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D
ozens of m

ajor landslides have recently been discovered on the subm
arine

flanks of the H
aw

aiian R
idge (Figures 1 and 2). T

hese landslides are
am

ong the largest on E
arth, attaining lengths greater than 200 km

 and
volum

es of several thousand cubic kilom
eters. T

w
o general types of giant

landslides, slum
ps and debris avalanches, are identified, but m

any inter-
m

ediate form
s occur. T

hese w
ere revealed during a 1986-1991 sw

ath sonar
m

apping ~
~

ògram
 of the U

nited S
tates H

aw
aiian E

xclusive E
conom

ic
Z

one, a cooperative venture by the U
.S. G

eological Survey and the B
ritish

Institute of O
ceanographic Sciences. E

m
ployed in that w

ork w
as the long-

range side-looking sonar system
 G

L
O

R
IA

, w
hich records acoustic back-

scatter from
 the seafloor in an effective sw

ath 25-30 km
 w

ide centered on
the survey ship track (Som

ers et al 1978). T
he area m

apped along the
H

aw
aiian R

idge-2200 km
 long by 600 km

 w
ide-includes about 1.

m
i
l
i
o
n
 
k
m
2
.

T
his article review

s general features of the landslides, including criteria
for identification, types, relation to volcano structure, m

echanism
 of for-

m
ation, and degradation w

ith age. D
etailed inform

ation is presented for
a few

 exam
ples. D

iscovery of the rem
arkably com

m
on occurrence of giant
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Figure 1 Bathymetry of the Hawaiian volcanic chain with contours at 1 and 2 km depths shown in area of the chain only (after Clague &
Dalrymple 1987). Age of volcanoes at the bend, near Kimmei seamount, is about 40 Ma; volcanoes on the island of Hawaii are still active. Dashed
boxes indicate areas of Figures 2A, 2B, 4, 5, and 10.
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Figure 2A Generalized geologic map of the Hawaiian Ridge. See Figure i for location.
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volcanoes (and is present on the em
bryonic L

oihi volcano), the largest
landslides apparently occur late in the period of active shield grow

th w
hen

the volcanoes are close to their m
axim

um
 size, are young and unstable,

and w
hen seism

ic activity is high. H
ence, the ages of volcanoes along the

ridge are m
irrored by the ages of their associated landslides.

300
i

I
I

I
I

I
i

I
 
'
-
 
V
I
U
I
I
I
i
-
~

I
 
I

.
(a)

E
I

I

...c
200

ëii:Q
)

-
.

Q
)

I.

:!
..

II"C
..

..
I.

0
.

i:
100

I
II

. .
.

..
.

.
.0

.
. .

D
IST

R
IB

U
T

IO
N

 O
F L

A
N

D
SL

ID
E

S

A
t least 68 m

ajor landslides m
ore than 20 km

 long occur along a 2200 km
stretch of the H

aw
aiian R

idge from
 200 km

 northw
est of M

idw
ay (180°

W
 longitude) to the island of H

aw
aii (154° W

 longitude; Figure 2). H
ence

the giant landslides average one every 32 km
 or one every 350 ka. L

and-
slides cover about one half of the flanks of the ridge. S

urprisingly the
w

estern landslides, w
hich are nearly 30 m

illion years older than the younger
ones on the eastern end of the ridge, appear w

ell preserved on sonar side-
scan im

ages. T
he m

axim
um

 length oflandslides apparently increases from
50-100 km

 at the older w
est end of the m

apped area to 150-300 km
 at the

younger east end (Figure 3a). T
his trend m

ay result in part from
 thicker

post-sliding sedim
ent covering the low

er-relief distal parts of older debris
fields. A

 sim
ilar relation, how

ever, is apparent for slum
ps (Figure 3a),

w
h
i
c
h
 
h
a
v
e
 
h
i
g
h
e
r
 
r
e
l
i
e
f
 

that is less likely to be obscured by sedim
ent cover;

this circum
stance suggests that indeed the landslides tend to be longer and

larger tow
ard the younger end of the ridge.

A
lthough landslides are equally num

erous on the northeast and south-
w

est flanks of the ridge, the larger ones tend to be directed m
ore tow

ard
the older (w

est-northw
est) end of the ridge, rather than norm

al to the
ridge (Figure 3b). T

his tendency m
ay result from

 the greater chance of
preservation of landslides tow

ard the trailing, rather than leading, end of
t
h
e
 
p
r
o
p
a
g
a
t
i
n
g
 
v
o
l
c
a
n
i
c
 
r
i
d
g
e
.
 
A
l
l
 

landslides that m
ove approxim

ately
east-southeast, for instance, off the actively-grow

ing end of the ridge,
becom

e covered by continued grow
th of the ridge.

I
n
 
a
d
d
i
t
i
o
n
 
t
o
 
t
h
e
 
g
i
a
n
t
 

landslides described here that are readily detect-
able in deep w

ater on sm
all-scale G

L
O

R
IA

 im
ages, m

edium
-sized land-

slides having volum
es of tens of km

3 are com
m

on in shallow
er w

ater.
H

ow
ever, these potentially active landslides of interm

ediate size have not
been adequately m

apped because of the diffculties of conducting side-scan
sonar surveys in shallow

 w
ater near the coast. A

s a result, the hazard of
subm

arine landsliding cannot be estim
ated w

ell from
 available data; a

better assessm
ent m

ust aw
ait detailed studies of sm

aller but m
ore frequent

landslides (N
orm

ark et al1993).

