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Abstract

Landslide tsunami simulations have advanced to the point where the tsunamigenic potential of giant submarine

landslides (GSL) can be affirmed, while the subsidence history of different Hawaiian Islands is still subject to debate.

We show that mega-tsunamis are a sufficient explanation for the observed pattern of debris height of calcareous

marine deposits on some of the Hawaiian Islands. Further, our tsunami simulations, using the Alika GSL as example,

can be used to reduce the considerable uncertainty in subsidence history of the different Hawaiian Islands, a current

obstacle to interpreting the deposits from large waves. We also show that the onset of interglacials provides a

probable explanation for the timing of these giant landslides over at least the last five million years. The climate

change mechanism both explains the confusion with eustatic sea-level rise and provides a reasonable triggering

mechanism for giant landslides from oceanic island volcanoes.
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1. Introduction

Mega-tsunamis produced by giant submarine

landslides (GSL) were ¢rst proposed for Hawaii

(Moore and Moore, 1984, 1988; Moore et al.,

1994a) and have since been implicated globally

at other oceanic islands and along the continental

margins (Le'nat et al., 1989; Holcomb and Searle,

1991; Nisbet and Piper, 1998; Carracedo, 1999;

Elsworth and Day, 1999). The primary evidence

constitutes the large, detached submarine land-

slide blocks and ¢elds of smaller debris recognized

by o¡shore surveys (Lipman et al., 1988; Moore

et al., 1989, 1994b; Fig. 1), with additional evi-

dence such as coral deposits found at high eleva-

tions that suggest giant wave impacts on land

(Moore and Moore, 1984, 1988; Moore et al.,

1994a). While not discounting the possibility of

locally generated tsunamis, some researchers

have cast doubt upon the original hypothesis of

giant waves impacting Lanai and other Hawaiian

Islands from £ank failures of the nearby Mauna
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Loa Volcano on Hawaii Island (Grigg and Jones,

1997; Felton et al., 2000; Rubin et al., 2000;

Keating and Helsley, 2002). These studies have

focused instead upon island uplift, complex £uvial

deposition, and interglacial high stands of the sea

as alternative mechanisms to explain multiple oc-

currences of elevated deposits from the putative

tsunami waves on these islands.

Fig. 1. Shaded relief bathymetry and topography of the southeastern Hawaiian Islands, compiled from various sources (Duenne-

bier et al., 1994; Smith, 1994), illuminated from the northeast. The debris ¢elds of the Alika phases 1 (thin dotted) and 2 (heavy

dotted), East and West Ka Lae (thin dotted) debris avalanches, and the North and South Kona slumps are outlined (Moore et

al., 1995). Also shown are the core locations used in stratigraphic dating of the Alika phase 2 (triangles; McMurtry et al., 1999)

and the submersible dive location used to date the South Kona (star; Moore et al., 1995). Hawaii Island main shield volcanoes

are indicated as: Mauna Loa (ML); Mauna Kea (MK); Hualalai (HU); Kohala (KO); and Kilauea (KL). The island name of

Kahoolawe (Kh) and Keahole Point (Ke) on Hawaii are abbreviated. Proposed buried headwall of southwest Hawaii slide com-

plex (Lipman, 1995) shown as heavy dotted line extending from the Kealakekua fault (Kf) to the Kahuku fault system (Kfs)

near Ka Lae (South Point, SP). Hookena maximum runup location on Hawaii island (Fig. 3b) denoted by Ho.
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Moore and Moore (1984, 1988) o¡ered onshore

evidence for a series of giant waves that swept the

southwest coasts of Lanai and Kahoolawe Is-

lands. This evidence included soil stripping to

365 m elevation on Lanai and 240 m on Kahoo-

lawe, and thick, blanketing, chaotic deposits of

basalt boulder gravels, coral fragments and cal-

careous beachrock slabs at lower elevations with

sand and shell fragments at higher elevations (to

326 m on Lanai). Coral clasts within the ‘Hulopoe

Gravel’ collected at 115^155 m elevation on Lanai

were U-series dated at 101^134 ka (Moore and

Moore, 1988). Because of its probable age and

location, several researchers (Lipman et al., 1988;

Moore et al., 1989; Garcia, 1996) speci¢cally tar-

geted the Alika GSL, phases 1 and 2, for the ca.

