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Failure of volcano slopes

B. VOIGHT* and D. ELSWORTH*

Magmatic intrusions can initiate and sustain
massive and catastrophic volcano collapse, Their
rote is twofold, iovolving both driving and
resisting forces, First, flank stability is dimin-
ished by magmastatic and magma overpressures,
and steepened slopes, that accompany intrusion.
Second, excess pore pressures in potential fail-
ure zones can be generated as a result of
intrusion-related mechagical or thermal strain-
ing of the rock-fluid medium, pressurized retro-
grade boiling in high level magma chambers,
or hydrothermal fluid circulation. Also, earth-
quakes may aid collapse through inertial forces
and shaking-induced pore pressure generation.
These excess pore pressures reduce the sliding
resistance, as shown for wedge-shaped slide
blocks for selected cases. The destabilizing
influence of mechanically induced pore pres-
sures is maximized as the intraded width, or
corresponding overpressure, of the intrusion is
increased. The destabilizing influence of ther-
mally induced pore pressures is conditioned by
the severity of thermal forcing, ratios of ther
mal and hydraulic diffustvities, and the time
required for the fiuid pressure disturbance to
propagate ocutwards from the intrusion. Retro-
grade beiling and hydrothermal circulation
overpressure mechanisms may be evaluated by
similar models. Failure initiation does not imply
sustained failure; in some cases, enhancement
of pore pressures through deviatoric shearing,
friceional heating, or runout over compressibie
saturated allavium or marine sediments may be
necessary following slide initiation to maintain
the impetus of flank failure for long runout.
Models are examined for oceanic volcanoes of
shallow flank inclination and for terrestrial
composite volcanoes with considerably steeper
flanks.

KEYWORDS: Earthquakes; landslides;
mecharics; slopes.

rocksirock

Les intrusions magmatiques peuvent provoguer
et entretenir effondrement massil et catastro-
phique d’un velcan. Eles le font en faisant
intervenir 4 Ia fois des forces d’entrafnement et
des forces de résistance. Pour commencer, les
surpressions magmastatiques et magmatigues et
Paccentuation des pentes qui accompagnent
Pintrusion réduisent la stabilité des versants.
Deuxiémement, la pression des pores peut
devenir excessive dans les zones d’effondrement
potentiel sous Peffet des contraintes mécaniqaes
ou thermiques imposées an milieu roche-fluide
par Pintrusion, du bouillonnement rétregrade
sous pression dans les réservoirs de magma de
haut niveau, ou de la circulation du liquide
hydrothermal. Les séismes peuvent, eux aussi,
contribuer i Peffondrement en produisant des
forces d’inertic et des secousses qui font aug-
menter 1a pression des pores. Lexcés de pression
réduit la résistance au glissement, comme le
montrent les exemples de blocs de glissement
en coin illustrés dans Particle. Plus Pintrusion
est large ou plus la surpression correspondante
est forte, plus I’augmentation mécanigue de
la pression des pores a un effet déstabilisant.
Leffet déstabilisant de D'augmentatien thermi-
que de la pression des pores dépend de
Pimportance du refoulement thermigque, des
ratios de diffusivité thermique et hydraulique,
et du temnps de propagation de I'augmentation
de pression. On peut utiliser des medéles
semblables pour évaluer le bouillonnement
rétroprade et les mécanismes de surpression de
in circulation hydrothermale. D’amorce d’un
cfiondrement n’est pas nécessairement suivie
d'un effondrement eniretenu: dans certains
cas, Deffondrement des versants, une fois
amorcé, ne peut se poursuivre que si la pression
des pores augmente sous ['effet d’un cisaille-
ment déviateur, d’un réchauffement produit par
frottement, ou d’un écoulement sur des alin-
viens ou des sédiments marins saturés ef com-
pressibles. Let auteurs examinent des modéles
pour des volcans océaniques & pentes faibles et
pour des volcans terrestres composites a ver-
sants bier plus raides.
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INTRODUCTION

Volcano siope failures range from moderate sized,
localized movements of tephra deposits or rock to
enormous siope failures involving evisceration of the
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edifice {(Fig. 1}. Some rank among the largest mass
movements on earth, and are among the most severe
natural hazards that confront humankind. Terrestrial
avalanches of 1-10 km? in volume have travelied as
much as 100 kmy and have affected areas of up to
1500 km* (Siebert, 1984: Sicbert, Glicken & Ui,
1987). Some submarine landslides have been larger,
with volumes of up to 5000 km?, travel distances
exceeding 200 k. and depositional areas as great as
23000 km* (Moore, 1964; Moore, Clague, Holeomb,
Lipman, Normark, & Torresan, 1989). The full
spectrum of landslide types may occur, but for
convenience most initial movements can be divided
into block stides (translational} or slumps (rotational),
which ofien nvolve episodic fateral movement, and
in some cases evolve into unstable, mobile fows.
Debris avalanches are typical of such flows and are
characterized by the fast movement of Jarge volumes
of rock and debris fragments over great distances on
low-angle slopes (Voight, 1978, 1979; Moore er al.,
1989).

Over 17 major terrestrial slope failures have
occurred in the past 400 years, Avalanches accom-
panied by magmatic explosive voleanism occurred
at Mount St Helens, USA, in 1980: Shiveluch in
1854 and 1964 and Bezymianny in 1936, both
from Kamchatka; Harimkotan o the Kuriles in
1933: Augustine, Alaska, in 1883; and in Japan, at
Oshima-Oshima i 1741 and Komatage in 1640
{Voight, Janda. Glicken & Douglass, 1983; Sicbert
ef al., 1987). Avalanches accompanied by phreatic
explosive voleanism oceurred at Bandai, Japan, and
Ritter Island, Papun New Guinea, both in 1888;
Papandayan, Java, in 1772: and Iriga, Philippines,
probably in 1628, Nwmerous pigantic slump move-
ments and avalanches are also recorded for oceanic

islands, inciuding the cpisodically active, magma-
tically-nudged  fanks of Kilauea and Réunion
Island voleanoes. Large landslides on volcanic
cones bnaccompanied by coeval voleanism have
been relatively frequent, such as the 34 x 108 m?
Ontake debris avalanche, Japan, in 1894,

Avalanches may also cause catastrophic waves
from interaction with oceans or lakes {Slingeriand
& Voight, 1979; Sicbert er al, 1987), and ava-
lanche deposits may impound hazardous, short-
lived lakes {Costa & Schuster, 1988). Obviously,
collapsing veleanoes and associated explosions and
water waves are extremely hazardous. During the
past 400 years more than 20 004 peopie have been
Killed by avalanches or closely related events,
excluding labarg, which can be even more lethal.

This paper considers the various causes of
volecano collapse, and develops a generalized
mechanical analysis to establish the gualitative
significance of important factors leading o col-
lapse. The role of magma is explored in detail, in
refation to its direct influence on the driving forces
tending to destabilize the edifice. and also to its
indirect influence on pore fluid pressure distribu-
tion. The latter affects rock frictional resistance
and is shown to be at least of equal importance
as 2 destabilizing factor. Atiention is also given to
the important destabilizing role of seismicity, and
to the indirect rele of magma in cousing hydro-
thermal circulation and alteration. and intensive
fracturing,

CAUSES OF VOLCANO COLLAPSE
Voleano collapse is always produced by a2
combination of events or circumstances rather than

Fig, 1. Preferred emplacement of radial dykes nnd parasitic cones parallel to the direction of maximum horizontsl
compression {(MHC), producing clongation of the cdifice. Flank failure often occurs normal to this direction.
Intrusions of similar trend at high level within the edifice apply strong magmatic forces that promaote Hank failure

{after Siehert (1984) and Moriya (1980))
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any single process or cause, although in some
cases a specific action—perhaps overwhelming or
perhaps trivial, depending on whether or not the
mass is already on the verge of failurc—may set
the mass in motion (Voight, 1992). This final
action ‘triggers’ the cellapse, but is never the sole
cause. An additional complexity is that a ‘trigger’
process may operate in the shont term or with
delayed action.

Given the inherent characteristics of materials
and conditions, the additional causes of coliapse
can then by divided into factors that produce an
increase in shear stress and factors that contribute
to @ reduction in shear strength (Table 1). This is
the approach of Terzaghi (1930} for conventional
landslides {cf. Varnes, 1978; Voight, 1992). In
some  situations a giver action may contribute
simultancously to both a stress increase and a
strength decrease, but it is nevertheless useful to
separate the physical componenis in so far as
possible. Human-influenced factors are generally
reievant only to relatively smail events and are
neglected in this paper.

For small to moderate sized collapses, the
conventional  geotechnical approach  adequately
explains operational processes. Intense and vari-
ably-oriented jointing, and physiochemical factors
such as hydrothermal alteration to clays and base
exchange, may be particularly significant in re-
ducing shear strength (Hock, 1983; Barton &
Choubey, 1977). The conventional causes, such as
fuid pressure eahancement related to precipitation
or to seismic loading, are then superposed on this
gradually weakened material. Slope angle is clearly
an important factor in voleano collapse, as indi-
cated by the frequency of major slope failures on
steep composite voleanoes compared with shields
(Fig. 2; Sicbert, 1984).

In some cases, a combination of causative
factors reinted to landslides may operate more or
less uniformly over a broad territory. Thus in
Ecuador in 1988 {(Bellomi & WMorris, 1991), a
regional  earthquake created  regional  dynamic
joading of slopes previously saturated by tropical
rainstorms. The result was extensive landsliding
over @ vast region. In other cases, the interaction of
several factors may make certain areas more shide-
prone than others. Ground subjected to on-average
slow (steady or episedic) creeping motions, due to
a nearly-critical ambient balance of shear stress
and streagth, is potentially hazardous. Such ‘slow’
around movements may further reduce the strength
in the zone of shear, and may aiso produce open
surface fractures that in turn cause increases in
water content and the establishment of destabiliz-
ing water pressurcs, This can lead to substantial
failure of saturated ground--a type of failure
especially dangerous due to the potential for high
mobility and rapid motion.