-175
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W
est Longitude

Ns
Figure 3 Features of H

aw
aiian subm

arine landslides longer than 20 km
. (a) L

ength c
s
l
u
m
p
s
 
a
n
d
 
t
o
t
a
l
 

length of landslides relative to longitude. (b) D
irection of slide m

ovem
en

r
e
l
a
t
i
v
e
 
t
o
 
t
o
t
a
l
 length of landslide in km

. A
rrow

 show
s trend of H

aw
aiian R

idge.
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C
H

A
R

A
C

T
E

R
 O

F
 LA

N
D

S
LID

E
S

and produce a debris avalanche that extends dow
nslope beyond the 10w

l
end of the slum

p (C
om

pare F
igures 4 and 2). S

uch com
pound landslidi

are com
m

on.
T

he active H
ilina slum

p on the south flank of K
ilauea (Figures 5 an

6) m
ay serve as a m

odel of giant slum
p behavior. H

ow
ever, w

e know
 on

that the upper few
 kilom

eters are the site of repeated dike injectioi
processes and structures below

 are still a m
atter of uncertainty. D

uring
m
a
g
n
i
t
u
d
e
 
7
.
2
 
e
a
r
t
h
q
u
a
k
e
 
i
n
 
1
9
7
5
,
 
a
 
6
0
-
k
m
 
l
e
n
g
t
h
 
o
f
 

K
ilauea's south coa

subsided as m
uch as 3.5 m

 and m
oved seaw

ard as m
uch as 8 m

. T
he H

ilir
fault system

 w
as reactivated over a length of 30 km

 w
ith norm

al faul
dow

n 
throw

n tow
ard the sea (T

illing et al 1976, Lipm
an et al 1985). I

addition to such episodes of rapid m
ovem

ent, the south flank of tl
volcano also is creeping seaw

ard continuously as indicated by frequentl

T
he m

ass w
asting features on the H

aw
aiian R

idge com
prise a continuum

ranging in size over several orders of m
agnitude. T

he general term
 "land-

s
l
i
d
e
"
 
i
s
 
u
s
e
d
 
h
e
r
e
i
n
 
f
o
r
 
a
l
l
 
f
o
r
m
s
 
o
f
 

m
ass m

ovem
ent from

 incipient slum
p-

ing that has only slightly disrupted the structural coherence of the volcano
f
l
a
n
k
s
,
 
t
h
r
o
u
g
h
 
v
a
r
i
o
u
s
 
d
e
g
r
e
e
s
 
o
f
 
d
i
s
a
g
g
r
e
g
a
t
i
o
n
,
 
t
o
 
l
o
n
g
-
r
u
n
 

o
u
t
 
a
v
a
-

lanches in w
hich fragm

entation has totally disrupted and dispersed original
volcanic structures. T

he large landslides described here (m
ore than 20 km

long) have been grouped by m
orphology and degree of dislocation into

t
w
o
 
m
a
j
o
r
 
t
y
p
e
s
:
 
s
l
u
m
p
s
 
a
n
d
 
d
e
b
r
i
s
 
a
v
a
l
a
n
c
h
e
s
.
 
B
e
c
a
u
s
e
 
o
v
e
r
 

steepened
parts of slum

ps m
ay fail as debris avalanches, facies of both types com

-
m

only occur in the sam
e landslide. T

his term
inology (after M

oore et al
1989) is based on criteria derived from

 G
L

O
R

IA
 sonar im

ages and w
il

no doubt be m
odified as w

e learn m
ore about these giant landslides.

L
andslide m

orphology is better preserved below
 sea level than above

because of the low
er likelihood of erosion or cover by younger lava.

H
ow

ever, m
any subaerial topographic features ow

e their origin to land-
slide processes. A

ll of the m
ajor fault system

s on the island of H
aw

aii, as
w

ell as subtle changes of slope that probably reflect buried fault scarps,
can be related to landslides. T

he rift zones that radiate from
 m

any volcano
sum

m
its m

ay reflect the prim
ary pull-apart regions at the heads of giant

slum
ps (M

oore &
 K

rivoy 1964) or zones of gravitational spreading. L
arge

erosional canyons on several of the islands seem
 to form

 w
ithin the over-

steepened am
phitheaters at the heads of giant debris avalanches (M

oore
et al1989). T

he three largest historic earthquakes on the island-those of
1868, 1951, and 1975, all of m

agnitude 7 or greater-w
ere apparently

related to increm
ental m

ovem
ent of giant slum

ps (M
oore 8i.M

ark 1992).

Slum
ps

Large slum
ps are deeply rooted in the volcanic edifice and m

ay extend
back to the volcanic rift zone and dow

n to the base of the volcanic pile.
Slum

ps m
ay creep over an extended period as they keep pace w

ith the load
of volcanic m

aterial erupted on their upper part. T
he slum

ps are as m
uch

as 110 km
 w

ide and 10 km
 thick, and have an overall gradient greater than

3
°
.
 
I
n
 
t
h
e
 
u
p
p
e
r
 
t
e
n
s
i
o
n
a
l
 
p
a
r
t
 
o
f
 
t
h
e
 
s
l
u
m
p
s
,
 
t
r
a
n
s
v
e
r
s
e
 
n
o
r
m
a
l
 
f
a
u
l
t
s

m
arked by scarps com

m
only bound a few

 large tilted blocks that m
ay be

tens ofkm
 in length and several km

 in w
idth (Figure 4). T

he com
pressional

regim
e in the low

er part of the slum
ps is m

arked by broad bulges, closed
depressions, and steep toes. D

espite faulting and dislocation, the slum
ps

generally m
aintain an overall coherent lobate shape by w

hich they are
i
d
e
n
t
i
f
i
e
d
 
i
n
 
G
L
O
R
I
A
 
i
m
a
g
e
s
 
(
F
i
g
u
r
e
 
4
)
.
 
P
a
r
t
s
 
o
f
 

the slum
ps m

ay collapse

Figure 4 G
L

O
R

IA
 sonar im

age (20.5-22°N
 lat; i 58- i 600W

 long) show
ing contrast betw

ei
debris avalanche and slum

p. T
he south K

auai debris avalanche (w
ith speckled reflector

extends 100 km
 south of the island of K

auai (K
) and the W

aianai slum
p (w

ith northw
es

trending scarps) extends 65 km
 southw

est of O
ahu (0). V

ertical dim
ension (north-south) i

im
age is 167 km

. See Figure i for location.