v 100-ka Lanai event (Fig. 1). Direct dating of

the Alika phase 2 landslide by marine stratigra-

phy of its turbidite deposits indicates an age of

127O 5 ka (McMurtry et al., 1999). Similar clast-

rich chaotic deposits at up to 85 m elevation

on nearby Molokai Island were U-series dated

at 200^240 ka (Moore et al., 1994a), and were

suggested to originate from waves produced by

an older event, such as the South Kona GSL

that roughly corresponds to this date (Moore

et al., 1995). Recently, more precise U-series

dating of the coral clasts within deposits on

southern Lanai, in agreement with previous dates,

suggests that these deposits formed during the

last two eustatic sea-level rises (stages 5e and 7,

at V135 and 240 ka) (Rubin et al., 2000). Rubin

et al. (2000) found evidence for signi¢cant geo-

graphical and stratigraphc ordering of the Lanai

deposits, and for multiple depositional events

separated by considerable time periods. They

argued that this evidence invalidates the main

premise of the original ‘giant wave’ hypothesis,

namely that the coral-bearing conglomerates of

the Hulopoe Gravel resulted from a rapid sequen-

tial deposition from three giant waves of a single

tsunami. It is important to note, however, that

their results are not inconsistent with separate de-

positional events from two or more mega-tsuna-

mis of di¡ering ages, because their dates also

match known GSLs to within reasonable expected

errors. We seek to explain this apparent coinci-

dence.

2. Landslide modeling

In a submarine landslide, water is drawn down

over the upper part of the slide and is pushed up

in a broad rise over and ahead of the advancing

nose. At the instant of maximum draw-down, des-

ignated the characteristic time to by Watts (1998),

the free surface above the slide is poised between

draw-down and subsequent rebound. Hence, at

time to, kinetic energy above the slide is near

zero and potential energy is a maximum. Mean-

while, out ahead of the slide, the broad rise has

been growing and expanding seaward for time to
to become the leading elevation of the seaward

tsunami. Expansion of the rise means that its ki-

netic energy is non-zero, but for the rise too, max-

imum sea-surface uplift occurs at to. Overall,

then, kinetic energy is a minimum and potential

energy a maximum at time to. The minimum in

kinetic energy means that the source of a land-

slide-generated tsunami can be conveniently mod-

eled using just sea surface displacement at to and

assuming a null velocity ¢eld (Watts et al., 2003).

Ignoring the kinetic energy of the initial outgoing

wave must introduce some error and presumably

reduces outgoing wave amplitudes, but compari-

son with experiments (Watts et al., 2000) and with

more complete numerical treatments (Grilli et al.,

2002) suggests that the errors are small.

The TOPICS tsunami source (Watts et al.,

2003) is an approximation of the sea surface at

time to. TOPICS has seen useful application both

for slide and slump tsunami sources (Gold¢nger

et al., 2000; Watts et al., in press; Tappin et al.,

2001). Here we shall use TOPICS to approximate

the GSL tsunami source. We only simulate one

GSL, Alika phase 2, because this is a test of prin-

ciple, rather than an attempt at a more accurate

case study for Hawaii.

The Alika 2 GSL involved most of Mauna Loa

£ank from the base of Hawaii Island at 4500 m

water depth to at least the lower Kealakekua and

Kaholo fault system near the present shoreline

(Lipman et al., 1988) or the higher Kealakekua^

Kahuku fault system and probable headwall (Lip-

man, 1995). Using the Kealakekua^Kahuku fault

system as headwall, a maximum of 29% of the

sliding mass was subaerial, thereby enhancing
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the size of the tsunami, because most tsunami

generation occurs in shallow water (Murty,

1979; Raichlen et al., 1996; Grilli and Watts,

1999). The shallow, subaerial content of the Alika

2 GSL has been veri¢ed by deposit analysis.

Chemical analyses of fresh volcanic glass sampled

from the turbidite immediately in front of the

Alika phase 2 GSL (McMurtry et al., 1999) indi-

cate a Mauna Loa source of primarily low S con-

tent, consistent with shallow water to subaerial

deposits with some deeper (higher S) components

(Dixon et al., 1991).

To describe this event, we chose a 285‡ slide

orientation from true north, consistent with the

known initial trajectory of the Alika 2 GSL sub-

marine morphology (Fig. 1). Downslope, the

landslide turned northwesterly, but such subse-

quent movement does not substantially a¡ect the

initial sea surface conditions that generate the tsu-

nami, because tsunami generation is a¡ected pri-

marily by events in shallow water (Raichlen et al.,

1996; Grilli and Watts, 1999). We used the fol-

lowing simplistic landslide input parameters:

mean incline angle a=8‡, initial mean water

depth D=1300 m, initial slide length B=45 km

along the incline, initial maximum width W=20

km, and initial maximum thickness T=1 km (Fig.