ROLE OF MAGMA IN VOLCANG COLLAPSE

For very large voleano sector movements, the
mechanical problem is not vet resolved. In some
cases a magmatic driving force seems clearly
involved, and indeed the role of magma can be
decisive, inasmuch as it directly or indirectly
influences many ‘causes’ that increase shear stress
and ‘causes’ that decrease shear strength; inspec-
tion of Table 1 demonstrates the complexity and
significance of magmatic invelvement. In the
remainder of this paper the role of magma is
explored in detail.

A strong preferred orientation of the axes of
composite volcano avalanche scars has been ob-
served normal to the dominant dyke dircction (Fig.
1; Siebert, 1984; Moriva, 1980). Sicbert also noted
that in Japan, which has the highest documented
number of voleano avalanche scars, a much higher
percentage of volcanoes with parailel dyke swarms
have formed avalanche calderas than have vol-
canges facking a dominant direction of dyke
orientation. Elongation of the volcanic edifice also
occurs parailel to the dyke trend (Moriya, 1980).
Similarly, at Stromboli volcano in the Aeolian Arc,
Italy, where the whole history of volcano growth
involved a dominant NE-SW orientation of dyke
injection and fracturing, comprising a rift zone,
three flank collapses followed a preferential NW
sliding direction {(Romagneli & Tibaldi, 1994).

These data suggest that a ‘dilational effect” of
parallel dyke swarms, often related to the regional
tectonic  stress directions, can be an  important
factor in major voleanic slope failure. We interpret
this effect mainly in terms of the magmatic driving
force normal to high-level magma intrusions of
the same trend within the edifice, rather than to
difational strains associated with intrusions at low
level or beneath the edifice.

At the Kilauves shield volcano, Hawaii, dispiace-
ment and seismic events on the south flank take
place soon after magmatic intrusive activity,
indicating that the displacement is caused by
forceful intrusion in the rift zones, and is not the
cause ¢f passive intrusion (Swanson, Dufficld &
Fiske, 1976). Thus the injection of dykes, or other
intrusive forms, provides a clear mechanism to
assist the initiation of debris avalanches or deep
flank slip. by creating a magma wedge that severs
the updip attachment of the potential slide block to
the volcanic cone, and cxerts substantizl magma
pressure on the head wall (Voight, 1972, 1974,
Guewa & Kehle, 1978; Prosika, 1978). The basic
idea is very old and may be traced to James Hall
(1815). A magmatically augmented driving force
hos been proposed as a cause of lateral slip in
Hawaii (Lipman, Leckwood, Okamura, Swanson &
Yamashita, 1983; Dieterich, 1988), although for
Hawaii the mechanisms both of failure and of long
runout have appearcd ‘mechanically enigmatic’
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Tabte |, Causes of volcano collapse

Inherenr causes

1. Initial composition

2. Texture—loose, perous, weak materials are slide-prone

3. Bedding attitude relative to slope face

4, Layering sequences in relation to strength and permeability

5. Discontinuity systems—ifaults, joints, dykes, bedding planes

6. Slope forming process history, movement history. bedding slip and fault slip history and erientation of movement
7. Initial physicochemical setting: conditions of weathering and alteration
8, History of seismicity and seismic damage

§. Ambient {seasonal) groundwater conditions

C

1.

auses that increase shear stress
Removal of lateral or underlying support of slopes
(1) Erosional processes producing, steepening, or undercutting natural siopes
(h) Prior mass movements
{c) Phreatic explosions near base of siope

2. Static londing
(a} Natural deposition—slope or river sedimentation, tephra, lava
(b} Weight of water added by natural precipitation or by exsoived volatiles
{c)} Seepage pressures and joint water pressures
{dy Magma pressure
{g} Swelling pressures in expansion ciays

3. Dynamic ioading
{a) Regional or local tectonic earthquakes
{4} Vibrations from volcanic earthquakes, explosion and eruptive processes
{¢) Vibrations from adjacent, rapidly-moving landslides

4. increase of surface siope
() Magma-intrusion-related deformation (cryptodomes)
{6) Repional 1eclonics (slow or episodic change)
(¢} Stope changes due to depositional processes

Causes that reduce shear strength
1. Physicochemical factors
{a} Hydrothermal alteration
(b} Softening of clays
(¢} Hydration of clay minerals
{d} lon exchange of clays
(¢) Weathering
{f) Solution of grain cement
{g) Decomposition of organic materials
{h) Physiocochemical fracturing

!U

Pore fluid pressure enhancement

{a) Heavy rainfall or rapid snowmeit

(b} Changes in groundwater flow regime

(¢} Pore-pressuse changes in aquifers adjacent to magma intrusion, due to poroelastic deformation, thermat
expansion, or separation of gas from magma chambers

(dy Pore-pressure changes due to hydrothermal processes

{¢} Thermal expansion of pore fluid due to frictional slip

(/) Vibration-induced pore Buid pressure rise

(g) Shear deformation-induced pressure rise

(&) Consofidation seepage induced by surcharge

(/Y Base level change in reservoirs, lakes or oceans

(/) Fiow boundary coadition changes (e.g. iced or plagped flow egress poinis)

(k) Enhanced giacier melling due o increased peothermal flux

3. Changes in struclure
(#) Disturbance, remoulding
(b Particle reorientation due to slip or dynamic loading; peak to residual strength loss
{¢} Grain collapse in altered, weakened tephra deposits
{d) Fracturing and loosening of vailey walls, stress relief, etc.
{e) Deep-seated fracturing associated with magma intrusion, stress relief, geothermal processes, physiochemical
alteration
{f} Adjustments to groundwater Bow paths; slope drainage enhanced or impeded
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Fig. 2. Stope angle of Quaternary volcances associated with major flank failure

because of frictional resistance {Iverson, 1991).
Thus even a formidable magmatic driving force is
insufficient to cxpiain movements of a block
kilometres thick and 102 km long on a relatively
flat slope with conventional friction coefficients.
As subsquently demonstrated, the situation for
stratovolcanoes may be less severe than for shieid
voicanoes because of the steeper slopes.

The problem for Hawaii is partly analogous to
the ‘overthrust problem’ posed by structural geo-
logists a generation ago {(Hubbert & Rubey, 1959,
Voight, 1976), and the resolution proposed is
similar—in order to enable movement of a slide
binck of the appropriate dimensions, it is necessary
to reduce drastically the frictional resistance of
the ba:al slide plane. The most likely mechanism
for this is by enhanced pore fluid pressures in
conjunction with the Terzaghi principle of effective
stress.

The guestion that next arises is how to explain
the required rise in pore fluid pressure. Iverson
{1992, 19935) considered several conditions “under
which large scale failures might oceur’, includ-
ing gravity driven hydraulic gradients, sea-level
changes, and gravitational consolidation due to a
growing volcano mass, possibly in combination
with magma pressure, He concluded, however, that
these mechanisms were insufficient to cause large-
scale failure, and therefore 'a simple guantitative
explanation for the failure of Hawaiian volcano
flanks remains elusive’.

The authors hypothesize that the pressurization
of pore fluids accompanying magmatic intrusion
can be a sufficient addi”’ »nal trigger mechanism
for volcane collapse (Voight & Elsworth, 1992).
The fluid pressurization mechanisms direcily asso-
ciated with magmatism include

(@) pore pressures developed mechanically in
porous elastic media around rapidly-intruded
dykes

{h) thermal expansion of aquifer pore fluids heated
by intrusions or {more efficiently) by eruption
feeder dykes, accompanied by long-distance

lateral pressure transmission within the aquifer
{c.g. Delaney, 1982)

pressurized volatile separation in high-level
intrusions, in association with cooling, crystal-
lization, and retrograde boiling processes,
leading to hydrofracturing and/or ‘steam-drive’
pressure transmission in adjacent or super-
jacent aquifers,

{c})

Other mechanisms may be indirectly associated
with magmatism

(e} hydrothermal system overpressurization mech-
anisms, producing piezometric head exceeding
hydrostatic

{e) shaking-induced pore-pressure generation, by
volcanic {(or tectonic) earthquakes.

Thus magma intrusions can have two effects: to
increase the driving force by way of direct magma
pressurization or intrusion-related seismic inertial
force, and/or to decrease the resisting force by way
of fluid pressure enhancement. Pore pressures due
to poroelastic deformation may be more rapidly
transmitted than those due to thermal expansion or
degassing (Elsworth & Voight, 1992, 1995}, but
the latter processes may be longer lasting and
ultimately more effective in provoking volcano
collapse. These mechanisms are not hypothetical,
as pore fuid pressurization in association with
volcanic activity has been observed or monitored
at several localities (Bjornsson, Kristjdnson &
Johnson, 1977. Stefinsson, 1981; Watanabe,
1983). The episodes of fluid pressurization cited
above appear to have resulted from the mechanical
and thermal strain fields induced in saturated
porous volcanic materizls by magmatic intrusions.

Such pore pressure components may act addi-
tively on potential basal failure planes, with the net
effect of decreasing Terzaghian effective stresses
and censcquently decreasing the frictional resis-
tance to failure. In addition, pore pressures
generated by intrusions may trigger or amplify
moderate to large earthquakes, and these in turn
may further aid the processes of flank slip through

~w A
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shaking-induced pore pressure generation, and
ground szcceleration that augments the driving
force. The interaction of these processes is illus-
trated schematically in Fig. 3.

These agents of pore-pressure generation pro-
vide a rational, and quantifiable, means of sustain-
ing the reduction in basal shear strength, even as
the driving forces provided by magma pressuriza-
tion ultimately drop as flank displacement occurs.
Other mechanisms acting within the volcano, such
as indirect magmatically related hydrothermal
alteration weakening and pervasive fracturing and
deformation of the edifice, may also contribute o
initial collapse. Mechanisms such as shear-induced
generation of pore pressures (Skempton, 1954),
frictional-heat fluid pressurization (Voight & Faust,
1982), and limited lLiquefaction due to granular
collapse of weak altered tephra deposits may also
act following slide initiation to maintain the im-
petus of flank failure and accelerate the process.

