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ABSTRACT

The 15 November 2006 Kuril earthquake (Mw 8.1-8.4) and tsu-
nami enabled us to collect a compelling data set of coastal geomor-
phic change in the Kuril Islands from ~3 months before to 9 (and
21) months after the tsunami. Our pre-tsunami and post-tsunami
surveys of the islands, including four topographic profiles measured
in 2006 and reoccupied in 2007, allow us the confidence to attribute
many changes to the tsunami, in spite of an absence of eyewitness
accounts in the central islands. Areas with low runup, <8 m, under-
went limited geomorphic change, primarily confined to beach or
stream channels. Regions with high runup, >15 m, underwent mas-
sive erosion that dramatically altered the coastline. Tsunami deposits
roughly corresponded with the extent of tsunami runup and inunda-
tion. The amount of sediment eroded by the tsunami far outweighed
the amount deposited on land in all cases studied. The tsunami was
dominantly erosive in the Kuril Islands because the high-relief topog-
raphy of the coastline accelerated tsunami outflow.

INTRODUCTION

To study the full impact of tsunamis on coastal geomorphology, it is
essential to understand their role in both addition and removal of coastal
sediment. However, most studies of tsunami geology have focused on
tsunami deposition rather than erosion (Bourgeois, 2009). Yet on cer-
tain coastlines, tsunamis may be important geomorphic agents, causing
long-term changes in coastal systems. Pre-tsunami and post-tsunami mea-
surements of coastal geomorphology are necessary in order to calculate
coastal change and sediment movement during a tsunami, topics of utmost
interest to the tsunami community (cf. Gelfenbaum and Jaffe, 2003; Jaffe
and Gelfenbaum, 2007; Huntington et al., 2007) and of broad interest to
coastal geomorphologists (Dawson, 1994; Kench et al., 2008).

Tsunami-induced erosional changes of coastlines have been difficult
to quantify because pre-event controls are lacking (cf. Dawson, 1994;
Choowong et al., 2007; Umitsu et al., 2007). To date, the only quantified
before and after studies are beach profiles and atoll-island surveys from
the 2004 Indian Ocean tsunami in southwestern India and the Maldives
(Kurian et al., 2006; Kench et al., 2006, 2008). In addition, Gelfenbaum
and Jaffe (2003) estimated depth of erosion by the 1998 Papua New
Guinea tsunami from exposed tree roots.

Despite the few quantified studies, many qualitative observations sug-
gest that most tsunami-induced changes in coastal geomorphology are driven
by erosion, during either inflow or outflow. Erosional changes to a landscape
can be temporary (Kurian et al., 2006), permanent (Andrade, 1992), or con-
tinue an ongoing trend (Kench et al., 2006, 2008). Tsunamis remove veg-
etation and damage human-made structures (Dawson, 1994; Maramai and
Tinti, 1997). Tsunami erosion causes beach retreat either as large-scale scour
features or as smaller scallops (Dawson, 1994; Gelfenbaum and Jaffe, 2003;
Kench et al., 2006; Kurian et al., 2006; Umitsu et al., 2007; Choowong et
al., 2007). Tsunamis breach beach berms and other ridges, or erode the sur-
face uniformly (Andrade, 1992; Dawson, 1994; Maramai and Tinti, 1997,
Gelfenbaum and Jaffe, 2003; Choowong et al., 2007; Umitsu et al., 2007).
They also alter drainage patterns by widening river mouths and creating
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new drainage networks, especially from topographic lows (Andrade, 1992;
Maramai and Tinti, 1997; Umitsu et al., 2007).

From a geologically fortuitous series of field seasons bracketing the
15 November 2006 Kuril Island tsunami, we have been able to quantify
tsunami erosion as well as deposition. In four examples of detailed topo-
graphic profiles from before and after the tsunami, as well as in numerous
post-tsunami study sites, erosion was the primary response of the coastline
to the 2006 tsunami in the Kuril Islands. Dominant motion of sediment
was offshore, resulting in significant alteration of coastal geomorphology
in some areas.