2). These measurements are consistent with all

known Alika 2 dimensions (Lipman et al., 1988)

and match the proportions of other slides of sim-

ilar geometry (Edgers and Karlsrud, 1982) despite

the di¡erent slide materials involved. We need to

estimate the mean density of the Alika 2 GSL.

The bulk density of dry, subaerial surface £ows

is about 2.3 g/cm3 (Kinoshita et al., 1963); for

basalt within the interior of the shield, it is about

2.95 g/cm3 (Ryan, 1988). We inferred a bulk slide

density of bb =2.7 g/cm3 by performing the dou-
ble integral for a linear increase in density with

depth along a parabolic length pro¢le of the slide

Fig. 2. Vertically exaggerated shaded relief map of the west (Kona) coast of Hawaii Island, illuminated from the west, based on

the same data shown in Fig. 1, and using the same notation as for Fig. 1. An approximate outline of the maximum possible ex-

tent of the Alika GSL event is indicated by the solid yellow line, with mean incline angle a=8‡, initial mean water depth
D=1300 m, initial slide length B=45 km along the incline, initial maximum width W=20 km, and initial maximum thickness

T=1 km. The fault systems indicated by the Kf^Ko (lower Kealakekua and Kaholo) and Kf^Kfs (upper Kealakekua to Kahu-

ku) red dashed lines provide lower and upper bounds on the slide headwall elevation. The debris ¢elds of the Alika phase 1 and

2 avalanches are indicated by the solid white lines. The northward bend in the Alika phase 2 avalanche is probably too deep to

in£uence tsunami generation. Submerged terraces o¡ the northwest Hualalai (HU) and Kohala (KO) coasts (and also recognized

o¡ northwest Lanai) are indicated along the northern boundary of the ¢gure.
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(Fig. 2). With parabolic width and length pro¢les,

we obtain a slide volume of around V=400 km3,

which agrees with the minimum estimated volumes

of the Alika event, namely 400 km3 for phase 1,

and 200 km3 for phase 2, which probably suc-

ceeded phase 1 rapidly (Lipman et al., 1988).

These input parameters complete the gross geo-

logical description needed to estimate slide mo-

tion and tsunami generation (Grilli and Watts,

1999, 2001; Gold¢nger et al., 2000).

Catastrophic failure of the volcano £ank is in-

dicated by the debris deposits, which include a

vast ¢eld of large, km-scale blocks nearly 100

km from the base of Hawaii Island (Lipman et

al., 1988). For the slide parameters deduced above

for Alika phase 2, we ¢nd that a slide initial ac-

celeration a0 =0.61 m/s
2 with a characteristic du-

ration t0 =647 s and a characteristic distance

s0 =257 km using the equations of Watts (1998,

2000). The characteristic distance roughly approx-

imates the runout distance, although part of the

slide mass can travel farther as a turbidity cur-

rent. Turbidite deposits of 100O 20 ka age and

of mixed Mauna Loa origin believed to be from

the Alika GSLs have been found 300 km west of

Hawaii upon the 500-m-high Hawaiian Arch

(Garcia, 1996). Based on the equations of motion

given by Watts (1998, 2000), we estimate that the

speed of the center of the slide when it reached the

bottom of the incline at the base of the island was

170 m/s, while the speed of the head of the slide

(which was subaerial before the motion) was 220

m/s at the base of the island slope. Watts and

Grilli (2003) have shown that these equations of

motion apply to a deforming landslide center of

mass motion.

Similar landslide speeds were obtained by Fryer

and Watts (2002) as well as Fryer et al. (2004) for

the Ugamak GSL of similar length and volume,

because maximum speed scales with the square

root of landslide length (Watts and Grilli, 2003).

The phase speed of a tsunami (or its celerity) in

water H=5000 m deep, is
ffiffiffiffiffiffiffi

Hg
p

=220 m/s. This

velocity match between slide and tsunami means

that, as the slide accelerated down the slope, it

remained ‘in phase’ with the tsunami it was gen-

erating, building it up to exceptionally large size

(Tinti and Bortolucci, 2000; Fryer and Watts,

2002; Fryer et al., 2004). Such phase coupling is

captured automatically by our initial condition

because it is included in the underlying modeling

of Grilli and Watts (1999, 2001). Given such e⁄-

cient coupling between landslide motion and wave

generation, the tsunami amplitude must have been

a signi¢cant fraction of the 3200 m vertical slide

displacement (Murty, 1979; Watts, 1998).