1
2
8
 
M
O
O
R
E
,
 
N
O
R
M
A
R
K
 
&
 
H
O
L
C
O
M
B

repeated geodetic m
easurem

ents. T
he east rift zone itself seem

s to define
the pull-apart zone; the region north is stable w

hereas the region south,
extending to the coast and beyond, is m

oving south at about 6 cm
jyear

(S
egall et al1992).
D

rill holes near the axis of the rift zone have penetrated coral reef
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T
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s
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l
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o
f
 

n
e
i
g
h
b
o
r
i
n
g
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o
l
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n

indicate that dram
atic changes have recently occurred in this region

M
ost earthquake hypocenters near the east rift zone occur in tw

o c
g
r
o
u
p
 
b
a
n
d
s
 
t
h
a
t
 
p
a
r
a
l
l
e
l
 
t
h
e
 
r
i
f
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a
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d
e
p
t
h
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o
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0-5 and 5-13 krr
shallow

er band coincides w
ith the surface trace of vents and cones i

rift zone, w
hereas the deeper band is centered about 4 km

 seaw
ard i

rift zone (K
lein et al 1987). T

he seism
ic gap 1-3 km

 w
ide betw

ee
bands (as view

ed in m
ap plan) is believed to reflect the presence

elongate m
ass or m

aster dike of hot m
agm

a (or zone of plasticity)
the core of the rift zone (Figure 6). Such a fluid core. to the rift zor
been postulated earlier because of the need for secondary m

agm
a st

zones to account for the greater volum
es of erupted lava as com

pai
the volum

e of sum
m

it subsidence (Sw
anson et al1976). T

he m
astei

serves both as the conduit conducting m
agm

a from
 the sub-sum

m
it m

cham
ber out the rift zone, and as the prim

ary pull-apart zone at the
of the H

ilina slum
p perm

itting spreading of the m
obile south flank l

v
o
l
c
a
n
o
 
(
D
e
l
a
n
e
y
 
e
t
 
a
l
1
9
9
0
,
 
B
o
r
g
i
a
 
&
 
T
r
e
v
e
s
 
1
9
9
2
)
.

T
he shallow

 band of earthquakes above this m
aster dike results

brittle fracturing as cracks propagate to the surface to accom
m

spreading of the rift zone. T
hese cracks conduct m

agm
a upw

ard fro
m

aster dike in the core of the rift zone through thin feeder dikes to en
vents along the rift zone. M

ajor aseism
ic decoupling takes place i

liquid or plastic core of the m
aster dike. T

he deeper earthquakes 0
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e
p
t
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c
o
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t
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u
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i
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k
i
l
o
m
e
t
e
r
s
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D
a
s
h
e
d

lines outline the five volcanoes that com
pose the island. D

ark pattern-m
ajor slum

ps; light
p
a
t
t
e
r
n
-
d
e
b
r
i
s
 
a
v
a
l
a
n
c
h
e
s
;
 
f
i
n
e
 
l
i
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s
-
m
a
j
o
r
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s
t
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m
s
 
(
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a
l
l
 
o
n
 
d
o
w
n
t
h
r
o
w
n
 
s
i
d
e
)
;

heavy dashed line-axis of H
aw

aiian T
rough; double lines-volcanic rift zones (E

R
Z

,
K

ilauea's east rift zone). Profile located along line A
-A

' show
n in Figure 6,

F
igure 6 C

ross section of the H
ilina slum

p w
ith east rift zone (E

R
Z

) of K
ilauea at it

no vertical exaggeration. H
orizontal layering-subaerial lava; dashed layering-frag

lava debris (hyaloclastite); ellipses-pillow
 lava; vertical lines-sheeted dikes; dow

tern -gabbro; cross-hatched pattern-m
agm

a; crosses-generalized location of eartl
hypocenters (K

lein et al 1987). M
odified from

 L
ipm

an et al 1985, D
elaney et al 1990,

&
 T

reves 1992. See Figure 5 for location.
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seaw
ard side of the m

aster dike result from
 fracturing and faulting in the

south flank as it decouples from
 the unm

oving low
er regions and adjusts

in zones of stress concentration w
here the rock is cool enough to fracture.

T
he slum

p is bounded below
 by a m

ajor décollem
ent that probably

slopes upw
ard from

 near the base of the volcanic pile at about 10 km
below

 sea level to the ocean floor 5 km
 deep 50 km

 seaw
ard. T

his sliding
surface probably coincides in part w

ith the base of the H
aw

aiian volcanic
edifice w

here it rests on C
retaceous oceanic crust. A

t its shallow
er southern

part the slum
p m

ovem
ent is probably facilitated by poorly consolidated,

volcanogenic and pelagic sedim
ent on the oceanic crust, and on its deeper,

northern part by a hot plastic zone related to m
agm

a w
ithin the rift zone

(Figure 6). T
he depth extent of the H

ilina fault system
 and w

hether it
connects w

ith the base of the slum
p is debatable because offshore m

ove-
m

ent proceeds alm
ost aseism

ically. T
hese faults m

ay reach to the décol-
lem

ent or curve to join m
ajor lithologic discontinuities w

ithin the slum
p

(F
igure 6).
A

 steady state m
ovem

ent of the slum
p by spreading aw

ay from
 the

m
olten core of the rift-zone m

aster dike and solidification of the m
argins

of the m
aster dike w

il cause the rift zone to m
igrate seaw

ard at one half
the rate ofrift-zone opening or slum

p m
ovem

ent (H
ill &

 Z
ucca 1987). T

his
spreading w

il develop a three-fold layering in both the stable or nonsliding
part of the volcano and the upper part of the slum

p, consisting of: a
shallow

 layer of lava flow
s and hyaloclastites fed from

 eruptive vents on
the rift zone, an interm

ediate sheeted dike com
plex of volcanic feeder

dikes, and a deep gabbroic layer of solidified w
alls of the m

aster rift-zone
d
i
k
e
 
(
B
o
r
g
i
a
 
&
 
T
r
e
v
e
s
 
1
9
9
2
)
.