BACKGROUND

We surveyed coastlines on the Kuril Islands in the summers of 2006—
2008, focusing on paleotsunami records and coastal geomorphology as
a part of the multidisciplinary Kuril Biocomplexity Project. The Kurils
are a volcanically active arc with many small islands in the central region
(Fig. 1). Accordingly, dominant coastal geomorphologies are rocky cliffs
or boulder to gravel beaches, with some sandy embayments.
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Figure 1. A: Historical tsunamigenic earthquakes on Kuril-Kamchatka
trench (after Fedotov et al., 1982). The 2007 earthquake was an outer-
rise event in the Pacific plate; all others occurred on the Pacific-
Okhotsk plate interface. B: Location of bays with pre-tsunami and
post-tsunami topographic measurements. C: Runup elevation in me-
ters from the 2007 and 2008 post-tsunami surveys (Table DR1; see
footnote 1) for shaded area of islands in A.
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Between our first and second field seasons, the 15 November 2006
earthquake (Mw 8.1-8.4) in the Kuril-Kamchatka subduction zone (Fig. 1)
produced a large tsunami (Fujii and Satake, 2008; Ammon et al., 2008).
Following the November events, an outer-rise earthquake occurred on 13
January 2007 (Mw 7.9-8.1), adjacent to the 2006 rupture zone (Ammon
et al., 2008; Fujii and Satake, 2008), also generating a tsunami. These
tsunamis partially refocused our field efforts in 2007 and 2008 to include
post-tsunami surveys and detailed examination of tsunami-caused change.

Until our post-tsunami surveys, there were no runup data from the
uninhabited central Kuril Islands. However, around the Pacific Rim, tide
gauges recorded tsunami amplitudes from the November 2006 event
(archived for 113 locations by the National Geophysical Data Center
(NGDC) Global Tsunami Database; http://www.ngdc.noaa.gov/hazard/
tsu.shtml), ranging from <0.1 m (Solomon Islands) to 1.76 m (Crescent
City, California). The January 2007 tsunami was on average three times
smaller than the 2006 tsunami on tide gauges in the NGDC database.

METHODS

Our 2006 (pre-tsunami) survey focused on open embayments where
paleotsunami records could be preserved, limiting quantified pre-tsunami
and post-tsunami comparisons to three sandy beach-ridge plains open to
the Pacific: Dushnaya Bay on northern Simushir Island, and South Bay
and Ainu Bay on Matua Island (Figs. 1 and 2). All contain beach ridges
>5 m above mean sea level. These sites are vegetated primarily with beach
rye (Elymus arenarius) and coastal-meadow grasses and flowers. All three
sites were trenched by the military during World War II, which locally
allowed enhancement of tsunami erosion and deposition; for the purpose
of this study, we avoided these anthropogenic effects where possible.

Figure 2. Post-tsunami
(2007) view of Ainu Bay,
Matua (Fig. 1). Black line
marks seaward extent of
vegetation in 2006. Promi-
nent driftwood logs in the
foreground are ~4 m long.

Because 10 months (September—June) passed between 2006 and
2007 field observations, we must address the question of whether the 2006
tsunami was the primary agent of observed changes. Other possible agents
include the 2007 Kuril tsunami, storms, and seasonal wave regime. Sea-
sonal effects are controlled for by our repeat survey in 2008. Moreover,
there was a lack of large regional storms between field seasons (see the
GSA Data Repository text, and Figs. DR2 and DR3"). We reason that the
January 2007 tsunami caused little change because it was much smaller
and occurred when the shoreline was frozen (Maclnnes et al., 2009).

Post-tsunami survey teams in the summers of 2007 and 2008 docu-
mented tsunami inundation (local maximum penetration distance), runup
(elevation above mean sea level at inundation), erosion, and deposition.
We surveyed 9 sites visited in 2006 or earlier, and 18 new sites, mea-
suring in total 192 runup transects along a distance of ~600 km (Fig. 1;
Table DR1) We identified tsunami inundation and runup by the farthest
inland wrackline of floatable debris. Nearfield measurements of tsunami
runup average 10 m and range to 22 m (Table DR1).