The role of these mechanisms in initiating and
sustaining failure is now examined.

MODELS FOR PORE FLUID PRESSURE
GENERATION
Pore fluid pressures mechanically generated by
intruding dvke

Magma intrusion within a saturated porous
medium induces strains in the host medium. These
strains cause changes in pore fluid pressures that
may dissipate with time, a behaviour that may be
approximated by a moving volumetric dislocation
(Cleary, 1977, 1978; Rudnick:, 1981). This ap-
proach has been applied to the pore pressure fields
that were induced by intrusive evenits at Krafla
volcano, Ieceland (Elsworth & Voight, [992).

The volumetric dislocation may be a moving
point or line dislocation, representing the geo-

Rif{ zone

magmatism

Fluid
pressure
rise

Thermally

induced pore
pressures

Mechanically induced pore

Dyke

injection

earthquake

pressures

sliding resistance

driving force

Fig. 3. Influence of dyke intrusion on flank stability. Intresion indoces
mechanical and thermal (or hydrothermal) strains that eperate on fundamen-
tatly different time-scales. These strains, or pressurized volatile separation,
induce fluid pressures that may precipitate shallow or decp-seated failure by
reducing shiding resistance. Similarly, the magnitude of seismic energy release
and its associated destabilizing influences may be enhanced by mechanically or
thermally induced pore pressure mechanisms, and by foreeful intrusion
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metries of pencil or semi-infinite planar dykes
respectively. The pore-pressure distributions for
these idealizations bound the behaviour of inter-
mediate geometries.

For both the pencil and scmi-infinite planar
dykes, the induced pore fluid pressures reach a
steady state when viewed relative to the migrating
disiocation or dyke front. The velecity of dyke
propagation is important in defining the morphol-

Velogity U

ogy of the induced pressure bulb around the dyke
front; the physical situation differs considerably
from the case where instantaneous intrusion is
assumed. For brevity, the planar form is selected as
most representative of the geometry of an intruded
voicano flank.

For a planar dyke migrating in the x direction
and of infinite extent in the v plane (Fig. 4}, the
steady pressure distribution developed around the

Jornrrnnanarnenrn -

Fig. 4. Geometry for an advancing dyke front at xp =0 and with a co-prdinate system that migrates with the
moving dyke front. The dyke width is w and the front maves with velocity UL Mechanically induced pressures are
desired on a plane inclined at o deprees to the horizontal z~axis. The limits of integration are the extent of the

plane, given as 0 to /p and ~3p to +ldp
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advancing dislocation front is given as {(Elsworth &
Voight, 1992)

B = K3 (UpRp)ev™ 8y

where K7[x] is the modified Bessel function of the
second kind of zero order and the mechanicaily
generated dimensionless pressure PJ is controlled
by the dimensionless intrusion velocity Up and
geometric variables Rp and xp illustrated in the
geometry of Fig. 4. These variables are defined as

P o= 27[([7 _ps)f

Uw  n @
{xp, ¥p, 2p) = }j:(x, ) (4
Rp =5+ (5)

The parameters that make up these dimensionless
groups are width of the intruded dyke w, initial pore
fluid pressure p,, total pore fluid pressure fellowing
intrusion p, propagation velocity of the dyke front
U, permeability of the porous medium £, dynamic
viscosity of the saturating fluid u, and hydraulic
diffusivity of the porous medium ¢. An arbitrary
length parameter ki, defined in Fig. 7, represents
the diffusive length scale and comprises the block
crest height above sea-level or above the toe of the
failing block. The pore-pressure distribution re-
mains constant with time, relative to the co-ordinate
sysiem that migrates with the dislocation front.

Of primary interest is the distribution of induced
fluid pressure on a plane inclined relative to the
dyke. For failure of a plane section within the yp-
zp plane, the pressure distribution of interest is
that on trace fp inclined at angle « with respect to
the =zp direction {Fig. 4). The normalized trace
length is £} = yf) + zf, with Ip = I/k,. The angle is
defined as positive counterclockwise from the
positive zp axis. The uplift force Fyp acting along

this trace is given by integrating the pressure
distribution of equation (1)

+-§-:f
Fom =J x {(p —p)dldx

-§d
'{‘iﬁ'p Tn
= WDUD}'-;]@J ; J PTS dip dxp {6)
~5dp 1
where
U Y A
Wp = — s
k R}’whs

and the non-dimensional block width dp is defined
as d/hs, where d is the real block width (see Fig. 4
and 8) and &, is the height of the block crest above
sea level or the block toe. Dimensionless dyke
thickness is represented by wp since, for a given
intrusion location, all other parameters are fixed
material properties. It is aiso possible to evaluate
the length, 737, required such that 95% of the
maximum uplift force is realized

jos 2186

RZ o — 7
L™ Upcosa )

Where the dimensionless trace length is sufficiently
large that /p conforms to the requirements of
equation {7), the dimensionless uplift force may be
determined as itlustrated in Fig. 5.

Pore fluid pressures thermallv generated by an
intrusion

Thermal loading due to intrusion emplacement
induces fluid pressures in host rocks. A one-
dimensional model may be used to evaluate the
approximate pressure distribution on a trace in-
clined at any angle « to the dyke orthogonal. A
simplified expression is available from Delaney
(1982) for the case where thermal transport is
diffusive and results from the application of a
temperature change of magnitude AT applied at

w |
10 ¥

80 3
10 r

r

of

;;;;; A, ERUS ]

Normalized uplt force £ cos of W,

" A 1 i Ak
1070 10°0 '

ata sl
3020

FEETN] i 1 J
10'° 10'° 16°° 105°

Dimensionless block widlh oy,

Fig. 5. Integrated uplift force Fp, as a function of dimensionless dyke width dp and
dimensionless intrusion rate Up (evaluations assume /p — oo and the distribution is

not truncated along the length)



FAILURE OF VOLCANIC SLOPES 9

z=zp = 0. Under this condition, the change in
dimensionless pressure P}, due to thermal effects
alone is given as

PL=erfe (92) (8)
p

where D is the tatio of the thermal diffusivity and
advective hydraulic diffusivity of the medium and
tp is dimensionless time, with other parameters
defined as

v (P _ps)
PD - K},A*D (9)
KN
e
p = 1 (in
i

5

and Ky is the undrained bulk skeletal modulus of
the solid, A* is thermal strain AT, @ is the
coefficient of free thermal expansion, » is thermai
diffusivity, n is porosity, t is time, ¢ is hydraulic
diffusivity and zp is the dimensionless lateral
distance from the intrusion, as zp = z/h,.

This study ignores the convective transport that
results from thermal strain, from transfer of pgas
exsolved from magma into groundwater, or from
the fluid pressure gradients mwechanically induced
by intrusion. These assumptions appear reasonable
for a porous medium where pressure gradients
remain  moderate and Peclet numbers remain
considerably less than unity, where Peclet number
is the ratio of advective to diffusive thermal fluxes.
This condition may be violated close to the
intrusion, where the thermal front may induce
large pressure gradieats and where mechanical
strains may be large (Yiinen & Elsworth, 1991).
However, the assumption of diffusive-only trans-
port yields a lower pressure change than actual,
suggesting that slopes may be less stable than
evaluated through this analysis.

The diffusion-induced pressure rise represented
in equation (8} is appropriate only for small
magnitudes of the material parameters A* and D
(Delaney, 1982). For the geological systems under
consideration D is much less thar unity. The
thermally induced fluid expansion in the porous
medivm, a5 conditioned by 4%, is sufficiently large
that the original assumptions engendered in egua-
tion (8) may be violated. However, comparisons
between complete and simplified representations
suggest that the underprediction of pressure in the
simplifed system is less than 20% (Delaney, 1982),
and Hthostatic limits on maximum pore-pressure
magnitudes will reduce this differential further.
Therefore the simplified representations of ther-
mally induced pore pressures are considered

appropriate for a first order estimate of uplifi
force, as follows

@ 1
Fo=dA*Ksy/ st

A CosU

(i2)

or in non-dimensienal form by dividing through by
v h2, yielding

B An In 1

Fn _dDWTDW (;.-:) cosa (13)
FEd

ap =Kol (14)
Vs

where the new dimensionless groupings represent
the fluid volume pgenerated by the temperature
change Ap and the ratio of thermal to advective
hydraulic diffusivities D.

Pore fluid pressures generated by retrograde
boiling

A body of hydrous magma emplaced within
colder host rocks loses heat to its surroundings.
As cooling and crystailization proceed, volatile
separation occurs according to the reaction: HoO-
saturated melt — crystals + volatile phase. An
associated increase in volume is directly pro-
portional to the H,O content at saturation, and
inversely proportional to pressure. At shallow
depths such volume increases are large (volume
increase > 15% for depth <4 km, for a dacite
{granodiorite) magma with 2-7 weight % HxO
{Burnham, 1979)). Thus HsO-pressure can aiso be
large, limited only by the strength of wallrock in
tension. Under rigid confirement water pressures
could theoretically attain several thousand bars,
but the tensile strength of wall rocks is at most
several hundred bars, and this places a practical
upper limit on the achievable magnitude of fluid
pressures,

As a consequence of the above, a complex
overlapping network of hydraulic fractures sur-
rounds the magma body. Each fracture is propa-
eated more or less radially from the cooling
magma, with the direction of local fracture propa-
gation related te local trajectories of principal
stresses and to material anisotropy, both of which
may be complex.