The Alika 2 tsunami source after t0 =647 s of

landslide motion and tsunami generation is shown

in Fig. 3a. The characteristic wavelength,

VWt0
ffiffiffiffiffiffiffi

Dg
p ¼ 73 km ð1Þ

determines the source region for long wave (i.e.

tsunami) propagation (Watts, 1998, 2000). The

size and extent of the sea-surface displacement is

proportional to the characteristic wavelength both

along and transverse to the axis of failure (Watts

et al., 2003). Based on our input parameters, we

predict an initial depression of 3750 m over the

landslide and an initial elevation of 190 m in front

of the landslide. These amplitudes result from

curve ¢ts to numerical wave tank experiments

(Grilli and Watts, 1999, 2001). To show that

they are not unreasonable, in 2-D the character-

istic tsunami amplitude, R is approximately:

RW
0:218T sin1:38aB1:25W

D1:25ðW þ V Þ ¼ 259 m ð2Þ

(Grilli and Watts, 1999; Gold¢nger et al., 2000;

Watts et al., in press). Because the initial condi-

tion is derived from analytical curve ¢ts similar to

Eq. 2, a sensitivity analysis can be made using

partial derivatives. The sensitivity analysis will en-

able error estimates to be made. From Eq. 2, am-

plitude is most sensitive to the incline angle a,
mean depth D, and slide length B. A 1% reduction

in initial width W causes only a 0.79% reduction

in amplitude. From such an analysis, we can ex-

plore the dependence of tsunami size on slide pa-

rameters, essentially an error estimate based on

geological uncertainty. For example, adjusting

depth D and length B to put the head scarp at

the ocean surface (Fig. 2) would generate tsunami

amplitudes 55% of the current tsunami source.

Geological uncertainty (especially the initial land-

slide length and mean depth) indicates that our

G.M. McMurtry et al. /Marine Geology 203 (2004) 219^233 223
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initial condition is only correct to within about a

factor of two, which is much larger than the in-

trinsic error of the tsunami generation model

(Watts et al., 2000). Nevertheless, this technique

represents a signi¢cant improvement in accuracy

over dipolar sources previously used to model Ali-

ka phase 2, e.g. Johnson and Mader (1994), with

whom our tsunami amplitudes generally agree. A

tsunami generation simulation that uses actual

bathymetry and does not depth-average wave me-

chanics is still the subject of active research (Grilli

and Watts, 2001; Grilli et al., 2002).

The 1998 Papua New Guinea (PNG) tsunami

provides some perspective on the tsunami ampli-

tudes predicted here. The PNG tsunami source

was a 6-km3 slump that traveledV1 km in water

averaging 1400 m deep (Tappin et al., 2001). The

nearest shoreline was devastated by waves averag-

ing 10 m above sea level from a tsunami source of

similar amplitude. By way of comparison, the vol-

ume of the Alika phase 2 event is nearly 100 times

larger with a similar mean depth as the PNG

event. To a ¢rst approximation, tsunami ampli-

tude is proportional to landslide volume for events

of similar mean depth (Watts and Grilli, 2003).

With Alika 2 roughly a hundred times more mas-

sive than the PNG slump, it is therefore not sur-

prising to ¢nd tsunami amplitudes approaching

1 km (i.e. a hundred times larger than the 10-m

PNG tsunami). These arguments apply also to

other GSLs, such as the enormous Nuuanu event

o¡ northeastern Oahu. Given a volume of 2000^

3000 km3 (Satake et al., 2002), the Nuuanu land-

slide may have generated a mega-tsunami limited

in amplitude near the generation region by the

depth of the ocean itself, a conjecture that is re-

inforced by Eq. 2. There should be no question as

to the tsunamigenic potential of Hawaiian GSLs.

3. Tsunami propagation and inundation

We simulated tsunami propagation and inunda-

tion with the code TUNAMI-N2 (IUGG/IOC

TIME Project, 1997). TUNAMI-N2 is a ¢nite-

di¡erence code for solving the depth-averaged

shallow-water wave equations; its design and

stability are discussed by Imamura and Goto

(1988). We used the latest available multibeam

bathymetry gridded over a uniform cell spacing

of 493 m. There remains signi¢cant uncertainty

as to the subsidence history of individual islands,

most of which di¡er and have not been monoton-

ic since 125 ka BP (Wessel and Keating, 1994).