!GSA Data Repository item 2009252, supplemental field observations,
data, and photographs, is available online at www.geosociety.org/pubs/ft2009.
htm, or on request from editing @ geosociety.org or Documents Secretary, GSA,
P.O. Box 9140, Boulder, CO 80301, USA.
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We quantified erosional change on four 2006 topographic profiles
(Figs. 1 and 3) by remeasuring the profiles using a transit and rod; to relo-
cate we used a combination of global positioning system and landmarks
such as trenches and ridge crests. On many other profiles, we described and
recorded the position of erosional features, measured thicknesses of tsunami
deposits, and documented the deposit’s landward-most extent (Table 1). For
more details on methods, see Table DR1 and Maclnnes et al. (2009).
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Figure 3. Before (2006) and after (2007) topographic profiles. A: From
Dushnaya Bay, Simushir Island. B-D: From South Matua Island (lo-
cations in Figs. 1 and DR1; see footnote 1). A and B are cases of low
runup and C and D are cases of high runup. “First vegetation” refers
to seaward limit of vegetation covering a surface; in A and B, loca-
tion of first vegetation did not change significantly between 2006
and 2007. In D, lake was present in 2006 but not in 2007; in area
labeled “not measured,” seaward-derived sand deposits were mixed
with locally eroded cinders and gravel. Additional images for A—Fig-
ures DR5 and DR6; for B—Figure DR10; for C—Figures DR11-DR13;
for D—Figures DR3 and DR14.
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TABLE 1. CHARACTERISTICS OF THE 15 NOVEMBER 2006 TSUNAMI WAVE, SAND DEPOSITS, AND COASTAL EROSION IN THE CENTRAL KURIL ISLANDS

Water limit . Deposit limit i Erosion limit
. ' Approximate Approximate

Topographic profile* Runupt  Inundation deposit volume Vertical® Horizontal erosion volume Vertical'  Horizontal

(m) (m) (m?) (m) (m) (m?) (m) (m)
Dushnaya Bay central 6.7 122 1.2 6.6 120 5 5.1 55
South Bay 5.7 (7.6) 223 3.4 5.0 (7.6) 217 50 5.3 (7.6) 160
Ainu Bay north 17.1 327 4.8 14.8 305 200 16.3 310
Ainu Bay south 18.1 432 6.3 17.4 422 200 17.4 422
Dushnaya Bay-2 12.4 75 0.9 121 72 >508 11.9 62
Dushnaya Bay-6 4.4 (10.3) 106 1.2 4.4 (10.3) 106 - - -
Dushnaya Bay-7 6.3 139 1.7 6.3 139 - 5.9 122
Dushnaya Bay-9 7.3 (12.6) 151 3.0 7.3 (12.6) 151 - - -
Dushnaya Bay-12 6.9 120 0.9 5.8 112 - 3.2 59
Dushnaya Bay-109 9.1 59 Little sand, 0.4 7.5 49 58 5.6 41
Dushnaya Bay-106 13.0 70 Local gravel only - - >58 8.2 63
Dushnaya Bay-102 7.7 51 1.4 6.7 46 >58 5.1 37
Sarychevo-125 11.8 118 1.3 8.4 97 - 9.5 102
NE Rasshua-201 1.4 11 1.4 10.2 109 58 9.2 105

Note: dash (-) indicates not measured.
*See Figure 1 or Table DR1 (see footnote 1) for locations.
tValues in parentheses indicate cases with higher topography seaward of runup.

SMinimum estimates because beach change was not measurable without pre-tsunami topography.

OBSERVATIONS

The 2006 Kuril Island tsunami altered the coastline of the central
Kurils in sandy embayments and on boulder beaches. The three sandy
embayments focused on in this study, Dushnaya, South, and Ainu bays,
were subject to a range of tsunami size, from low runup (<8 m) to high
(>15 m), and exhibited a range of erosional and depositional features.