For high-level intrusives, such pressurized hy-
drofractures may intersect confined aguifers, and
could generate pressure transfer within these aqui-
fers. A one-dimensional model may be used to
evaluate the approximate induced pressure distribu-
tion, much as reckoned for the case of thermal
loading. In more extreme cases, with appropriate
stress  distribution and anisotropy, hydrofracture
orientation may become subparatiel to the potential
surface of sliding. In this case the pressurized
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hydrofracture may itself become a component of
the sliding surface.

Due to these various complications, the general
representations  of uplift force due to thermally
induced pore pressure, as described above, are also
considered adequate for a first-order estimate of
behaviour for the ‘retrograde boiling” mechanism.
The analogy is approximate and is considered with
this limitation in mind. Under extreme circum-
stances, the associated fluid pressure may be great
enough to cause frictional resistance to vanish
along the shide plane,

Pore fluid pressures generated by hvdrothermal
svstems

Hydrothermal eruptions occur where the vapour
pressure of geothermal fluids exceeds the boiling
pressure for a given temperature. The same con-
ditions create subsurface overpressures that can
contribute to voleano collapse,

Typically, pressurization occurs where the con-
vective flow of peothermal fluids is impeded by
a relatively impermeable cap. The cap is often
formed in host rock by silica or carbonate
precipitation from geothermal fluids. The vapour
pressures of geothermal fluids are also significantly
dependent on concentrations of disselved CO; and
H.S, as well as H:0O (Wohletz & Heiken, 1992).
Because their sublimation temperatures are lower
than for water, vapour pressures can be increased
to several tens of bars more than the pore water at
any temperature (Kieffer, 1982; Nelson & Giles,
1983).

Exampies are shown in Fig. 6, afier Hedenguist
& Henley {1985) and Wohletz & Heiken (1992).
The first involves a shailow hydrothermal reser-
vair at 200 m depth, with temperature 195°C. The
second is for a reservoir twice as deep, with
temperzture 230°C. In both models a scaled
caprock has developed at 100 m depth.

As a resull of cap sealing, fluid flow is diverted
but vapour accumulates below the cap and above
the Hquid-water surface table, and gas pressure
from greater depth is transmitted to the cap. For
the shallow reservoir, the transmitted gas pressure
marginally exceeds lithostatic pressure. For the
decp system, gas pressure can exceed lithostatic
pressure; this pressurc is sustained by the strength
of the reservoir and cap rock. In both cases, the
fluid pressures are in excess of hydrostatic, and can
contribute to slope failure if the overpressured
system develops under a sloping ground surface.
The critical locus of failure is expected in weak
layers underlying the cap seal. Transfer of over-
pressures to higher weak layers in the system is
also possible, if the caprock seal breaks by
chemical dissolution, preliminary landsiide move-

Pressure: MPa
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Fig. 6. Pressure—depth relations for hydrothermal re-
servoirs uwnder an impervious cap at {00 m depth.
Pressures with depth of rock overburden (lithostatic),
cold vapour-unsaturated water (hydrostatic) and hot
vapour-saturated water (saturated Hguid) are indi-
cated, The saturated liguid curve shows vapour
pressure traasmitied from a hot underlying reservoir
The first model for shallow reserveir at 195°C shows
pressurization history by a dashed line (A-A'). A
gradeal buildup eof vapour pressure under the
impervious cap conrtinues until its failure, at which
time steam may erupt through a eonduit with choked
flow and emerge at atmospheric pressure {dotted line).
For the second muodel (B-B’) of o deep reserveir, the
transmitted vapeur pressure greatly exceeds lithostatic
pressure gt the cap. Ensuing eruptions may be
overpressured and supersenic as they emerge from a
vent (dotted lime), with vent crosion causing the
entrainment of lithic ejecta in expanding fiuids. In
either case, fluid pressures beneath the cap equal or
exceed lithostatic pressure, and promete volcane flank
failure; stope failure would be accompanied by
hydrothermal  eruptions that could influence the
evolution and final confipuration of the avalanche/
eruption scar

ments (creep rupture), seismogenic fractures or
hydrofracturing.

Hydrothermal  {phreatic) eruptions can  also
occur with caprock failure. Siope failures triggered
by hydrothermal pressurization will rupture and
unload the hydrothermal system under the caprock,
and thus promote a hydrothermal eruption that may
be quite violent, depending on the thermodynamic
conditions and level of pressurization.

This may have been the circumstance at Bandai
volcano in Japan in 1888, where a series of violent
hydrothermal cruptions, the last projected almost
horizontally, accompanied retrogressive slope fail-
vre and the emplacement of a 13 km® debris
avalanche (Sekiyva & Kikuchi, 1889). The ava-
lanche buried several villages and blocked river
drainages to form five new lakes, and over 450
people perished,
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Pore fluid pressures and strength reduction
generated by seismicity

Field observations and laboratory tests have
demonstrated that earthquake shaking can cause
parc water pressure to build up in a satarated
material as a resuft of mineral particles being
rearranged with a tendency toward closer packing.
If the water cannot drain from the material during
straining, gravity loading is transferred from the
mineral skeleton to the pore fluid, with a conse-
quent reduction in the capacity of the material to
resist shear loading.

Several mechanisms can account for loss of
strength of slopes as a consequence of earthquakes,
First, if the strained material remains at constant
volume, failure can eccur only if the material is
sufficiently loose for its steady-state undrained
strength to be less than the value required to hold
the applied forces in equilibrivum. This has been
termed a type I undrained stress—strain behaviour,
defined by a peak followed by a steady-state
strength that is lower than its pre-shear consolida-
tion vajue of shear stress {Castro & Poulos, 1977).
A progressive failure can oceur with no volume
change.

Type Il stress-sirain behaviour under undrained
monotonic shear consists of the resistance rising to
a steady-state value after large strain. The pore
pressure may decrease to counteract the tendency
of the material to dilate. In such materials cyelic
loading may cause permanent strain and downslope
movement, but at the end of transient joading the
static stress is less than the peak shear resistance,
and movements will be asrested.

Second, if effectively impervious material over-
lies a granular layer such as tephra, the granular
layer as a whole must remain at constamt volume
during undrained cycling loading. However, grains
broken or rearranged by cyclic straining may settle
individually,. With major changes in  structure,
granular settling may result in the development
of a water film near the upper fayer interface.
Slope failure could obviously be aided by such a
condition.

The process invoives inhomogencous redistribu-
tion of void ratic within the granmufar layer
loosening of the upper portion and densification of
the lower portion. causing local upward segrega-
tion of water. The result is a drastic reduction in
the steady-state undrained strength, and vanishing
strength if a thick water film develops at the layer
boundary and sustains the full weight of over-
burden. In the limit, frictional resistance may
wholly vanish along the sliding surface.

Such a redistribution of void radio has been
observed in laboratory tests (Castro, 1975; Gilbert,
1984), and this mechanism may have led to the
major slope failure in 1984 at Ontake volcano,
Japan, triggered by the WNaganoken-Seibu earth-

quake {Oyagi, 1987; Voight & Sousa, 1994). Here,
changes in void ratio within a porous tephra layer
were aided by hydrothermal weakening of pumice
lapilli; cyclic loading could have ruptured the
weakened pumice particies, causing collapse of the
granular skeleton and segregation of water layers,
Rapid acceleration to high velocity occurred in this
mobile, long runout slide.

Third, excess pore fluid pressures in selected
granular layers will tend to diffuse into surround-
ing materials, thus alse reducing their shear
resistance. The pore pressures migrate more
rapidly than would be calcuiated by simple diffu-
sion through granular pore space, due to enhanced
permeability from pressure-enlarged fractures. Ex-
ccss pressurcs may also cause hydrofractures and
clastic slurry intrusions inte adjocent cohesive
layers, as well as ‘clastic volcano’ extrusions,
The result of this process is a general reduction in
strength of a large volume of material. Thus in
addition to decrease of the totai shear rtesistance
along potential failure surfaces, global changes of
void ratio occur in materials  surrounding  the
granular layers in which the excess pore fluid
pressure originated. Under such circumstances the
transformation of apparently strong, initially cohe-
sive materials into 2 mobile avalanche may occur
rapidly, as for instance observed for slope failures
at Mount St Helens (Voight er al, 1983) and
Ontake volcanoes (Voight & Sousa, 1994).

MODELS FOR SLOPE FAILURE
Geomenv

Translational displacement of a single wedge
(Fig. 7) is an approprate mode of failure
{Dieterich, 1988; Iverson, [991), and is emphasized
ity this study. The wedge is bounded at the rear by
a planar dyke, of height /,, and at the base by a
potential failure plane of arbitrary inclination «.
For oceanic volcanoes the slope geometry incor-
porates a sca level, at height A below the apex of
the slope, and a groundwater surface climbing
from sea level st an angle €. The slope angle is
defined as f and the geometry is characterized by
wedge width o (Fig. 8). For subaerial volcanoes, /1
is reckoned to the toe of the slide wedge.

These geometric  parameters determine  the
magnitude of forces acting on the free-body of
the wedge. For oceanic velcanoes the pressure
applied to the wedge by scawater is assumed to
vary lincarly with depth and is given by the
product of depth below sea level and unit weight
of water y,. The total force acting normal to the
submarine surface of the wedge is defined as F;
{Appendix 1). The uplift pressures acting on the
base of the wedge are defined by the hydrostatic
heads acting at the dyke contact and toe. These
magnitudes are defined according to Fig. 7 as by
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Groundwater surface
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Fig. 7. Generalized geometry for limit equilibrinm analysis and identification
of parameters. Al quantities are defined as positive. a i5 negative for shallow
faiture, as treated in this paper. Forees acting on the system are block weight
M, seawater pressure F,, magma force Fy, overpressured magma force F,
static groundwater force F,,, and induced pore-pressure forces that resuit from
mechanical Fpn and thermal F,, strains. V {(and ifts counterforce V') are
effective forces nermal te the fnifure surface. The total force driving wedge
movement is S, and the mobilized resisting force is T

and ay,, respectively; the difference in unit weights
of seawater and freshwater are negligible and are
ignored. A linear variation in uplift pressure
contributes to the static uplift force F,. This is
reasonable for inclined failure planes that ‘day-
light” well below sea level, but less realistic for
those that daylight at sea level. For the latter, a
parabolic distribution would be moere appropriate.
With the linear distribution the resnlting calcula-
tion yields a slightly higher factor of safety than
for the parabolic distribution,

The analysis is defined in terms of effective
stresses, The total stress distributions illustrated in
Fig, 8 are used to determine the magnitude of the
lateral force F) resulting from earth pressure at rest.
For simplicity, intrusior-induced pore fluid pressures
are not subtracted from the assumed total stress
distribution, although static groundwater pressures
are. This stmplification yields slopes that wili be
generally less stabie in reality than predicted.