A
 m

ajor subm
arine bench about 3000 m

 deep on the H
ilina slum

p is 35
km

 long and as w
ide as 15 km

 and parallels the subaerial H
ilina fault '

system
. T

his bench is w
idest dow

nslope from
 the region w

here south-
flank earthquakes are m

ost concentrated. E
levated ridges near the outer

(southern) edge of the bench bound several closed depressions, som
e of

w
hich are m

ore than 100 m
 deep. T

he presence of these unfilled, closed
depressions below

 an area w
here lava flow

s frequently enter the sea and
feed fragm

ental debris dow
nslope, dem

onstrates that the bench is tec-
tonically active. T

he depressions are form
ing faster than they are being

filled.
G

row
th of the bench is apparently related to a m

ajor thrust fault in the
low

er, com
pressional part of the H

ilina slum
p (Figure 6). T

hrusting elev-
ates the seaw

ard part of the bench and creates a steep scarp 2 km
 high

along the southeast side of the bench. B
orgia et al (1990) suggest that such

thrusts are probably blind thrusts surm
ounted by folds.

G
I
A
N
T
 
H
A
W
A
I
I
A
N
 
L
A
N
D
S
L
I
D
E
S

T
hree arcuate ridges that are convex southeast occur at the low

s
u
b
m
a
r
i
n
e
 
r
e
a
c
h
e
s
 
o
f
 

the H
ilina Slum

p im
m

ediately adjacent to the und
turbed deep sea floor near the axis of the H

aw
aiian T

rough. T
hese rid!

a
r
e
 
8
 
t
o
 
1
3
 
k
m
 
l
o
n
g
 

and 500 to 700 m
 high along their southern flanJ

T
hey are apparently uplifted by additional thrust faults branching fre

the prim
ary décollem

ent at the base of the H
ilina slum

p, and probaL
m

ark the farthest extension of the slum
p onto the apron of debris aroU

l
the foot of the volcano (Figure 6). H

um
m

ocks from
 related debris av

lanches extend som
ew

hat farther seaw
ard.

T
he sim

ilarity of the east rift zone of K
ilauea, and H

aw
aiian rift zon

in general, to oceanic spreading ridges has been discussed by H
olcom

b
C

lague (1983), H
ill &

 Z
ucca (1987), and L

onsdale (1989). T
he gener

m
odel of form

ation of the m
assive slum

ps by spreading from
 an elonga

rift-zone m
agm

a cham
ber at their upper part, and overriding undisturbt

seafloor at their low
er part, has led B

orgia &
 T

reves (1992) to view
 tl

H
aw

aiian volcanoes as a link betw
een volcanic processes and ocean

tectonic plates. T
he spreading volcanic rift zone, w

here extrusive an
intrÜ

sive layers are generated, corresponds to the oceanic spreading ridge
and the low

er part that overrides the ocean floor is "analogous to tli
overthrusting of a subduction zone accretionary prism

" (T
hurber &

 G
rip

1988).

D
ebris A

valanches

T
he debris avalanches are m

ore surficial features as com
pared w

ith th
giant slum

ps. T
hey are com

m
only longer, thinner, and less steep, and havi

a w
ell-defined am

phitheater at their head and hum
m

ocky terrain in thei
.
,
 
0

low
er part\T

he debris avalanches are 0.05-2 km
 thick, as m

uch as 230 kn
long, and possess an overall gradient ofless than 3°. S

om
e have apparentl~

form
ed by catastrophic failure of oversteepened slum

ps. R
apid m

ovem
en

of avalanches in single events is indicated by their thinness and grea
length, by m

ovem
ènt up the slope of the H

aw
aiian A

rch of their dista
reaches in som

e places (M
oore et al 1989), and by their hum

m
ocky

fragm
ented distal regions that closely resem

ble those of know
n cata.

strophic subaerial volcanic landslides, such as those at M
ount St. H

elens
(V

oight et a1198l) and M
t. Shasta (C

randell et al1984).
A
m
p
h
i
t
h
e
a
t
e
r
s
 
c
o
m
m
o
n
l
y
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e
 
b
e
t
t
e
r
 
d
e
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e
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a
t
 
t
h
e
 
h
e
a
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o
f
 

the debris
avalanches, especially below

 sea level, than on the slum
ps. T

he slow
,

interm
ittent nature of slum

p m
ovem

ent allow
s the am

phitheaters to be
filled m

ore com
pletely by the volcanic products erupted during and fol-

low
ing m

ovem
ent. T

he upper part of the E
ast K

a Lae landslide is fed from
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Figure 7 Physiographic view toward the southeast, based on NOAA multibeam bathymetry, of the west submarine flank of Mauna Loa volcano
showing four major landslides with 4-fold vertical exaggeration. See area of diagram in Figure 5.
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occur in the upper parts of debris avalanches w
est of G

ardner Pinnacles,
w

est of Lisianski, and north of K
auai (F

igure 1).
F

ields of hum
m

ocks or blocky hils are com
m

on on the distal parts of
debris avalanches. T

hese fields produce a unique speckled pattern on sonar
im

ages that is the m
ost defining characteristic of debris avalanches (Figure

4). M
ultibeam

 sonar m
apping has defined about 190 hum

m
ocks from

 0.5
t
o
 
2
 
k
m
 
i
n
 
s
i
z
e
 
o
n
 
t
h
e
 
3
4
-
k
m
 
d
i
a
m
e
t
e
r
 
d
i
s
t
a
l
 

l
o
b
e
 
o
f
 
t
h
e
 
A
l
i
k
a
-
2
 
d
e
b
r
i
s

avalanche.
A

vailable data from
 the A

lika landslides suggest that the size dis-
tributions of hum

m
ocks differ from

 one avalanche to another. O
n the

A
lika-2 avalanche m

any of the larger hum
m

ocks are about 1 km
 in diam

-
eter (Figures 7, 8), w

hereas on the South K
ana avalanche the hum

m
ocks

are 10 tim
es this size (Figure 7). A

 full docum
entation of the range of

hum
m

ock sizes requires a com
bination of several scale-dependant tech-

n
i
q
u
e
s
 
(
F
i
g
u
r
e
 
8
)
.
 