We observed a greater volume of erosion and deposition where
runup was higher (Table 1; Fig. DR4), and fewer erosional features where
runup was lower. In Dushnaya Bay, the tsunami was smaller in the center
(Fig. 1C), with runup of 5-20 m and inundation of 40—150 m (Table DR1).
Central Dushnaya Bay, the location of a before and after profile (Fig. 3A),
recorded ~6—9 m runup and ~100-150 m inundation; erosion was limited
and a sand sheet was preserved (Table 1). Runup in South Bay was low
(5-8 m), with inundation of ~100-200 m (Table DR1). We found tsunami
deposits almost as far as water carried debris, with patches of erosion on
vegetated beach ridges (Fig. 3B; Table 1). In Ainu Bay, runup was typi-
cally 14-20 m, with inundation up to ~500 m (Table DR1), generating
massive erosion, with erosional patches extending farther inland than we
found tsunami deposits (Table 1).

Sediment Removal and Erosional Features

Low Runup

Erosion in central Dushnaya Bay can be generalized as small-scale
retreat of the back-beach scarp (Fig. DR6), surficial sediment removal
in areas lacking cohesive soils, and local scour associated with focused
water withdrawal, especially into stream channels. At one point, the tsu-
nami breached the seaward beach ridge. Comparison of before and after
profiles (Fig. 3A) could not resolve landward retreat of the beach scarp,
although nearby we measured as much as 3 m of retreat. The only quan-
tifiable change on the profiles was on the unvegetated beach (Fig. 3A),
where ~5 m? (per unit width) of sediment had been removed between
2006 and 2007 (Table 1).

In South Bay, before and after profiles (Figs. 3B and DR10)
show a significant difference in the active beach, with ~50 m?® (per
unit width) of sediment missing in 2007. In beach-ridge troughs along
the profile, our 2006 excavated turf blocks and some flagging tape
remained virtually undisturbed in 2007. Small, shallow patches of ero-
sion on high points as much as 160 m inland (Table 1) and larger ones
elsewhere in South Bay were on seaward sides of beach ridges. Along
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the shoreline away from the profile, the tsunami removed blocks of turf
off the back-beach scarp.

High Runup

Much of the erosion in Ainu Bay can be considered persistent geo-
morphic change (Figs. DR11-DR14). The tsunami removed ~200 m* (per
unit width) of sediment along the Ainu Bay reoccupied profiles (Figs. 3C,
3D; Table 1). On both profiles, continuous, deep erosion of vegetation
and sediment occurred for ~160 m inland, including landward widening
of the beach by as much as 55 m (Figs. 2 and 3D) via back-beach cliff
retreat. The tsunami removed seaward-most beach ridges, reduced others
in size, and eroded seaward-facing slopes primarily by stripping young,
sandy sediment off the surface (Figs. 3C, 3D). As a particular example,
a continuous scour extending over 100 m laterally formed on a seaward-
facing slope of compact soil (at 160 m inland in Fig. 3C; see Fig. DR13).

Throughout Ainu Bay, smaller-scale but still dramatic erosion
included patches of eroded soil and stripped vegetation as much as 5 m
in diameter. Eroded patches were especially associated with rodent bur-
row networks and volcanic cinder layers below the sod, both of which
facilitated soil stripping. These patches were common at the bases of
slopes, some even landward of a recognizable tsunami deposit (Table 1).
In areas with sandy soils, gullying and scouring were common where the
tsunami was steered by low-lying topography. The tsunami also breached
and drained a lake (Figs. 3D and DR14). Most indicators of flow direction,
such as plunge pools and gullies, primarily recorded outflow; some, such
as a flipped-over sod, recorded inflow.

Sediment Deposition

Irrespective of tsunami runup height and inundation distance, there
was evidence of deposition on all studied sites (Fig. 3; Table 1). Where
sand was available along the shore, the tsunami deposited a landward-
thinning, continuous sheet of that sand across vegetated surfaces. Sand
deposits averaged 2.5 cm thick (20 cm maximum) and were generally
thicker in beach-ridge troughs than on crests. Along the sandy beach ridges
of Dushnaya, South, and Ainu bays, the tsunami added a thin veneer of
sediment, ~1-6 m® per unit width of profile (Table 1). Shorelines along
boulder to gravel beaches exhibited patchy tsunami deposits of pebbly
gravel and relocated cobbles and boulders generally <1 m diameter. On
most shorelines, the tsunami eroded and deposited blocks of sod, more
abundant and larger (to 3 m diameter) on coarser-grained shorelines.
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Sandy tsunami deposits were nearly as extensive as the tsunami
(Table 1). The maximum elevation of deposits was on average 90% of
runup elevation, and never <71% (a case with limited sand supply). The
landward terminus of the deposit averaged 95% of tsunami inundation
(as marked by floated debris); the horizontal difference was <10 m in 9
cases, and at most 22 m (Table 1).

