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Transient Uplift After a
17th-Century Earthquake Along
the Kuril Subduction Zone

Yuki Sawai,'* Kenji Satake,” Takanobu Kamataki,” Hiroo Nasu,’?
Masanobu Shishikura,’ Brian F. Atwater,? Benjamin P. Horton,*
Harvey M. Kelsey,” Tamotsu Nagumo,® Masaaki Yamaguchi’

In eastern Hokkaido, 60 to 80 kilometers above a subducting oceanic plate,
tidal mudflats changed into freshwater forests during the first decades after a
17th-century tsunami. The mudflats gradually rose by a meter, as judged from
fossil diatom assemblages. Both the tsunami and the ensuing uplift exceeded
any in the region’s 200 years of written history, and both resulted from a
shallow plate-boundary earthquake of unusually large size along the Kuril
subduction zone. This earthquake probably induced more creep farther down
the plate boundary than did any of the region’s historical events.

Large shallow earthquakes at subduction
zones commonly warp Earth’s surface. Al-
though the most dramatic deformation accom-
panies the earthquakes, additional, transient
warping can follow in response to fault creep,
mantle relaxation, or both (/). Small post-
seismic transients at subduction zones have
produced days, weeks, months, or even years
of horizontal motion detectable by satellite
geodesy (2—4). The largest recorded tran-
sients, induced by giant earthquakes during
the 1960s in Chile and Alaska, continue
today and have thus far produced as much
as a meter or two of gradual coastal uplift,
according to eyewitnesses, tide gauges, and
estuarine ecology (5—9).

Postseismic uplift has a long-recognized
potential for resolving a glaring conflict
between geologic uplift and geodetic sub-
sidence along the Kuril subduction zone.
The subduction zone conveys the Pacific
plate beneath Asia at rates averaging 8§ to
9 m per century (/0) (Fig. 1A). In eastern
Hokkaido, 60 to 80 km above the top of
the subducting plate, uplifted marine ter-
races somehow coexist with subsiding tide
gauges and bench marks. The geology re-
quires 20 to 50 m of net uplift in the past
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125,000 years (11), but the geodesy shows
as much as 1 m of subsidence in the past
100 years (/2, 13). The subsidence prob-
ably results from subduction; currently
locked to the overriding plate (/4), the
subducting Pacific plate drags eastern Hok-
kaido downward. In 1973, when a shallow
earthquake of moment magnitude (M)
7.8 broke the plate boundary offshore (Fig.
1B), geophysicists expected decimeters of
rebound (15, 16). However, no onshore
uplift coincided with the earthquake and
less than 0.1 m followed (/7). Similarly,
an adjacent earthquake of M, 8.0 in 2003
was accompanied by onshore subsidence
and was followed by just centimeters of on-
shore uplift (/8). Little, if any, other uplift
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is known from the rest of eastern Hokkaido’s
written history, which includes an earth-
quake of M 8.2 in 1952 (19) and several
other magnitude-8 events from the past 200
years (20).

Eastern Hokkaido’s geologic history of
the past 3000 years, however, indicates
episodic uplift perhaps related to unusually
large earthquakes. The uplift, which repeat-
edly changed muddy estuaries into lowland
forests, amounted to about 1 m per episode
(21-23). The outsize earthquakes, inferred
from unusually large tsunamis that spread
sand kilometers inland, probably resulted
from seismic ruptures at least twice as long
as those in 1973 and 2003 (24). Both for
the episodic uplift and the outsize earth-
quakes, hundreds of years elapsed between
events, and the most recent event occurred in
the 17th century. Do unusually large plate-
boundary earthquakes provide the long-sought
mechanism for eastern Hokkaido’s terrace
uplift?

We address this question by using stratig-
raphy and paleoecology to learn whether the
17th-century uplift episode shortly followed
the outsize 17th-century tsunami. The tsunami
deposited a sand sheet, commonly 10 cm
thick, on lowlands along the open Pacific
coast. The sheet was previously unknown from
the sheltered arms of estuaries where the
17th-century uplift is recorded by an upward
change from tidal mud to forest peat. We re-
cently found tsunami sand sheets within such
mud-to-peat sequences at two estuaries be-
side the Pacific coast: Mochirippu (Fig. 2), de-
scribed below, and the south end of Kiritappu
marsh, described in supporting material (25)
(fig. S1).

Fig. 1. Study area. (A) Kuril and
Japan trenches. (B) Hokkaido,
showing volcanoes responsible
for tephra layers in Fig. 2 (26),
depths to the Pacific plate (37),
and rupture areas of instrumen-
tally recorded earthquakes on
N the plate boundary off eastern
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Mochirippu consists of a bay and fringing
tidal marshes that together extend 3 km inland
from a narrow inlet through a beach berm (Fig.
2A). In dozens of cores 2.0 to 2.5 km inland
from the beach, we found no sand from
historical tsunamis. However, we consistently
found two prehistoric tsunami sand sheets
(Figs. 2B). The younger sheet, mainly 2 to 5
cm thick, is widely bounded by mud that
contains tidal-flat diatom assemblages (Fig. 2,
C and D). As much as 5 cm of mud overlies
the younger sheet. This mud grades upward

into peat that formed on a forest floor. Dates
of regional volcanic-ash layers (26) show
that the tidal flat changed into the forest by
1667 and that the forest persisted through
1739 (Fig. 2C).