Our simulation is therefore run for the present

island elevations and consideration of subsidence

history is made after the fact. Fig. 3b indicates

that tsunami wave heights and runup would be

highest along the western coast of Hawaii Island

due to energy directivity (Iwasaki, 1997), with val-

ues s 300 m extending from Keahole to Ka Lae

(South Point; Fig. 1), in general agreement with

Johnson and Mader (1994). Runup exceeds 750 m

along 5 km of coastline, reaching a maximum of

803 m at Hookena (see Fig. 1 for location).

Other Hawaiian Island coastlines severely af-

fected by this tsunami include the south and

west shores of Maui, Kahoolawe, Lanai, Molo-

kai, and Oahu (Fig. 3b). If coastlines were near

their present locations, the isthmus between east

and west Maui would be £ooded, as well as low-

lying portions of west Molokai and southwestern

Oahu. The tsunami is focused onto Lanai by a

shallow shelf south of the island. Some wave en-

ergy is re£ected away from Lanai by this shelf

even as the deeper water to the west guides the

tsunami towards Lanai from the source. Interest-

ingly, our results indicate that the maximum wave

Fig. 3. (a) Initial sea surface condition for the TUNAMI-N2 propagation code as provided by TOPICS 647 s after the initiation

of Alika phase 2 giant landslide failure. Elevation and depression waves have di¡erent vertical scales. Contours are of present-

day topography; the contour interval is 1000 m. The landslide was modeled with a head scarp coincident with the inferred

present location of the Kealakekua fault at about 2000 m elevation landward of the slide (Fig. 1). (b) Maximum wave heights of

the tsunami computed using TUNAMI-N2. Contours are of present-day topography; the contour interval is 1000 m. We ¢nd

maximum runup consistent with the elevations of soil stripping, dated marine deposits, and previously conjectured tsunami ampli-

tude amongst the Hawaiian Islands. Despite uncertainties in where sea level was, our modeling is approximately correct for La-

nai, Molokai, and west Maui. As previously pointed out (Moore and Moore, 1988), we expect mainly erosion on the steep island

slopes, although a mega-tsunami may deposit material along a thin high-water mark or in sheltered topography.
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Table 1

Age estimates of Hawaiian giant submarine landslides

GSL name Source volcano Estimated age

range (Ma)

Estimated age method Oxygen Isotope

Stagea
Explanation Reference

Hilina slump Kilauea s 0.010^0.100 Marine sediment

stratigraphy;

Volcanic £ow

stratigraphy

1, 3? Min. age estimate from lower 230Th

dating limit of pelagic sed. over massive

turbidites ; max. age from estimated

submarine^subaerial £ow transition.

McMurtry, Herrero-Bervera

and Kanamatsu (unpubl.

data); Moore and Clague

(1992)

Ka Lae East and

West debris ava-

lanches (2)

Mauna Loa s 0.032^0.060? Volcanic £ow

stratigraphy

3 Acoustic images suggest ages younger

than Alika; upper age limits from 14C

dates of subaerial £ows, assuming

Kahuku fault is headwall.

Moore and Clague (1992);

Lockwood (1995)

Punalu’u slump Mauna Loa 0.100^0.200 Volcanic £ow

stratigraphy

5, 7? K^Ar age range of Ninole Basalt, in ML

headwall.

Lipman (1995)

Alika phase 1 and 2

debris avalanches (2)

Mauna Loa s 0.112^0.127 Marine sediment

stratigraphy

5 Min. age from 230Th dating of pelagic

sediment cover on turbidite ; best (max.)

age from N18O of included foraminifera.

McMurtry et al. (1999)

North Kona slump Hualalai s 0.130 Shield apex 5? Age of transition from tholeiitic to

alkalic volcanism.

Moore and Clague (1992)

South Kona slump Mauna Loa 0.200^0.240 Marine sediment

stratigraphy

7 Max. age from max. sediment thickness

observed on slide block and lowest sed.

rate measured in area. Ages agree with

ML apex age (0.25 Ma).

Moore et al. (1995) ;

McMurtry et al. (1999)

Pololu debris ava-

lanche

Kohala 0.254^0.306 Volcanic £ow

stratigraphy

9 Min. age from oldest Hawi £ows;

max. age from youngest Pololu Basalt.