M
u
l
t
i
b
e
a
m
 
e
c
h
o
 

sounding data, gridded at 200 m
 spacing

for production of bathym
etric m

aps, can resolve only those hum
m

ocks
larger than several hundred m

eters. D
eep-tow

ed side-looking sonar can
effectively define blocks from

 about 5 il to 1 km
 w

ide. P
hotographs by

deep-tow
ed cam

eras can depict blocks and fragm
ents from

 a few
 m

eters
to a few

 centim
eters in size. H

undreds of photographs from
 w

ithin the
lateral m

argin of the A
lika-2 debris avalanche indicate that sm

aller frag-
m

ents occupy the space betw
een the larger blocks and hum

m
ocks, and

that considerably m
ore than one half the area is littered w

ith fragm
ental

rock m
ateriaL

. T
he volcanic rock fragm

ents are com
m

only intricately frac-
t
u
r
e
d
,
 
s
h
a
r
p
l
y
 
a
n
g
u
l
a
r
,
 
a
n
d
 
s
h
o
w
 
s
u
b
-
v
e
r
t
i
c
a
l
 

layering that is probably
rotated from

 an original sub-horizontal attitude.
T

he com
bined m

easurem
ents from

 photographs, deep-tow
ed vehicles,

a
n
d
 
m
u
l
t
i
b
e
a
m
 
b
a
t
h
y
m
e
t
r
y
 
i
n
d
i
c
a
t
e
 
t
h
a
t
 
a
 
c
o
n
t
i
n
u
u
m
 
o
f
 

hum
m

ock-block
sizes occur from

 ~ 1 to 1500 m
 in size (Figure 8). W

idths of blocks or
hum

m
ocks are several tim

es their height and this factor increases w
ith

increasing hum
m

ock size so that hum
m

ocks exceeding about 1 km
 in

diam
eter show

 a diam
eter:height ratio of about 10: 1.

E
xcept for a cover of post-sliding sedim

ent ~ 0.5 m
 thick on the A

lika-
2
 
d
e
b
r
i
s
 
a
v
a
l
a
n
c
h
e
,
 
t
h
e
 
s
p
a
c
i
n
g
 
o
f
 

the hum
m

ocks and blocks is rem
arkably

sim
ilar to that of the 1980 M

ount St. H
elens subaerial volcanic landslide

im
m

ediately after em
placem

ent. In addition, the diam
eter-height relations

of the hum
m

ocks are sim
ilar to those of subaerial volcanic debris ava-

l
a
n
c
h
e
s
 
s
u
c
h
 
a
s
 
t
h
o
s
e
 
o
f
 

M
ount St. H

elens (V
oight et al198l) and M

ount
Shasta (C

randell et al1984). T
his sim

ilarity further suggests that subm
arine

debris avalanches can m
ove rapidly like the M

ount St. H
elens avalanche,

and therefore pose the secondary hazard of tsunam
i production (M

oore
&

 M
oore 1988).
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lobe of A
lika~2 slide (see

F
i
g
u
r
e
 
7
 
f
o
r
 
l
o
c
a
t
i
o
n
)
.
 
H
u
m
m
o
c
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m
agnitude in size requiring 3

different m
ethods to im

age and m
easure them

.
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T
he large debris avalanches provide a m

ajor part of the m
aterial that fills

the H
aw

ai~anT
rough. Sm

aller, and m
uch m

ore frequent, landslides that
involve m

asl.w
asting of volcanic, coral-reef, and pelagic sedim

ent that
accum

ulates on the flanks of volcanoes provide m
uch of the rest of the fill

of the T
rough. A

long the older part of the H
aw

aiian R
idge, these m

ass
failures of accum

ulated sedim
ent are com

m
only triggered by storm

 surges
and internal w

aves rather than by earthquakes as is com
m

on w
ith the

younger volcanoes. T
he transform

ation of these sm
aller landslides to

debris flow
s and turbidity currents effectively distributes the sedim

ent
t
h
r
o
u
g
h
o
u
t
 
t
h
e
 
T
r
o
u
g
h
.
 
T
h
e
 
r
e
l
a
t
i
o
n
 
o
f
 

these finer-grained sedim
ent types

to the larger debris avalanches and slum
ps can provide inform

ation on the
nature and age of landsliding; in turn, the effect of large landslides on the
shape of the flanks of the volcanoes can provide longterm

 controls on the
source and transport pathw

ays for the finer-grained sedim
ent.

A
 seism

ic reflection survey from
 K

auai to H
aw

aii indicates that the
northern T

rough is filled w
ith as m

uch as 2 km
 of m

aterial deposited in
four sequential stages (R

ees et al1993). From
 the bottom

 up these stages



P
elagic S

edim
entation

T
he C

retaceous crust as w
ell as the volcanic ridge built upon it in the

H
aw

aiian region is subject to slow
 and continual pelagic sedim

entation.
T

he rate of accum
ulation of this sedim

ent layer varies from
 place to place

and through geologic tim
e partly because of changes in the am

ount of
fine-grained sedim

ent derived from
 the grow

ing volcanic ridge. A
irborne

volcanic ash and w
ind-blow

n dust, fine-grained m
aterial stirred up by

subm
arine landslides, and m

aterial eroded from
 volcanoes and fringing

coral reefs all contribute. A
n understanding of the general rate of accum

u-
lation of pelagic sedim

ent can provide inform
ation on the age of the giant

landslides.
T

he sedim
entation rate on the H

aw
aiian T

rough and A
rch can be

d
e
t
e
r
m
i
n
e
d
 
f
r
o
m
 
s
e
d
i
m
e
n
t
 
t
h
i
c
k
n
e
s
s
e
s
 
o
n
 
t
h
e
 
l
a
r
g
e
 
N
o
r
t
h
 
A
r
c
h
 

lava flow

(N
orth of O

ahu, Figure 2), w
hich has been dated by m

agnetostratigraphy
of sedim

ent cores and the thickness of the alteration layer (palagonite)
form

ed on the surface of basalt glass exposed to seaw
ater (C

lague et al
1990). T

he rate of sedim
ent accum

ulation on the lava varies both w
ith age

and w
ith distance from

 the islands. A
t a distance of about 140 km

 from
the islands, som

ew
hat beyond the axis of the T

rough, the rate is 5.8 m
/m

y
for the period 1.7 to 1 M

a, and 1.8 m
/m

y for the period 1 to 0.7 M
a. A

t
a distance of about 180 km

 from
 the islands, near the axis of the H

aw
aiian

A
rch, the rates are less than half those determ

ined near the T
rough.

