., Shinohara, M., Yamanaka, Y., 
and Kanazawa, T., 2008, Weak interplate coupling by 
seamounts and repeating M~7 earthquakes: Science, 
v. 321, p. 1194–1197, doi:10.1126/science.1160250.

Ogawa, Y., 2011, Erosional subduction zone in Northern 
Japan Trench: Review of submersible dive reports, in 
Ogawa, Y., Anma, R., and Dilek, Y., eds., Accretionary 
prisms and convergent margin tectonics in the North-
west Pacifi c Basin: Springer, Modern Approaches in 
Solid Earth Sciences, Volume 8, p. 39–52.

Pälike, H., and 64 others, 2012, A Cenozoic record of the 
equatorial Pacifi c carbonate compensation depth: 
Nature, v. 488, p. 609–614, doi:10.1038/nature11360.

Parsons, B., and Sclater, J.G., 1977, An analysis of the varia-
tion of ocean fl oor bathymetry and heat fl ow with age: 
Journal of Geophysical Research, v. 82, p. 803–827, 
doi:10.1029/JB082i005p00803.

Polet, J., and Kanamori, H., 2009, Tsunami earthquakes, in 
Meyers, R.A., ed., Encyclopedia of complexity and sys-
tems science: New York, Springer Verlag, p. 9577–9592.

Prothero, D.R., and Schwab, F., 2013, Sedimentary geology: 
New York, W.H. Freeman, 593 p.

Ryan, W.B.F., and 11 others, 2009, Global multi-resolution 
topography synthesis: Geochemistry, Geophysics, Geo-
systems, v. 10, Q03014, doi:10.1029/2008GC002332.

Sawai, M., Hirose, T., and Kameda, J., 2014, Frictional proper-
ties of incoming pelagic sediments at the Japan Trench: 
Implications of large slip at a shallow plate boundary 
during the 2011 Tohoku earthquake: Earth, Planets, and 
Space, v. 66, 8 p., doi:10.1186/1880-5981 -66-65.

Sawai, Y., Tanigawa, K., Tamura, T., and Namegaya, Y., 2014, 
Geological evidence of historically recorded tsunamis 

in Sendai plain, northern Japan: Geological Society of 
America Abstracts with Programs, v. 46, no. 6, p. 31.

Schwartz, S.Y., Dewey, J.W., and Lay, T., 1989, Infl uence 
of fault plane heterogeneity on the seismic behavior 
in the southern Kurile Islands Arc: Journal of Geo-
physical Research, v. 94, p. 5637–5639, doi:10.1029 
/JB094iB05p05637.

Shipboard Scientifi c Party, 1975, Site 304: Japanese mag-
netic lineations, in Larson, R., et al., Initial Reports of 
the Deep Sea Drilling Project, Volume 32: Washing-
ton, D.C., U.S. Government Printing Offi ce, p. 45–73, 
doi:10.2973/dsdp.proc.32.103.1975.

Shipboard Scientifi c Party, 1980, Site 436: Japan Trench 
Outer Rise, in Langseth, M., et al., Initial Reports of 
the Deep Sea Drilling Project, Volume 56, 57, Part 1: 
Washington, D.C., U.S. Government Printing Offi ce, p. 
499–446, doi:10.2973/dsdp.proc.5657.107.1980.

Shipboard Scientifi c Party, 1985a, Site 578, in Heath, G.R., 
et al., Initial Reports of the Deep Sea Drilling Proj-
ect, Volume 86: Washington, D.C., U.S. Government 
Printing Offi ce, p. 139–173, doi:10.2973/dsdp .proc .86 
.105.1985.

Shipboard Scientifi c Party, 1985b, Site 581, in Heath, G.R., 
et al., Initial Reports of the Deep Sea Drilling Proj-
ect, Volume 86: Washington, D.C., U.S. Government 
Printing Offi ce, p. 241–266, doi:10.2973/dsdp .proc .86 
.108.1985

Shipboard Scientifi c Party, 1993, Site 879, in Premoli Silva, 
I., et al., Proceedings of the of the Ocean Drilling 
Program, Initial Reports, Volume 144: College Sta-
tion, Texas, Ocean Drilling Program, p. 413–441, doi: 
10.2973 /odp.proc.ir.144.112.1993.

Shipboard Scientifi c Party, 2000, Site 1149, in Plank, T., et 
al., 2000, Proceedings of the Ocean Drilling Program, 
Initial Reports, Volume 185: College Station, Texas, 
Ocean Drilling Program, p. 1–190, doi:10.2973/odp 
.proc.ir.185.104.2000.

Shipboard Scientifi c Party, 2001, Site 1179, in Kanazawa, et 
al., Proceedings of the Ocean Drilling Program, Initial 
Reports, Volume 191: College Station, Texas, Ocean 
Drilling Program, 1–159 p., doi:10.2973/odp.proc .ir 
.191 .104.2001.

Shipboard Scientifi c Party, 2002, Site 1208, in Bralower, 
T.J., et al., Proceedings of the Ocean Drilling Program, 
Initial Reports, Volume 198: College Station, Texas, 
Ocean Drilling Program, 93 p., doi:10.2973/odp.proc 
.ir .198.104.2002.

Tsuru, T., Park, J., Miura, S., Kodiara, S., Kido, Y., and Tsu-
tomu, H., 2002, Along-arc structural variation of the 
plate boundary at the Japan Trench margin: Implication 
of interplate coupling: Journal of Geophysical Research, 
v. 107, no. B12, 2357, doi:10.1029 /2001JB001664.

Ujiie, K., Tanaka, H., Saito, T., Tsutsumi, A., Mori, J.J., Kam-
eda, J., Brodsky, E.E., Chester, F. M., Eguchi, N., Toc-
zko, S., and Expedition 343 and 343T Scientists, 2013, 
Low coseismic shear stress on the Tohoku-oki mega-
thrust determined from laboratory experiments: Science, 
v. 342, p. 1211–1214, doi:10.1126 /science .1243485.

Uyeda, S., and Kanamori, H., 1979, Back-arc opening 
and the mode of subduction: Journal of Geophysical 
Research, v. 84, no. B3, p. 1049–1061, doi:10.1029 
/JB084iB03p01049.

Van Andel, T., 1975, Mesozoic/Cenozoic calcite compen-
sation depth and the global distribution of calcareous 
sediments: Earth and Planetary Science Letters, v. 26, 
p. 187–194, doi:10.1016/0012-821X(75)90086-2.

von Huene, R., Klaeschen, D., Cropp, B., and Miller, J., 
1994, Tectonic structure across the accretionary and 
erosional parts of the Japan Trench margin: Journal of 
Geophysical Research, v. 99, p. 22,349–22,361, doi: 
10.1029 /94JB01198.

Wang, K., and Bilek, S.L., 2011, Do subducting seamounts 
generate or stop large earthquakes?: Geology, v. 39, 
p. 819–822, doi:10.1130/G31856.1.

Wang, K., and Bilek, S.L., 2014, Fault creep caused by 
subduction of rough seafl oor relief: Tectonophysics, 
v. 610, p. 1–24, doi:10.1016/j.tecto.2013.11.024.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.12500
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.12500
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.04167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[DJS Deliverable]'] DJS Deliverable joboptions for Geol)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