We quantify this 17th-century emer-
gence at Mochirippu, and elsewhere, by
means of diatom assemblages that we relate
to modern environments through transfer
functions (25, 27). The results imply several
decimeters of gradual pre-tsunami sub-
sidence, no detectable change around the
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Fig. 2. Geologic evidence for postseismic coastal uplift at Mochirippu (location, Fig. 3A). (A) Index
map. (B) Stratigraphic cross section. (See figs. S1 and S2 for additional cross sections.) (C) Example
of change from tidal-flat mud to lowland-forest peat, punctuated by a tsunami deposit and by
volcanic-ash layers. (D) Land-level changes inferred from diatom assemblages in a core near the one
in (C). Stratigraphy (left) and relative abundance of diatoms, which are grouped by ecology, in a core
near the one in (C) (middle), and land-level changes inferred from the diatom assemblages (right).
Error bars for height estimates span 2 SD. Arrow in (D) denotes limiting-minimum height estimated
from diatom assemblage typical of lowland forests above high tides (27). (E) Changes in land level
and depositional environment in response to coseismic uplift (left) and postseismic uplift (right).
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time of the tsunami, and at least 1 m of sub-
sequent uplift (Fig. 2D). The uplift began
around the time of the tsunami (which has
not been dated exactly), continued to 1667,
and ended by 1694. A core from the
southern Kiritappu marsh shows a similar
uplift history (fig. S1), as do sites else-
where in eastern Hokkaido (red triangles in
Fig. 3A). Written records provide evidence
against more than 2 m of 17th-century uplift
at Akkeshi-ko (23).

Stratigraphy and paleoecology thus imply
that a 17th-century earthquake off eastern
Hokkaido generated both an outsize tsunami
and an ensuing episode of gradual coastal
uplift. Had the earthquake accompanied the
uplift, the tsunami would have coincided
with an abrupt change from tidal flat to
lowland forest (Fig. 2E, left). Instead, the
uplift happened gradually in the first decades
after the tsunami (Fig. 2E, right).

How did the 17th-century earthquake
induce uplift that historical earthquakes failed
to trigger? In the most likely series of events,
an unusually large earthquake broke the plate
boundary offshore, and this rupture induced
unusual amounts of postseismic slip farther
down the plate boundary, beneath eastern
Hokkaido. Satellite geodesy suggests that the
plate boundary is currently locked beneath
most of the continental shelf and slope.
Modeled for an elastic Earth, the locked zone
extends down the plate boundary to a depth
of 55 km (/4). The 1973 rupture broke this
part of the plate boundary no deeper than
about 30 km (28), and the 1952 and 2003
ruptures reached depths of 50 km along only
a few tens of kilometers of rupture length
(Fig. 1B). The 17th-century uplift, however,
followed an earthquake that probably broke
the combined areas of the 1952 and 1973
ruptures, for a rupture length of at least 300
km (24). We assume that such widespread
rupture, if it reached the lower limit of the
locked zone, would release the plate boundary
for afterslip farther downdip, beneath eastern
Hokkaido. In addition, because uplift usually
occurs above the area of slip on a thrust
fault (29), meters of plate-boundary creep
beneath eastern Hokkaido should raise the
coast, as simulated by the simple disloca-
tion model in Fig. 3, B and C (30, 31). Such
afterslip, on a much smaller scale, probably
generated Hokkaido’s postseismic uplift in
2003 (4, 18).

Relaxation of stress in the continental
mantle also may have contributed to eastern
Hokkaido’s 17th-century uplift. During a
shallow plate-boundary earthquake, seaward
displacement of the overriding plate stresses
the mantle wedge behind and below it. The
mantle, as a viscoelastic material, then
catches up with this displacement by flow-
ing seaward and upward beneath the coast
(7). This kind of deep deformation, be-
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Fig. 3. Afterslip hypothesis for eastern Hokkaido. (A) Distribution of 17th-century evidence for an
unusually large tsunami (yellow) and uplift (red). Tsunami sites shown by squares are from
Nanayama et al. (24); circles, this study. Uplift amounts were estimated as in Fig. 2D and fig. S3C.
(B) Vertical displacement computed by elastic-dislocation modeling (29) of fault slip assumed in
(C). (C) Modeled slip at the plate boundary (front panel) and corresponding areas of computed
uplift at Earth’s surface (color bands viewed obliquely). Green, shallow seismic rupture of the
interseismic locked zone (74) at 15 to 55 km depth. Red, deep afterslip at 55 to 85 km, downdip

from full interplate coupling. Uplift profiles in (B).

lieved to be going on today in the region of
the 1960 Chile earthquake, can be difficult
to distinguish observationally from after-
slip (32).

Do the postseismic effects of outsize
earthquakes produce enough uplift to negate
interseismic subsidence in eastern Hokkaido?
An uplift deficit persists if the interseismic
subsidence accumulates at nearly 1 m per 100
years and if the postseismic uplift averages
just 1 to 2 m in 500 years. However, a de-
finitive answer will require a clear picture of
entire deformation cycles between outsize
earthquakes. That picture will depend on the
interseismic subsidence rates (33, 34), land-
level changes that accompany the outsize
earthquakes, the size and duration of ensuing
transients, the coseismic and postseismic
effects of lesser earthquakes, and the recur-
rence intervals of the various earthquakes
themselves.
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