The average unit weight of the material
comprising the failing wedge is defined as y,.

The strength along the potential failure surface is
assumed to be characterized by a single value of
friction angle ¢. Where the cohesive strength of
the material is significant, as for instance for the
linear approximation of a segment of a non-linear
shear strengith  against effective normal  stress
relationship, this may be readily incorporated by
using an ‘apparent’ friction angle ¢, with zere
cohesion. The effective frictional resistance will, in
general, be normal-stress dependent, and must be
averaged over the length of the basal failure plane.

Lateral magma pressure from a planar dyke
intruded behind the buttressing wedge is decom-
posed into two components, The first is the lateral
pressure resulting from the static magma column,
assumed to vary linearly with depth. The lateral
force resulting from the static column F,; is given
as Fm:%hf)fm, where ¥, is the unit weight of
magma (Voight, 1974). Tn addition to the hydro-
statically generated pressures from the magma
column, magma ‘overpressure’ may exist 1o drive
conduit flow {Rubin & Pollard, 1987). Such magma
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Fig. 8. Block geemetry illustrating forces including lateral forces F and block
width 4. The influence of side restraint in resisting failure is evaluated in terms of
effective stresses. The proposed fluid pressure distribution is integrated over the
triangular face of the block and subtracted from the integrated total stress. All
lengths are as defined in Appendix 1

overpressures generate an additional lateral force
Fue for simplicity assumed constant with depth,
defined a5 Fao = imPo, OF Fao = fimhoym, where
P is the magma overpressure and /i, is the
‘equivalent excess height’ of the magma column
corresponding to the overpressure magnitude. The
resulting lateral force Fy, is defined as the sum of
the two components, e, Fp o= §(Fune + Fio) 85
§ == 1/2 where the magma loading is applied over
half of the rear block scarp for the mechanically
induced pore pressures (Fig. 4) and over the full
block width for thermally induced pore pressures
as £=1.

Pore fluid pressures mechanically induced along
the base of the wedge by the dyke intrusion
process are given by equation (6). For this case,
Fon 15 & maximum when the leading edge of the
dyke is in the centre of the slide block, and thus
Fa is applied to haif the block. Thermal pore
pressure magnitudes are defined in eguation (12).
This idealization also approximates the potential
influence of pore fluld processes induced by
retrograde boiling, hydrothermal pressurization, or
seismic shaking. Qualitative approaches for these
conditions are also considered below.

Stability analysis

Resolving forces parallel to the basal failure
plane in Fig. 7 enables the total force driving
outward wedge movement to be determined as S.
This force is opposed by the resisting shear force

mobilized ajong the basal failure plane and lateral
boundaries of the wedge. The width of the failure
biock is d. For simplicity, the mobilized shear
force T is defined purely in terms of the "apparent’
frictional resistance ¢, as

Niang
F

where F is the factor of safety against failure and N
is the effective force normal to the failure surface.
At failure, the components of the outward disturb-
ing force § and the mobilized shear force T are, by
definition, equivalent. Thus, setting the ratio 775 to
unity enables the factor of safety for the slope to be
defined as

F

tan ¢
where the normal, N, and shear, S, components
acting on the basal plane, and on the sides of the
failing wedge, can be resolved from Figs 7 and 8 (for
simplicity, the same frictional angle ¢ is assigned to
basal and lateral failure planes). Resolving the
components normal and parallel to the failure plane,
and resubstitution into equation {16), gives

M cosa+ Frsina + Foeos(f 4+ «)

7= {i5)

N
S (1e)

Fo - Fpy — For = Fps + Fy
tang  —Msing + Fpcosa — Fosin(f + a)
(17}

where the overbar denotes the non-dimensionai
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magnitude of the forces. Forees acting on the wedge
are made dimensionless by dividing throughout
by }fwlrg. M is the weight of the failing block, Fi,
is the composite lateral force generated by the
combined magma column pressure and magma
overpressure, Fy is the ‘downward’ force on the
wedge resulting from loading by seawater, Fipp is
the uplift force for pore fluid pressures mechani-
catly generated by dyke intrusion, F, is the uplift
force supplied by the thermal or hydrothermal
mechanisms or by pressurized volatiles released
from high-level magma chambers, Fj, is the force
resulting from the static groundwater pressure and
Fi is the lateral {side) force due to the effective
lithostatic pressure. This lateral foree is defined in
terms of K, the coefficient of earth pressure at rest,
given by the ratio of horizontal to veriical effective
stresses (Lambe & Whitman, 1979). The distribu-
tion of solid body and pore Auid forces acting the
failing block is defined in Fig. 8 and summarized in
Appendix i, For the subaerial case h, is measured
to the tee of the wedge, and F, due to scawater is
2010

The peak-induced pore fluid pressure is trun-
cated where it lecally excceds lithostatic stress.
This pressure control implies the behaviour of a
flexible, rather than rigid, sliding mass.

Controls on stabifity

From eqguation (17), the minimum set of
dimensioniess coefficients that describe the stabil-
ity of the isothermal system may be determined as

F

tan ¢
. Yo v P d Ay Uh,
BB R SR R, =
j(a ﬁ Yu Vw hs hs hs o 1D 2c
(i8)

iIn determining F/tan ¢, the inclination of the basal
plane « could be optimized to determine the criti-
cal magnitude ¢, that defines the minimum factor
of safety F for homogeneous materials. However,
stratigraphy and structure control the distribution of
strength, and hence selected inclinations of the
failure plane that are compatible with the volcano
structure and  stratigraphy should be used to
evaluate stability. An upper bound results. since
failure modes that seem kinematically more critical
are excluded by the overriding influence of weak
layers.

Additionally, the parameters 8. @, Yin/Yw. ¥o/Pw
and Ky are commonly constrained by relatively
well-defined Hmits for many examples and may
usually be cstimated with some confidence. Eight
primary variables remain that controt behaviour.
Two represent the variable geometry of failure
through Aw/he and d/h,, to define the depth and

width of the failure plane respectively. The mech-
anical influence of the dyke is represented through
the dimensionless dyke width wp and the dimen-
sioniess dyke propagation rate Up. Where ther-
mal effects are included, the system is additionally
controfled by the dimensionless groupings of para-
meters

AKpD K 4t

: v T 19
}f“.hs i I If: ( }

representing the magnitude of the thermal foreing
Ap, ratio of thermal and hydraulic diffusivities D,
and time fp, respectively. Finally, where the influ-
ence of magma overpressure is added to the system,
the additional variable representing excess magma
column height, h, = A, must also be accommo-
dated.

Flank slip runout

The above analysis describes only the potential
to initiate failure, and not the ability of the system
to sustain failure, as required for long runout
Sustainable failure requires that the ratic of
stabilizing to disturbing forces remain less than
unity following initini failure. The components of
forces driving flank failure are represented in the
denominators of equation (17). The influence of
slide weight M and forces due 10 sea level Fy does
not change substantially under limited movement
of the block. However, the driving influence of
magma pressure will dissipate with displacement
of the wedge.

The key components arce the forces that act
direcily on the shear resistance ¢ of the basal and
lateral failure planes, One influential factor in-
volves the concept of residual strength; the residual
or large-strain strengths for both indurated and
non-indurated rocks are lower than the peak
strengths mobilized at failure. Thus, once failure
is initinted, strength drop occurs; under favourable
conditions this drop may be sufficient to sustain
failure in displacement-weakening materials, This
gencrally implies that pore pressures are also not
critically reduced as a result of failure and the
consequent reorientation of stresses about the
ruptare plane, and indeed several viable mechan-
isms exist to raise or to maintain Auid pressures, as
follows.

(ay Pore pressure response Ap may be guantified
in terms of stress changes where the stress
tensor is decomposed into independent com-
poncnts that represent changes in the ‘mean’
stress Aogs zand ‘devistoric’ stress Aoy — Ao,
The Skempton pore pressure  relation
{Skempton, 1954} defines such pore-pressurc
changes in terms of the pore-pressure coeffi-
cients A and B as Ap= BAm + A(Aoy —
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Acgy). In particular, granular materials and
clays with a loose, unstable structure may vield
at failure a pore pressure in excess of the
applied ‘deviatoric’ stress, ie. 4 > 1. Altered
tephra may also exhibit this characteristic
(Anma, Maikuma, Yoshimura, Fujita & Okusa,
1988; Voight & Sousa. 1994). In dense
sranular materials and fractured rocks, local
difation that accompanies rupture may yield
negative magnitudes of the pore pressure
parameter (Goodman & Ohnishi, 1973); this
would tend to arrest failure. The A parameter
is not a constant material property, but depends
on state of stress, stress history, total strain,
and other factors, For sensitive materials and
A > 1. the overriding outcomes of the process
are a reduction in mobilized strength, an
increase in pore pressure, and a corresponding
reduction in mobilized restoring force.

{h) Pore pressure enhancement may occur as a
consequence of frictional heat released during
shear rupture propagation and basal slip
(Voight & Faust, 1982, 1992} The process
tends to reduce resistance to sliding and to
sustain faiiure.