Moore and Clague (1992)

Hana debris ava-

lanche

Haleakala 0.86 Shield apex 25 Max. K^Ar age of E. Maui £ows

( = apex?); at lower est. transition (apex)

U-series age of 0.85 Ma (H coral terrace).

In Keating (1987); Moore

and Clague (1992)

Wailau debris ava-

lanche

E. Molokai 1.0 O 0.1 Marine sediment

stratigraphy

31 Magnetostratigraphic age of turbidite in

pelagic sediment capping Tuscaloosa

Seamount (largest Nuuanu GSL block).

Kanamatsu et al. (2002)

Clarke debris ava-

lanche

Lanai 1.3 O 0.06 Shield apex 46? Weighted mean of youngest, reliable

Lanai shield £ow ages (n=6). Magneto-

stratigraphic ages of £ows indicate rapid

eruption in Matuyama Polarity Chron.

Bonhommet et al. (1977);

Herrero-Bervera et al. (2000)

Nuuanu debris ava-

lanche

Koolau (NE Oahu) 2.1^2.2 Shield apex 87? Youngest Koolau shield £ows, in agree-

ment with recent rock magneto-

stratigraphy results. Pelagic sediment

magnetostratigraphy indicates GSL age

s 1.8 Ma.

In Keating (1987); Herrero-

Bervera et al. (2002) ;

Kanamatsu et al. (2002)
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Table 1 (Continued).

GSL name Source volcano Estimated age

range (Ma)

Estimated age method Oxygen Isotope

Stagea
Explanation Reference

Waianae slump Waianae (SW Oahu) 2.9^3.1 Volcanic £ow stratigraphy - Ages of postshield, alkalic Waianae

£ows and formation of Lualualei Valley.

Presley et al. (1997)

Kaena debris

avalanche

Waianae (NW Oahu) 3.6 Shield apex ^ Probable apex age of NW Waianae shield

£ows (range is 2.9^3.9 Ma).

Presley et al. (1997)

Kauai, North

and South debris

avalanches (2)

Kauai 5.0 Shield apex ^ Probable apex age of Kauai shield; K^Ar

radiometric ages range 3.8^5.3 Ma.

In Keating (1987)

Nihoa debris

avalanches (3+?)

Nihoa 7.0 (7.3)b Shield apex ^ Mean age of shield £ows (n=9) In Keating (1987)

Necker debris

avalanches (2)

Necker 11.7 (10.6) Shield apex ^ Mean age of shield £ows (n=7) In Keating (1987)

Gardner slumps (3) Gardner Pinnacles 12.3 (15.8) Shield apex ^ Age of shield (?) £ow (n= 1) In Keating (1987)

Laysan, Maro

slumps (3)

Laysan, Maro Reefs 20.3 (19.7^20.7) Shield apex ^ Mean age of shield (?) £ows (n=13) In Keating (1987)

Pearl and Hermes

debris avalanche

Pearl and Hermes

Reefs

20.1 (26.8) Shield apex ^ Mean age of shield (?) £ows (n=3) In Keating (1987)

Midway debris

avalanches (2)

Midway 28.6 (28.7) Shield apex ^ Max. age = shield apex? In Keating (1987)

a Oxygen isotope stages from Joyce et al. (1990).
b Bracketed ages calculated from plate motion (Clague, 1996).

G
.M

.
M
cM

u
rtry

et
a
l./M

a
rin

e
G
eo
lo
g
y
2
0
3
(
2
0
0
4
)
2
1
9
^
2
3
3

2
2
7



heights and runup for Lanai, greater than 300 m

in elevation, are along the western coast, and not

in the southern coastal areas studied by J. Moore

and others (Moore and Moore, 1984, 1988; Grigg

and Jones, 1997; Felton et al., 2000; Rubin et al.,

2000). The discovery of deposits on southern La-

nai has been ascribed to their preservation by dri-

er conditions and to their relative shelter from

erosion (Moore and Moore, 1988). In general,

we ¢nd agreement between the debris locations

and our simulation results, supporting the theory

of mega-tsunami emplacement of the coral-bear-

ing deposits and constraining the subsidence his-

tory of Lanai.