T
hese rates can be com

pared to those at the O
cean D

rilling Program
Site 842, 320 km

 w
est of the island of H

aw
aii on the A

rch. Since 3.5 M
a

an average rate of 3.8 m
/m

y, w
ith variations betw

een 2.5 and 11.6 m
/m

y,
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w
as determ

ined by relating rem
nant m

agnetization of the core to the
m

agnetic polarity tim
e scale (Shipboard Scientific Party 1992). Som

e of
the volcanic silt beds at this site, how

ever, have been interpreted as tur-
bidity current deposits generated by the large debris avalanches from
M

auna L
oa (G

arcia et al1992); turbidite deposition could account for the
short periods of higher sedim

entation rate.
A

 third m
ethod of estim

ating pelagic sedim
entation rates is by m

easuring
sedim

ent thickness on debris avalanches assum
ing that the landslide ages

approxim
ate the ages of the end of shield-building of their host volcano

a
s
 
d
e
t
e
r
m
i
n
e
d
 
b
y
 
K
-
A
r
 
d
a
t
i
n
g
 
o
f
 
l
a
v
a
 
f
l
o
w
s
 
(
C
l
a
g
u
e
 
&
 
D
a
l
r
y
m
p
l
e
 
1
9
8
7
)
.

T
he thickness of sedim

ent on the tops of hum
m

ocks, w
here turbidity flow

sedim
entation is m

inim
ized, w

ere m
easured on 3.5 kH

z echo-sounding
r
e
c
o
r
d
s
 
f
o
r
 
a
 
n
u
m
b
e
r
 
o
f
 
d
e
b
r
i
s
 
a
v
a
l
a
n
c
h
e
s
 
a
l
o
n
g
 
t
h
e
 
r
i
d
g
e
.
 
S
e
d
i
m
e
n
t

thickness system
atically increases tow

ard the older end of the ridge and
the rate approxim

ates 2.5 m
/m

y (Figure 9), w
hich is in general agreem

ent
w

ith other estim
ates described above.

T
he approxim

ate m
ean sedim

entation rate of 2.5m
/m

y can be em
ployed

to estim
ate the relative and absolute ages of som

e of the landslides w
here

sedim
ent thickness can be m

easured on the tops of hum
m

ocks provided
that other form

s of sedim
ent transport, such as turbidity flow

s, are not
im

portant. T
he A

lika-2 debris avalanche (Figure 5) is one of the youngest

1
3
6
 
M
O
O
R
E
,
 
N
O
R
M
 

A
R

K
 &

 H
O

L
C

O
M

B

are represented by 1. a basal pelagic layer, 2. a layer of volcanoclastic
s
e
d
i
m
e
n
t
s
,
 
3
.
 
a
 
l
a
y
e
r
 
o
f
 
l
a
n
d
s
l
i
d
e
 
d
e
b
r
i
s
,
 
a
n
d
 
4
.
 
a
 
f
i
n
a
l
 

l
a
y
e
r
 
o
f
 
t
u
r
b
i
d
i
t
e

and pelagic sedim
ent. T

he basal unit of pelagic sedim
ent 50-100 m

 thick
w

as deposited on the 80-M
a oceanic crust prior to flexural depression.

T
his slow

ly-deposited sedim
ent com

es from
 a variety of sources including

w
ind blow

n m
aterial, slow

ly settling fine-grained sedim
ent, and biogenic

debris. L
ayer 2 is bedded sedim

ent that fills the T
rough as it begins to

rapidly subside due to loading by adjacent dow
nstream

 volcanoes; m
uch

of this transport is by turbidity currents flow
ing along and across the axis

of 
the m

oat transporting sedim
ent from

 erosion and m
ass w

asting of older
i
s
l
a
n
d
s
 
i
n
 
t
h
e
 
c
h
a
i
n
.
 
T
h
e
 
t
h
i
r
d
 
l
a
y
e
r
,
 
w
h
i
c
h
 

locally constitutes the bulk of

the fill, includes m
assive volum

es of fragm
ental volcanic rock that rep-

resent an average of four m
ajor debris avalanche units, each up to 700 m

thick. T
he top layer of ponded sedim

ent in the deepest part of the trough
w

as apparently largely deposited by turbidity currents after volcanism
 and

subsidence effectively ceased.
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Figure 9 Sedim
ent thickness on top of hum

m
ocks of selected landslides as determ

ined from
3.5 kH

z echo-sounding records.
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T
urbidites