{¢) Secismic shaking can cause pore fluid pressure
enhancement, inveolving ‘liquefaction’ or ‘cye-
lic mobility’. Under appropriste conditions,
these pore pressures dissipate only stowly, and
failure is sustained.

{¢ly For oceanic voleanoes, the sudden amdrained
loading of the ‘unstable’ marine sediments
surmounted by the toe of the displacing
voleano flank is fikely to result in a profound
drop in slide shear resistance. With further
displacement of the flank, progressively more
of the basal shear resistance of the displacing
biock is borne on these weak sediments, and
an accelerating instability may result. Accel-
cration impties that resisting forces remain less
than driving forces. As speed increases, sub-
marine  hydrodynamic drag augments the
resisting force and places limits on accelera-
tion, velocity and runout,

(e) For subaerial slides, rapid undrained loading
of saturated alluvium and slide debris may
provide similar mechanisms of fluid pressurc
generation  (Hutchingon & Bhandari, 1971;
Hutchinson, 1986, Sassa, 1988 Voight &
Sousa, 1994).

(f} Friction-reducing fluid pressures may develop
as a consequence of the transformation from
simple basal sliding to bulk flow of debris.

These mechanisms are not quantified in detail
here, but it is observed that under appropriate
conditions they may be sufficient to sustain failure,
Therefore large runowt. post-failure displacements
are not regarded as enigmatic, and prodigious, long

runout terrestrial or submarine landslides are not
unexpected provided voicane collapse is vigorously
initiated,

COLLAPSE OF OCEANIC VOLCANCES

Collapses have been recorded for many oceanic
volcanoes. Seventeen gigantic volcanic mass move-
ments have been identified from Kaua: to Hawati,
as summarized in Moore er al. (1989), and about
40 more have been found along the Emperor
Seamount Chain from Kure Island to Kauai
{Holcomb & Secarle, [993). Similar phenomena
are known from the Indian Ocean at Réunion
Island (Duffield, Stieities & Varet, 1982; Lénat,
Vincent & Bachelery, 198%; Labezuy & Lénat,
1990), and at Trnstan da Cunha and the Canary
Islands in the Atlantic (Holcomb & Searle, 1993),
Arcuate margined atolls, often with corresponding
buiging submarine contours, probably also reflect
submarine volcano collapses and are reported from
the Centrai Pacific in the Makin, Kuria, Aranuka,
Gilberts, Carolines, and Marshails, as well as from
stratovolcanoes  in the Banda Sea {Fairbridge,
1950).

Both rclatively shallow and deep-seated failures
have been recognized in the submarine surveys.
Deep-seated *slump’ failures comprise a deep basal
failure plane, relatively flat and sometimes dipping
in the opposite direction to the overlying flank.
Such failures may cause rapid but limited dis-
placcment and may sugment the carthguake record
but, duc to the gecometry of the basal plane, are
incapable of sustaining long runout.

The shallow failure model, emphasized in this
paper, 15 characterized by a failure plane sloping in
the same direction as the volcano flank and can
produce the rapid, long runout debris avalanches’
evident in the bathymetric record {Moore er al.,
1989). The term ‘shallow® is used here in a rela-
tive sensc. in comparison with the dimensions of
the volcane edifice. Such shallow  slides may
indeed produce prodigious mass movements, in-
volving volumes as great as 5600 km® and reach-
ing more than 200 km from their source.

Typical oceanic volcanic structure is shown in
Fig. 9. A basal prism of submarine pitlow basalt
and intrusives is covered by a mantie of glassy
clastic debris and subaerial basait flows (Hill &
Zucca, 1987). The enveloping geometry for
analyses presented here is a flank rising at an
angle § of 10° from the sea fioor with the static
groundwater surface rising from sea level at an
angie § of 2° Material parameters are given in
Table 2. Some estimates of frictional resistance ¢
are provided in Table 2. but as the results of the
analyses arc reported through the normalized
quantity /tan¢, the results are not constrained
by the cstimates provided. At the initiation of
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Fig. 9. Cross-sections illustrating oceanic volcanie is-
lands in submarine, sea-level and subaerial stages of
evolution (repreduced from Moore & Fiske, 1969).
Patterns indicate rock types: ovals, pillow lavas with
included pillow fragments and sediment; lined pattern,
clastic vocks, including phreatic-explosion ash, littoral-
cone ash and flow-foot breccia and seme pillewed flows
and pillowed breccias; dark pattern, subaerial iava
flows with minor ash; solid biack, intrusive rock. Note
centrast between submarine and subaerial slopes,
continnation of clastic laver beneath subsaerial shield,
and downbewing of sea floor by subsidence caused by
voleanic loading. Dyke swarms may occur deep within
the edifice, overprinted on pillow favas

faiture, F— 1 and values of Fftan¢ are of the
order of 1-9 to |-2 for friction angles ¢ of 28° and
40° respectively.

Basic modelling considerations

For shallow flank failure in the absence of
induced pore pressure change but in the presence
of a magmastatic force F,, siability is conditioned
only by lateral restraint, width of the failing block,
and depth and angle of the basal failure plane. All
other parameters are constrained by the assumed
geometry, and the narrow ranges of the density
parameters, defined in Tables 2 and 3. The
geometry of the systemn constrains the dip of the
failure surface to less than the surface slopes; for
uniform materials a critical inclination of ¢, = 6°
is evaluated for large dimensionless widths dp = o/
h,. Using this failure plane inclination, stability is
evaluated for different magnitudes of lateral earth
pressurc coefficient Ky and depth of failure fin/h,
(Fig. 10). Where the effects of lateral restraint are
discounted (Kp -+ 0), ¥ is apparent that very
shallow failure {say o/l = 1) is casiest to initiate
due 1o the diminished influence of the stabilizing
force due to loading by seawater Fi At increasing

Table 2. Material parameters sclected as representa-
tive of mechanical and thermal properties of volcang
flanks

Parameter (reference™) Magnitude
Siope height above sea 1600 m
fevel by
Shear modulus G (1) 3 x 0P Mma
Poisson ratio v {2) 0:22-0-28
Frictional resistance T 20°-60°

Coefficient of carth pres- 05
sure at rest Ko (3)
Usit weights
Water y.
Rock y (4)
Magma ym (35)
Velcaniciastic debrist
Permeability &/u {6}
Hydrauhic diffusivity ¢
(6}
intrusion width w (7)
Intrusion rate U (8)
Fractured laval
Permesbility e (9)

10 % 197% MPa/m
23-29 x 107 MPa/m
26-28 x 1072 MPa/m

-2 x 107 m?/Pas
T70-1530 m*/s

1 x 107N m
0-27-0-75 m/s

1-65-7:2 x {0~
m/Pas

Hydraulic diffusivity ¢ 1-5-65 x 10°¢ m%/s
Intrusion width w {10} Im
Intrusion rate U (11) 0§03 my/s

Thermal parameters
Thermal strain A1 (1) 091
Skeletal modulus Ky, (12) 0412 x 10° MPa

Thermal diffusivity x 10% m¥/s
()
Porosity n (12} -05-0-2

* References: |, Davis cited by Rubin & Pollard (1987)
2. Rubin & Pollard {1987); 3, cstimated from Dieterich
(1988); 4, Zucca & Hill {1980), Zucca, Hill & Kovach
(1982), Rubin & Pollard (1987 3, Decker {(1987) 6,
Sipurdsson (1982); Bodvarsson, Benson, Sigurdssen,
Stefansson & Eliasson (1984) 7, Tryggvason (1980,
Elsworth & Voight (1992} 8, Brandsdottir & Einarsson
(1979}, Elsworth & WVoight {1992); 9, Thomas (1987),
Mink & Lau (19903 10, Delaney & Pollard (1981}
Rubin & Pollard (1987) 11, Delaney & Pollard (198i)
12. Delaney (1982).

+ Possibly ¢ may be close 1o, or Jower than, the lower
limit of the range where clays dominate the key strati-
graphic horizon. Lower range values ase representative of
clays and mudstones, including altered tephras. Upper
range values are representative of anguar granular debris
or weak rock. and include the effect of cohesion on
apparent friction angle.

T Volcaniclastic datz are based on swdies ai Krafla
volcane by authors cited; lava data are based on studies
in the Hawaiian Eslands by authors cited.

& Unbracketed value represents  observed  thickness.
Bracketed value represents thickness estimale consisient
with parameters used in the ecvaluation of intrusion-
induced fluid pressures. See discussion in text,

1| Magnitude of hydraufic diffusivity is estimated from
e = k)G — v - 21} to give representative value
for incompressible fluid and grains (Rice & Cleary,
1976). Parameter Tange obtained using v = (25 and shear
medulus ¢ and permeability k/p ranges given in the
tabie,
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Table 3. Dimensionless parameters used in evaluation
of mechanically induced pore pressures

Dimensioniess Parameter Reference§
grouping™ range
}'m-‘l}'w 26
}'r"}'\\‘ 23
Volcaniclastic debris
wpt 2:5-30 x 16° i
(254 x 10 2
Upl 011
Fractured lava
wéi‘ 1-1 x 107}
Ukt 0417 = 1073

* Dimensioniess parameters of width wp and intrusion
veloeity Up are defined in equations (6) and (3) re-
spectively.

¥ Magaitude of wp is cstimated from the material
coefficients and geometric parameters of Tabie 2. The
upper bound magnitude is representative of a | m wide
dyke, and the jower bound is for a 1077 m wide dyke
consisient with the parameter evaluations of Elsworth &
Voight (1992},

1 Estimate uses permeability and hydraulic diffusivity
parameters for the two voleanic environments, with other
data from Table 2. An intrusion velocity of -5 m/s is
considered representative of both Jcelandic and Hawaiian
cruptions.