4. Island subsidence implications

A key problem with interpreting exposed de-

posits is the subsidence or emergence history of

the di¡erent islands. The only island that has a

well-known history is Hawaii, which has been
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steadily subsiding for more than 475 ka. For Ha-

waii, the present coastline would have been at

about 325 m elevation at ca. 125 ka BP, based

upon a uniform subsidence rate of 2.6 mm/yr

over the past 475 ka (Ludwig et al., 1991). This

subsidence is small relative to the 2000 m altitude

of the Kealakekua^Kahuku fault system, and it

renders our tsunami source conservative. An in

situ coral fragment found 6 m above sea level

on the northwest Kohala coast of Hawaii was

U-series dated at 110O 10 ka and was probably

deposited by the Alika phase 2 mega-tsunami at

s 330 m elevation based upon the aforementioned

subsidence rate (Stearns, 1973; Moore and

Moore, 1984). Recent work on the marine fossil-

iferous basalt-boulder conglomerates found on

Kohala supports the ca. 100 ka age and extends

the runup elevation there to s 430 m (McMurtry

et al., 2002). Elevated marine deposits are still

subject to interpretation for Oahu, Molokai, La-

nai, and western Maui because these islands may

have become static or emergent after an initial

stage of submergence (Wessel, 1993; Wessel and

Keating, 1994; Smith and Wessel, 2000). Island

emergence is often documented by terraces that

are wave cut during sea-level high stands. On La-

nai, Molokai, and west Maui, there is a relative

absence of wave-cut terraces at higher elevations,

suggesting little emergence. The o¡setting e¡ects

of island emergence to the northwest and subsi-

dence to the southeast suggest that sea level is

changing slowly around Lanai, a contention sup-

ported by the recognition of all major submarine

terraces o¡shore (see Fig. 1; Campbell, 1986).

Such a sea-level stasis has been identi¢ed for

late Pleistocene Oahu (Szabo et al., 1994). Sea-

level stasis would enable our simulation results

to apply directly to these islands and may explain

the agreement between predicted and observed

deposits on Lanai. Our tsunami simulation results

could guide future searches for other potential

tsunami deposits.

5. Climate control of GSLs?

Having added to the evidence for a connection

between Hawaiian GSLs, mega-tsunami genera-

tion and elevated tsunami deposits, we seek the

underlying mechanism for the correlation of vol-

canic failure with the common factor of the onset

of sea-level high stands, at least for the stage 5e

Fig. 4. (a) Relative eustatic sea-level curve based upon seismic stratigraphy from 0 to s 40 Ma (from Haq et al., 1988) with Ha-

waiian Ridge Volcano ‘apex’ ages (black arrows; see text and Table 1) or giant submarine landslide (GSL) age estimates (orange

arrows, marine sediment stratigraphy; green arrows, volcanic £ow stratigraphy) selected from sources listed in Table 1. Locations

of named GSLs and corresponding shield volcanoes are found in Moore et al. (1994b). The Hilina slump GSL (Fig. 1) is a pre-

diction from our model. New dating evidence from massive turbidites in sediment cores taken s 100 km SE of Hawaii suggests

very young landslide events (Naka et al., 2000; Kanamatsu et al., 2002 and unpubl. data). For the Leeward Islands (Necker to

Midway) there are di⁄culties in obtaining radiometric samples representative of the main shield stage for many of these edi¢ces;

we use calculated ages (open arrows) from Clague (1996) to illustrate the uncertainty. (b) Detail of eustatic sea-level curve from

0 to s 5 Ma. (c) Relative sea-level curve from 0 to 860 ka BP based upon oxygen isotope stratigraphy. Glacial (even number)

and interglacial (odd number) stages are indicated out to stage 22 (from Shackleton and Opdyke, 1973). Stratigraphic excess
230Th dating of the Alika phase 2 GSL indicates a minimum age of 112O 15 ka with a best age, derived from N18O of foraminif-

era included in its turbidite, of 127O 5 ka, coincident with the stage 5e interglacial (McMurtry et al., 1999). Observations from a

1992 DSV Sea Cli¡ submersible dive on one of the large detached blocks of the South Kona GSL (Fig. 1) found up to 0.5 m of

sediment on the top (Moore et al., 1995), which places its maximum age of emplacement at about 240 ka, based on a minimum,

porosity-corrected excess 230Th sedimentation rate of 1.3 O 0.2 mm/kyr from nearby pelagic sediments (core B13 in Fig. 1;