T
urbidity currents, w

hich generally flow
 dow

nslope on the flanks of the
ridge, are responsible for transporting large volum

es of fine sedim
ent

locally over great distances. G
eophysical evidence indicates that a large

proportion of sedim
ent in the H

aw
aiian T

rough 100 km
 from

 the ridge
axis consists of turbidites (N

orm
ark &

 Shor 1968). C
ore from

 an O
D

P
hole on the H

aw
aiian A

rch 320 km
 w

est of H
aw

aii contains turbidite
layers containing glass fragm

ents of a com
position sim

ilar to that of
M

auna L
oa volcano on H

aw
aii (G

arcia et al 1992); this suggests long
distance transport and upslope flow

.
Partly covering and extending dow

nslope from
 several of the landslides

are lobate areas that include a few
 to dozens of large lobate and crescent-

shaped w
ave form

s that resem
ble sedim

ent w
aves or dunes in G

L
O

R
IA

im
ages (Figure 10). W

e prefer the term
 m

ud w
aves, follow

ing the usage of
F
l
o
o
d
 
&
 
S
h
o
r
 
(
1
9
8
8
)
,
 
b
e
c
a
u
s
e
 
t
h
e
 

reflector character on 3.5-kH
z reflection

p
r
o
f
i
l
e
s
 
i
s
 
t
y
p
i
c
a
l
 
o
f
 

fine-grained sedim
ent. Flood &

 Shor (1988) also noted
that the term

 "sedim
ent w

aves" can be correctly used in describing m
ost

sinusoidal sedim
ent topography w

hich can include areas of subm
arine

slum
ps or even basem

ent-controlled topographic relief (e.g. see D
adism

an
et al1992). M

ore than tw
o dozen areas of m

ud w
aves have been m

apped
that are 5-75 km

 in length, and as m
uch as 100 km

 in w
idth (F

igure 2).
T

he long axes of the m
ud w

aves are generally parallel w
ith, and on the

dow
nslope extension of, the toe of landslides (F

igure 2). T
he w

ave fields
o
c
c
u
r
 
a
s
 
a
 
d
i
s
t
a
l
 
a
r
e
 

ole on the low
er part of debris avalanches so that the

axes of the w
aves are perpendicular to the m

ovem
ent direction of the

adjacent avalanche or are parallel to regional depth contours. T
he m

ud
w

aves are com
m

on in 4.5 to 5.2 km
 depth. W

avelengths range from
 1.5 to

3
.
5
 
k
m
 
w
i
t
h
 
a
m
p
l
i
t
u
d
e
s
 
(
a
s
 
m
e
a
s
u
r
e
d
 
o
n
 
3
.
5
-
k
H
z
 
e
c
h
o
 

sounding records)

o
f
 
1
0
-
3
0
 
m
.
 
T
h
e
s
e
 
d
i
m
e
n
s
i
o
n
s
 
a
r
e
 
t
y
p
i
c
a
l
 
o
f
 
m
u
d
 
w
a
v
e
s
 
p
r
e
v
i
o
u
s
l
y

described from
 a variety of deep-sea depositional environm

ents (N
orm

ark
et al 1980, F

lood &
 S

hor 1988). A
lthough individual w

ave form
s can

com
m

only be traced for 4- 10 km
, sm

aller ones that are not w
ell depicted

on G
L

O
R

IA
 im

ages probably occur. T
he w

avelength-to-am
plitude ratio

of the w
ave form

s is about 100 to 1 suggesting that their distinctive

for w
hich sedim

ent thicknesses are available. H
undreds of seafloor photo-

graphs in the distal hum
m

ocky debris field show
 a sedim

ent cover of only
a few

 tens of centim
eters (M

oore et al 1992), indicating a m
axim

um
 age

of several 100 ka. B
oth the C

lark and N
uuanu debris avalanches, w

hich
are southw

est of Lanai and northeast of O
ahu respectively (F

igures 1 and
2), carry about 9 m

 of sedim
ent atop distal hum

m
ocks suggesting that

both are about the sam
e age, roughly 3.6 M

a.

F
i
g
u
r
e
 
1
0
 
d
i
O
R
I
A
 
s
o
n
a
r
 
i
m
a
g
e
s
 
o
f
 

m
ud w

aves w
ith w

avelength of about 2.5 km
 on debri

avalanche on south flank of S
alm

on B
ank. E

ast-w
est lines are ship tracks that are about 3.

km
 apart. See Figure 1 for location.

appearance in the G
L

O
R

IA
 im

agery results from
 variation in acousti(

backscatter of sedim
ent types from

 the troughs to the crests of the dune!
and not to bathym

etric relief.
P

rom
inent chutes, w

hich appear to conduct sedim
ent dow

nslope frorr
now

 subm
erged islands and reefs, occur upslope from

 the w
ave form

s anc
m

ay be the principal feeding channels for the sedim
ent of the m

ud w
aves

M
ud w

aves are m
ore abundant along the w

estern segm
ent of the tidgf

(F
igure 2) and do not appear east of the island of K

auai (160° W
 long)

R
e
s
t
r
i
c
t
i
o
n
 
o
f
 
t
h
e
 
m
u
d
 
w
a
v
e
s
 
t
o
 
t
h
e
 
o
l
d
e
r
 
p
a
r
t
 
o
f
 
t
h
e
 
r
i
d
g
e
 
s
u
g
g
e
s
t
!

that they form
 slow

ly by ongoing processes (Flood 1988) after suffcien1
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i
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B
e
c
a
u
s
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m
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t
 
o
f
 

the
m

ud w
aves occur dow

nslope from
 now

 subm
erged islands that w

ere deeply
eroded and thickly capped by coral reefs, it is likely that nearshore pro-
c
e
s
s
e
s
 
a
n
d
 
p
e
l
a
g
i
c
 
s
e
d
i
m
e
n
t
 
d
e
p
o
s
i
t
i
o
n
 
o
n
 
t
h
e
 
u
p
p
e
r
 
f
l
a
n
k
s
 
o
f
 

the volcanoes
contributed the abundant sedim

ent necessary to construct the w
ave form

s.
T

his debris w
as perhaps added increm

entally by dow
nw

ard m
oving tur-

bidity currents that m
ust have sw

ept over broad areas in order to have
deposited and shaped the sedim

ent producing .the large coherent fields of
m

ud w
aves.

C
o
r
a
l
 
R
e
e
f
s

W
aning of volcanic activity at the end of shield building causes relatively

passive shoreline conditions that favor the grow
th and preservation of

coral reefs. T
he rapid subsidence of the volcanoes, resulting from

 the load
they im

pose on the lithosphere, drow
n the reefs as m

uch as several km
below

 sea leveL
. R

ecognition of coral reefs in G
L

O
R

IA
 sidescan im

ages
has perm

itted the m
apping of the form

er shorelines of now
 partly or totally

subm
erged islands (F

igure 2).
C

om
m

only, reefs post-date landslides because they grow
 and are pre-

s
e
r
v
e
d
 
o
n
l
y
 
a
f
t
e
r
 
t
h
e
 
e
n
d
 
o
f
 

vigorous volcanic activity, w
hich appears also

to be the prim
ary period of landslide m

ovem
ent. H

ow
ever, continued

investigations w
il no doubt reveal places w

here landslides have disrupted
coral reefs. In the cases exam

ined, the reefs lie on top of the upper part of
landslides and therefore the age of the reef w

ill provide a m
inim

um
 age

for landslide m
ovem

ent. For exam
ple, an unbroken -150 m

 subm
erged

reef at the head of the northern A
lika'landslide com

plex and the N
orth

K
ona landslide has been dated at 18 ka (M

oore &
 C

lague 1992) and hence
indicates that the K

ealakekua fault at the head of these landslides (Figure
5) and subordinate breakaw

ay scarps have been inactive since that tim
e

despite m
inor historic ground cracking (L

ipm
an et al 1988):

G
I
A
N
T
 
H
A
W
A
I
I
A
N
 
L
A
N
D
S
L
I
D
E
S

m
aps from

 the northw
estern P

acific reveal evidence for num
erous

scale landslides on the E
m

peror and M
ichelson R

idges as w
ell

seam
ounts of the M

apm
akers and the M

arcus-W
ake groups (S

m
(

K
i
n
g
 
1
9
9
2
)
.
 