§ References: 1, Elsworth & Voight {1992); 2, Tryggvason
(1980} and Delaney & Pellard (1981).
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Fig. 1%, Normalized factor of safety for failure of an
oceanic voleane flank in the initial condition with
static groundwater conditions. Results are for the
critical failure plane inclination of a; = —6° and for
contrasting failure heights /r,/, of 1 (dashed) and 10
(solid). Variable values of coefficient of carth pressure
at rest Ky

depth this stabilizing influence increases faster than
the buildup in driving force from the magma.
The influence of lateral restraint decreases as
dimensionless block width dp = d/h, increases. For
an increasing depth of failure, an increased fail-
ure width is necessary to emable the problem to
be approximated by two-dimensional rather than

three-dimensional form. For lin/hs = 10 the re-
quired width becomes prohibitive, even for rela-
tively modest values of K, (Fig. 10). For shaliower
systems {fip/h, = 1), the value of Kp is less eritical
(Fig. 103. [n the environment characteristic of
volcanoes, sub-lithostatic magnitudes of laterai
stresses are generally expected (Rubin & Pollard,
1987; Dieterich, 1988); Ky =03 is presumed
reasonable. In the absence of an initiating mechan-
ism, and with nominal wvalues of frictional
resistance ¢), the representative wedge character-
ized by Fig. 10 is expected to remain stable.

Pore fluid presswres mechanically generated by
intruding dvke

Where mechanically induced pore fluid pres-
sures are added to the static behaviour, control is
exerted by two additional parameters: dimension-
less intrusion rate U and dimensionless dyke
width wp (see cquations (3) and (7)). Fieid-test-
based estimates of permeability and hydraulic
diffusivity are provided for two representative
materials: compact, partly altered basaltic volcani-
clastic debris, and fractured, weathered basaltic
lava (Table 2). For the slope geomeiry of Hawaii,
dimensionless intrusion rates Up are in the range
[o—t-10°,

The dimensionless rate of intrusion influences
the morphology of the pressure bulb that develops
around the advancing dyke front (Elsworth, 1991).
As Up increases to and beyond 10% the pressure
bulb becomes eiongated along the path of pro-
pagation {r-axis; see Fig. 5). For Up > 10" the
resulting pressure bulb is no longer elongate but
exhibits a circular section in the x-z plane. As
the intrusion rates anticipated for this system
straddle the boundary between these two different
forms of bechaviour, both effects arc manifest in
the stability response. With regard to stability, the
relevance of this observation is that Up > 10°
results in induced pressures more tightly con-
strained close to the dyke lecation. Slower propa-
gation results in a more widespread distribution of
pore fluid pressures over the failure plane, and
although of lower absolute pressure magnitude, the
influence exerted on stability is more widespread.

Whereas dyke propagation rate primarily influ-
cnces the distribution of induced pore pressures,
dyke width, through wp, controls the absolute
magnitude of induced pressures. In the original
matching of induced pressures observed at Krafla
volcano with the model presented in equation (1),
a low estimate was returncd for dyke width. This
discrepancy occurred despite satisfactory evaluation
of other parameters of propagation rate U and
dyke location. Where the same techniques are used
to characterize the form of hydrofractures created
in the stimulation of petroleum reservoirs, a similar
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underestimation of the fracture volume results
(Elsworth & Piggott, 1992}, The disagreement
between the “evaluated’ velume and ‘real’ volume
apparently results from the influence of the free
surface that is not accounted for in the solution
for & dislocation in an infinite medium {Ouyang,
1994}, The effect of the free surface, to dampen
the magnitude of the induced pore pressure
response, becomes more acute as the dyke ap-
proaches the free surface, as was the case for
Krafla. The dichotomy may be resolved by using
a range of parametrically consistent values of
material  parameters. Thus values in the range
107 = Uy = 10% and 107 < wp = 10" are sclected
for volcamiclastic material, and Up = 107 and
107% = wp = 10° are selected for rock-mass lava,
to compare trends in behaviour (Table 3).

Figures 11(a) and 1i(b) rcpresent behaviour
consistent with failure in volcaniclastic materials.
For the upper bound of Up =10 as represented
in Fig. 1Ha). a variety of trends are apparent. For
very smail dyke widths {(wg = 107"} there is no
influence of mechanically induced pore fluid
pressures and the trend in decreased stability with
increased width follows directly. As dyke width is
increased above 10, the influeace of mechanically
induced pore fluid pressures monotonically in-
creases. For narrow blocks, the stabilizing effect
of lateral restraint dominates behaviour. For inter-
mediate magnitudes of dyke width, say wp = 104,
the stability curve exhibits three distinet zones.
separated by cusps. The first zone is for dimen-
sionless block width o = 10" and illustrates the
rapidly diminishing influence of lateral resiraint
with increased block width, For this large magni-
tude of Up the induced pressure distribution is
elongate and the mechanically induced uplift force
Fun increases in direct proportion to width. Thus
for small block widths. dy < 10!, the pressure
distribution is effectively identical in all paralict
sections in the y-= plane (the plane of cross-
section: see Fig. 4) but for a second zone delimited
by 10! sdp=2x 10° an increase in stability
occurs gradually with increased block width. This
rate of gain in stability is reduced as the block
width approaches the upper lmit of its range, In
this zone the uplift force increases less quickly
than block width as the ends of the elongate
pressure distribution are felt inside the expanding
arca of the failure surface, This is especially
prenounced for Up > 10° where the centre of the
pressure distribution lags behind the advancing
dyke front (Elsworth. 1991}, Thus, the uplift force
increases at about half the rate of increase in
dimensioniess block width o)y as the true three-
dimensional nature of the distribution beccomes
apparent between the limits of integration. The
third zone is for dp =2 x 107 and represents
constant uplift force Fpn as widih increases. At
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Fig. 11. Normalized factor of safety for failure of an
oceanic volcano flank with mechanically induced pore
pressures resulting from dyke intrusion. Basal failure
Mane is inclined at @ = —6° fifh, = 1. For voleuni-
clastic materials: (a) Uy = 10" () Up =10"". For
fractured lava: (¢} Up = 1877, The observed range of
dimensionless dyke widths are shown (solid), as ure
those larger than observed (dotted)

these block widths the pressure pulse is entircly
contaired within the lateral extent of the fuilure
planc and its relative influence diminishes as
(f[) — Q.
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The presence of a minimum stability for wp in
the range 10° 10 (0% is important. For values of
Fhan ¢ approaching 2 the slopes may be approach—
ing the initiation of failure (i.e. for ¢ =27° then
langh 22 05 and Flian¢ = 2, consequently F =2
x 0522 1; and by definition, at failure, F = ). The
range of failure widths at these minima are dp of
the order 2-10, representing block width d = 2
13 km for the selected geometry with fi; = | km.

As dimensionless dyke prepagation rate s
decreased to Up = 107%, representing a propaga-
tion rate of 10~ m/s (if hydraulic diffusivity is
heid constant), the stability of the system is
substantially reduced even for moderate values of
dyke width (Fig. 1i(b)). Similar trends in beha-
viour are evident as for the ‘faster’ intrusion,
although minimum factors of safety are dimin-
ished. Thus mechanically induced pore pressures
appear theoretically sufficient to trigger failure to
block widths of as much as 100 km.

For material parameters possibly representative
of fractured basaltic lava (Fig. 11{c})). the influence
of mechanically induced pore fluid pressures
appears insignificant. Thus for this mechanism,
faijure in voleaniclastic materials appears plausible,
but failure in fractured lavas does not.

In addition to magmastatic disturbing forces,
additional magma overpressurization of the order
of 10 MPa may sometimes occur (Rubin & Pollard,
19873, and may reduce the stability of flanks. A
comparison of Fig. 12 with Figs 11{a) and 11(b)
illustrates the potentially important influence of
magma overpressurization on stability.

Pore fluid pressures thermally generated by an
infrusion

Thermal strains and thermaily driven ground-
water flow may generate and spread additional
excess fluid pressures. Although dyke-generated
mechanical and thermal mechanisms are additive,
the occurrence of maximum influence from each
mechanism is unlikely to coincide in time. Thus,
the thermal influence is examined in isolation.

Using the thermal parameters defined in Table
2, the appropriate ranges for the dimensionicss
parameters of thermal forcing Ap, diffusivity ratios
D and fime 1y are determined (Table 4). The
magnitede of thermal strain A* resuiting from a
prescribed temperature boundary condition is rela-
tively insensitive to the choice of depth or thermai
rise magnitude (Delaney, 1982, Table 4). The
parameter with the widest natural vardability in
the constants 4p and D remains the ratio of
thermal to hydraulic diffusivities D, representing a
material property rather than the magnitude of the
thermal forcing. The time-scale of interest includes
representative vaiues of i h, 4 days and approxi-
mately 1 year {400 days).

For the parametric groupings representing the
least destabilizing thermal effect, the influence on
stability is barely discernible (Fig. 12). Conversely,
the selection of maximum thermal forcing has a
profound influence on stability. For this choice of
parameters, the thermally induced pore pressures
are sufficient to induce failure in time periods over
several days to months. This medel requires that
the continuous temperature boundary condition at
the dyke face is maintained by a replenished
supply of fresh magma over periods of this same
order. This condition may be roughly consisient

100 S A with a feeder dyke, but not with a *blind’ dyke that
1 N\ R fails to reach the surface, or one that is active only
e 80k th™ /= for a brief period. The sustained discharge of water
g i - l:‘:hemal ] in 1973 observed from a deep drillhole about 2 km
T . from an crupting fissure at Heimaey, Iceland,
= 50 -
T 1h, 4 days ADWDOUE
] i 1 year D= 02 1
e Table 4, Dimensionless parameters wsed in evaluation
E [* 4 days, of thermally induced pore pressures
< oaal 1yea, l Fractured lava ] - -
= 24 <l 4 days Dimensionless Parameter
1 D 02::10‘J {:ﬂfaf grouping range
00 s 0 e R
01 10 10:0 1000 woes A 24-0-008 ,
. . ! D 0-2 % 107°-200 % 1G~
Dimensiontess block width o o 0014, 14, 144 x 107%%

Fig, 12. Normalized factor of safety for faflure of an
oceanie voleana fHank with thermally-induced pore
pressures resulting from intrusion, Comparison of
minimum (dotted) and maximum  (sofid) thermal
forcing parameters, Analysis includes mapmastatic
forces. Basal failure plane is inclined at @ = ~6°. Also
included is the behavipur where the magma driving
force is removed (dushed) following the initintion of
block movement

* The broad parameter sange of Ay is conditioned mainly
by the variabifity of hydraulic diffusivity. as represented
in the ratio of thermal and hydraulic diffusivities D,
Change in thermal forcing anticipated at depth is re-
flected through the parameter A¥ == wAT (see equation
(9) and Table 2) which remains relatively insensitive to
the magnitude of temperature increase.