Deposition versus Erosion

Even with ubiquitous deposition, less sediment was deposited than
eroded on every profile studied in detail. In the eight cases with measured
volumes (per unit width) of both erosion and deposition, the amount of
tsunami-transported sand preserved on the coastal plain was usually <10%
of that eroded (Table 1); only one of those profiles exhibited focused ero-
sion (Profile 2 in Dushnaya Bay; Figs. DR1 and DR9). Even in Dushnaya
Bay, where the tsunami was the smallest, erosion the least, and deposition
the most extensive, about three times more sediment was removed from
the coast then deposited on land.

DISCUSSION AND CONCLUSIONS

Our survey of tsunami deposits in the Kuril Islands strengthens the
argument that on sandy shorelines tsunami-deposit extent can be used as
a proxy for tsunami runup and inundation (Table 1; Martin et al., 2008),
provided the pre-tsunami shoreline position can be reconstructed. Recent
post-tsunami studies of low-relief coastlines have shown that tsunami
deposits commonly extend to 90% of water runup and inundation limits
(Table DR2). On the high-relief coastlines of the Kuril Islands, tsunami
deposits are equally representative of onshore tsunami metrics.

The volume of tsunami erosion is related to tsunami runup, distance
from shore, and topography; vegetation and local roughness can clearly be
factors as well, but in our study they do not vary measurably. That the great-
est erosion from tsunamis occurs closer to the shore is a common observa-
tion of post-tsunami surveys (cf. Gelfenbaum and Jaffe, 2003; Umitsu et al.,
2007). Farther from the shore (hundreds of meters in the Ainu Bay case),
patches of erosion typically occur where the topography generates local
water acceleration, enhancing the erosive capacity of tsunamis.

Some erosional features generated by tsunamis should become pre-
served geomorphology. In Ainu Bay, the removal of the seaward beach
ridges, breaching of a lake, and development of inland scours should all be
visible for decades or centuries. Indeed, previous (undated) instances of deep
coastal erosion and breached lakes can be seen in Ainu Bay stratigraphy
(Fig. DR11). Even in cases of relatively low runup, breached beach ridges
should remain discontinuous, and we have observed such breaches in older
beach ridges in Dushnaya Bay and along the Pacific coast of Kamchatka.

Our findings agree with previous studies indicating that net direction
of tsunami sediment transport is dependent on capacity of the coastline to
generate backwash or offshore flow (Umitsu et al., 2007). Tsunamis flow-
ing over low-relief coastlines (Kurian et al., 2006; Gelfenbaum and Jaffe,
2003) generated net onshore transport. On high-relief coastlines such as
the Kuril Islands, tsunami backwash can be accelerated to a greater veloc-
ity than on low-relief topography, thereby generating net offshore trans-
port. The case where a tsunami completely overtops low-relief islands, as
in the 2004 Indian Ocean tsunami washing over the low-relief Maldives,
is more complex (Kench et al., 2008).

For the first time, a group of tsunami geologists surveyed a coast both
before and after a large tsunami. Our quantitative comparison of erosional
and depositional volumes in this case showed that erosion clearly dominated
deposition. Nevertheless, geologists interpreting paleotsunamis should
be reassured that deposits can be a reliable proxy for tsunami runup and
inundation, though the necessary paleogeographic reconstruction remains
challenging, especially in light of tsunami erosion. Our data and analyses
are also significant for geologists interested in understanding tsunami flow
properties, in defining tsunami erosion and deposition patterns (tsunami
geomorphology), and in determining coastal geologic histories in tsunami-
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affected regions. Moreover, while the central Kurils are currently uninhab-
ited, this study may help explain why there are fewer coastal archaeological
sites on the Pacific side of the Kurils. It also provides important information
about tsunami hazard on high-relief coastlines around the world.
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