McMurtry et al., 1999). Moore et al. (1994b) estimated a regional sedimentation rate near the islands by assuming the landslide

ages correspond to the end of shield building of the volcano from which they originated. Based on K^Ar ages of lava £ows from

the host volcano (Clague and Dalrymple, 1987) and a sediment thickness, determined by surface ship 3.5-kHz echo sounding

from the tops of debris hummocks or blocks, a mean sediment accumulation rate of V2.5 mm/kyr was estimated (Moore et al.,

1994b) which is consistent with recent excess 230Th sediment dating of pelagic sediments o¡ Oahu (McMurtry, Herrero-Bervera

and Kanamatsu, unpubl. data). This rate and thickness yield an approximate emplacement age of the South Kona slide block of

200 ka, within stage 7. The age is consistent with our maximum estimate of 240 ka and with an extrapolated age of 240O 80 ka

for a large basal turbidite sequence in core PC-01 (Fig. 1; McMurtry et al., 1999).
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and 7 interglacials. The instability of subaerial

landslides most often hinges on weak bedding

and soil saturation (Turner and Schuster, 1996),

both of which depend directly or indirectly on

climate. We ¢nd an intriguing relationship be-

tween the timing of Hawaiian GSLs and high

stands of the sea, a proxy for long-term climate

(Table 1; Fig. 4). The compilation of age esti-

mates for the Hawaiian GSLs vs. paleo-sea level

shows that nearly all of the GSLs correlate with

the onset of warm interglacial periods back to

Kauai at 5.0 Ma. Few reliable radiometric age

estimates are available before this time. The ap-

parent correlation between GSLs and high stands

is opposite to that proposed for triggering of

GSLs along the continental margins, where lower

sea level in glacial times has been proposed to

destabilize sediments built up during the previous

interglacial period (Nisbet and Piper, 1998). For

oceanic islands, the mechanism of failure appar-

ently is di¡erent.

The climate probably becomes warmer and wet-

ter in Paci¢c subtropical regions during Quater-

nary interglacials regardless of latitude (e.g.

Broecker, 1995; Peterson et al., 2000), increasing

water retention by porous volcanoes. This cli-

matic condition, with possible increased frequency

and severity of tropical storms, favors the phrea-

tomagmatic triggering of GSLs by increasing the

probability of groundwater interaction with mag-

ma (McMurtry et al., 1999). Phreatomagmatic

triggering thus should be added to the list of po-

tential GSL mechanisms needed beyond normal

magma injection and groundwater pressure (Iver-

son, 1995), such as large earthquakes (e.g. Lip-

man et al., 1988) and overpressure from rapidly

heated, dike-con¢ned groundwater (Elsworth and

Day, 1999). This mechanism is especially compel-

ling if drier periods allow shallow magma cham-

bers to ¢ll unabated because of less frequent rain-

fall. Therefore, volcanic £ank failure is attributed

in one way or another to increased retention of

groundwater due to climate change, rather than

as a direct response to sea-level change.

In early November 2000, a large storm dropped

nearly 1 m of rain over the Island of Hawaii, an

island that had been undergoing severe drought

for the past several years. Recently, Cervelli et

al. (2002) correlated the storm to an episode of

aseismic slip along the Hilina fault system, which

represents the headwall of the giant Hilina Slump

along Kilauea Volcano’s south £ank (Fig. 1).

Although Cervelli et al. (2002) determined that

the average 5 cm per day slip rate was substan-

tially less than that needed for catastrophic fail-

ure, they point out that this rate was far faster

than the inferred decimeter per year rates for Ki-

lauea’s decollement, and that £ank failure must

represent accelerating slip. These new observa-

tions reinforce our hypothesis that such large fail-

ures may be triggered by changing climate and

rainfall patterns.

6. Conclusions

Tsunami deposits and vertical island motions in

Hawaii and likely elsewhere remain largely unre-

solved issues for future study. For the late Pleis-

tocene, large volcanic failures and exposed marine

deposits both correlate foremost with sea-level

high stands, and in particular with the onset of

interglacial conditions that are re£ected in Hawaii

by the apex ages of the low-stand fringing reefs.

We have shown that such large volcanic failures

inevitably generate mega-tsunamis, and we con-

clude that persistent climate e¡ects during sea-lev-

el high stands eventually unleash large volcanic

failures and mega-tsunamis amongst the Hawai-

ian Islands and perhaps all volcanically active

oceanic islands, with invariable propagation to-

ward the continental coasts. The time of greatest

island volcanic landslide hazard may be now.
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