L
i
m
i
t
e
d
 
m
u
l
t
i
 

beam
 surveys of the southern G

alapagos
. form

 reveal m
orphologic sim

ilarities w
ith m

ajor H
aw

aiian slum
ps ((

w
ick et al1992).
R

e-exam
ination of early G

L
O

R
IA

 im
ages has revealed large land

on the subm
arine slopes of the C

anary Islands and T
ristan de C

hum
had previously gone unrecognized (H

olcom
b &

 Searle 1991). Pei
m

orphology of the subaerial M
arquesas volcanoes coupled w

ith r
bathym

etric surveys has led B
arsczus et al (1992) and Film

er et al (
to propose m

ajor collapse of eight of the volcanoes.
In addition to these recent discoveries, giant landslides on m

any i
island volcanoes have long been suspected from

 topographic anon
both above and below

 sea level (F
airbridge 1950). Island asym

m
€

including broad em
baym

ents and high coastal cliffs, com
m

only 01
l
e
e
w
a
r
d
 
s
i
d
e
,
 
h
i
n
t
 
a
t
 
m
a
j
o
r
 
s
u
b
m
a
r
i
n
e
 
l
a
n
d
s
l
i
d
e
s
.
 
A
 
g
e
n
e
r
a
l
 
s
u
r
V
t

oceanic volcanoes led H
olcom

b &
 Searle (1991) to conclude that r

single landslides have rem
oved 10-20%

 of their source volcanoes,
that larger fractions have been rem

oved from
 a single edifice by m

ul
landslides. Large landslides have affected oceanic volcanoes ranging w

i
in size, geologic setting, and clim

atic environm
ent.
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Sixty-eight landslides m
ore than 20 km

 long are present along a 220(
s
e
g
m
e
l
t
?
f
 
t
h
e
 
H
a
w
a
i
i
a
n
 
R
i
d
g
e
 
f
r
o
m
 
n
e
a
r
 
M
i
d
w
a
y
 
t
o
 
H
a
w
a
i
i
.
 
S
o
m

the landslides exceed 200 km
 in length and 5000 km

3 in volum
e, ran

them
 am

ong the largest on E
arth. M

ost of these giant landslides i
discovered during a m

apping program
 of the U

. S
. H

aw
aiian E

xcllJ
E

conom
ic Z

one from
 1986 to 1991 utilizing the G

L
O

R
IA

 side-looJ
sonar m

apping system
.

T
w

o general types of landslides are present: slum
ps and de

avalanches. M
any interm

ediate form
s occur and som

e debris avalan(
form

 from
 oversteepened slum

ps. T
he slum

ps are deeply rooted in
volcanoes and m

ay extend back to volcanic rift zones and dow
n to

base of the volcanic pile at about 10 km
 depth. T

ension at the upper 1
is accom

m
odated by m

ajor norm
al faults as w

ell as by pull-apart structi
of the volcanic rift zones, and the low

er com
pressional regim

e is m
ar

by broad bulges, closed depressions, and steep toes. Increm
ental m

ovem
of a few

 m
eters on historic slum

ps has produced m
ajor earthquakes (m

L
arge-scale landsliding of m

arine volcanoes is not restricted to the H
aw

aiian
R

idge. M
any exam

ples have been recently discovered at other locations,
stim

ulated in part by the H
aw

aiian discoveries. M
ultibeam

 bathym
etric

surveys off the island of L
a R

eunion have supported the previously pro-
posed notion that the east side of the active P

iton de la F
ournaise volcano

h
a
s
 
f
a
i
l
e
d
 
b
y
 
m
a
s
s
i
v
e
 
l
a
n
d
s
l
i
d
i
n
g
 
(
L
e
n
 

at et al 1989). M
any features of

M
ount E

tna, both above and below
 sea level, have recently been explained

by gravitational spreading (B
orgia et al 1992). M

ultibeam
 bathym

etric
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plasticity probably enhance
basal m

ovem
ent of the upper part, and unconsolidated sedim

ent prom
otes

m
ovem

ent of the low
er part. D

ebris avalanches are thinner, longer, and
m

ove on low
er gradients than slum

ps. T
heir rapid m

ovem
ent is indicated

by the fact that som
e have m

oved uphill for tens of kilom
eters, and are

believed to have produced m
ajor tsunam

is. T
he debris avalanches left large

a
m
p
h
i
t
h
e
a
t
e
r
s
 
a
t
 
t
h
e
i
r
 
h
e
a
d
s
 
a
n
d
 
p
r
o
d
u
c
e
 
b
r
o
a
d
 
h
u
m
m
o
c
k
y
 
d
i
s
t
a
l
 

lobes
at their toes. C

om
m

only, m
ajor canyons have incised the am

phitheaters.
G

iant landslides have recently been discovered on m
any other m

arine
volcanoes w

here they also can be related to volcanic structure and eruptive
activity. It is now

 clear that large-scale collapses of the flanks of oceanic
volcanoes are as im

portant as the basic volcanic processes in determ
ining

the grow
th history and final form

 of the volcanoes. Future studies need to
obtain details of the m

orphology of the landslide deposits and the nature
of the transported m

aterial to learn about the landslide m
echanism

s and
t
h
e
 
i
n
t
e
r
a
c
t
i
o
n
 
o
f
l
a
n
d
s
l
i
d
i
n
g
 
t
o
 
t
h
e
 
v
o
l
c
a
n
i
c
 
p
r
o
c
e
s
s
e
s
 
o
f
 

the host volcano.

D
e
t
a
i
l
e
d
 
m
u
l
t
i
 

beam
 bathym
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