T Dimensionless times represent dimensional times of 1 h,
4 days and 400 days.
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probably reflects this mechanism augmented by
volatile heat transfer (Bjérsson er al, 1977).
Under such conditions, thermal straining of the
host rock appears a viable agent to raise pore
pressures in confined aquifers, and to initiate flank
failure in zones of weak materials.

Following failure, the ensuing small displace-
ments may result in a significant decrease in the
magmatic driving forces acting on the wedge.
Unless the induced basal pore pressures are
sufficiently large to maintain the instability, failure
will arrest. A limiting case for flank stability is
illustrated in Fig. 12, where the driving magma
force is removed; here the factor of safety relates
to the period after the imitiation of movement, and
its low value illustrates the potential of this
mechanism fo sustairn motion.

Retrograde boiling, hydrothermal processes and
earthquake-induced strength loss

Results for thermal forcing are roughly similar
to those obtainable for 2 constant pressure aquifer
boundary and diffusive pressurization, associated
with pressurized volatiles released by retrograde
boiling of high level magma chambers. In the most
extreme case, volatile injection may occur along
weak strata interfaces, providing a film of virtually
zero steength. Thus under appropriate conditions,
retrograde boiling appears to be a viable agent to
initiate flank failure in zones of weak, permeable
materials.

Similarly, hydrothermal systems or earthquake
shaking may induce profound strength loss, and in
the limiting cese the induced pore pressures can
fuily match overburden lithostatic stress. In certain
cases, discrete water films can develop, with
virtually zero strength.

The mechanical situation for these extreme but
nevertheless plausible cases approaches that shown
for maximum thermal loading in Fig. 12. Failure
is again controlled by edge loading, thus block
widths dp > 1 can be generally expected, even
where basal surface strength vanishes.

The destabilizing effect that results from the
combined influence of magmatically or seismically
induced pore fuid pressures may be determined
by considering the effective time-scales of these
processes. Pore pressures mechanicaily induced
by dyke propagation are typically short-lived, and
may be expected to be important over periods of
kours to days. Thermal effects take longer to
establish, and for the geometry considered in these
examples, time-scales of weeks to months appear
more appropriate. Thus the effects of these two
compenents are not necessarily additive, but are
better considered as separate mechanisms. How-
ever, seismic-induced pore pressures may be
produced over broad areas in minutes, but in some

cases may have a duration of months, depending
on the materials and boundary conditions. The case
of retrograde boiling is generally comparable to
thermal loading unless hydrofracture siil (horizon-
tal injection) propagation foliows potential sliding
surfaces, in which case the loading may be nearly
instantaneous. Consideration of separate mech-
anisms ieaves the resulting stability analysis as a
conservative evaluation.

Seismic influence on driving forces

The capability to develop earthquakes of sig-
nificant magnitude is a natural consequence of
magmatic intrusion, potentially involving both
magmatic driving force source mechanisms and
pore fluid pressurization mechanisms. Where pore
fluid pressurization mechanisms are activated, the
resulting seismic enetgy release may be much
larger than that potentially released for the similar
case with mapgmatic driving forces, but lacking
pore pressure enhancement (Voight & Faust, 1979).
The effects of seismicity induced in this manner,
or from regional tectonic earthquakes, are manifest
in the potential reduction in shear resistance in
adjacent materials subject to porosity change and
liquefaction, and also through the destabilizing
influence of strong motions. Earthquake forces are
ciearly capable of augmenting the load driving a
potential slide mass (Parseau & Voight, 1979;
Keefer, 1984; Hutchinson, 1987). Quantitative
evaluations of stability include analyses requiring
detailed time history of acceleration records and
properties of materials (typically non-linear and
hysteretic) under dynamic loading (cf. Newmark,
1965, Ambraseys & Sarma, 1967, Seed, lee &
idriss, 1969; Seed, 1981). The alternative and
standard procedure is the pseudostatic method
{Taylor, 1948; Terzaghi, 1950; Seed, 1979), which
despite some limitations offers & simpie and ofien
adequate means to cvaluate the sensitivity of slope
behaviour to seismic loading. This latter procedure
has been used for stability analyses at Mount St
Helens volcano (Voight ef al, 1983) and is also
used here.

The stability of shailow failures is examined for
slopes subjected o a uniformly distributed effec-
tive lateral acceleration O of the order of Ol g
to 0-2 g, acceleration magnitudes consistent with
sizeable earthquakes characteristic of voleanoes.
The 1975 Kalapana carthquake (A4,7:2) and the
1983 Kaoiki {M6-6) earthquake are typical of
Hawailan events of sufficient size to cause
structural damage and to influence the stability of
shatlow slopes (Tilling, Koyanagi, Lipman, Lock-
wood, Moore & Swanson, 1976; Buchanan-Banks,
1987; Ando, 1879).

The influence of lateral acceleration on stability
is judged from s pseudostatic influence on the
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limit equilibriumn relation of equation (17). The
components of the lateral acceleration are resolved
perpendicular and parallel to the failure surface,
Correspondingly, the numerator term of equation
{(17) is transformed as Mcosc —->_A7!(cosa+
dsina} and the denominator as ~Msinag —
—M{sina — dcosa). The pseudostatic effect in-
creases the outward destabilizing force while
simultaneously affecting the shear resistance on
the failure surface. For failure on an outward-
dipping slide surface these processes act additively
to reduce the factor of safety.

Psendostatic accelerations of 01 g or 2 g are
applied to the conventional geometry with static
groundwater pressures and magmastatic pressures
on the rear scarp (Fig. 13). Stability is reduced
with increased acceleration, especially for blocks
with relatively large width where the influence of
side restraint is less pronounced. Where the O+l g
acceleration is superimposed on an already pro-
found thermal fluid pressure effect, the potential
for failure becomes apparent, even after relatively
small periods of exposure to heating (hours to
days). A similar result may be anticipated for pore
pressures significantly enhanced by seismic vibra-
tien, or for pore pressure rise reflecting pressured
volatile release from magma chambers.

In some cases the effects of magmatic intrusion
on landsliding can be complex and indirect. Thus
the Hilina fault system in Hawaii {cf. Steams &
MacDonald, 1946; Moore & Krivoy, 1964) may be
interpreted as the headwall of a large gravity
shump episodically destabilized by seismie ground
motion; in this case the carthquakes may be caused
by forceful magma intrusion in deeper parts of the
volcano, and consequently the slump is regarded as
a secondary surficial feature only indirectly related
to magmatic processes.
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Fig. 13. Normalized factor of safety for failure of an
oceanic voleano flank subject to lateral pseudostatic
earthquake acceleratien & and with only static
groundwater (dotted) and thermally induced pore
fluid pressures {solid) applied. Magmastatic pressures
are applied for all analyses. Basal failure plane is
inclined at & = —6° and A/l =1

COLLAPSE OF COMPOSITE VOLCANOES

Historic eruptions of composite volcanoes asso-
ciated with major slope failures include those with
a2 magmatic component {Bezymianny type} and
those solely phreatic (Bandai type) (Siebert ef al.,
1987), following previous designations of Gorshkov
(1962} and Moriya (1980).

At Bandai in [888, failure of the north flank
resulted in a 1-5km® debris avalanche which

buried an area of 34 km® with several villages,
and blocked river drainages to form five new lakes
(Fig. 14; Sckiva & Kikuchi, 1889). The slope
failure probably occurred in a retrogressive se-
quence, with three main stages as indicated in Fig.
15(a) (Yonechi, 1987). The accompanying eruption
included several low-angie explesions, but was

. " L ! L
o= ik R L2t

Fig, 14, Bandai volcane, Jopan. Slope collapse 15 July, 1888. Lithograph from Sckiya & Kikuchi (1889) shows
hummocky topography of avalanche deposit, with the debris partly filling the avalanche scar. Phreatic (steam)
plumes near the rear searp arise from the hydrathermal system of the voleane. No fresh magma had iatruded into

the upper cone
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Fig. 15. Cross-sections of composite voleanoes associated with major slope collapse: (a) Bandai volcano, 1888;
(b) Bezymianny velcano, 1956; {¢) Mount St Helens volcano, 1980. Cross-sections show pre-intrusion and pre-
collapse profiles, inferred water tables, and zones of intense fissuring, hydrothermal systems, and fresh
magma intrusions. No intrusion was detected at Bandai, but those at Bezymianny and Mount St Helens
caused large-scale deformation of the cone and steepening of the flank. In all three cases, collapse is
interpreted as retrogressive failures of three principal blocks, the succession indicated by Roman numerals,
In cases (b) and (¢}, intrusiens were directly involved in the collapse. The great relative depths of the
avalanche scars are aitributed to the fragmental, highly fissured, or altered material in the core of the
volcanees, and to the fluidized nature of these materials in association with overpressured and explosive
hydrothermal and magmatic systems
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strictly phreatic because no fresh (juvenile) magma
products have been found in either the debris
avalanche or tephra deposits.

At Bezymianny, slope failure on 30 March 1956
was preceded by about a half year of magma
intrusion and associated large-scale deformation of
the volcano flank {Gorshkov, 1939). Eruptions of
fresh andesite had begun in October 1955, The
stope faikure resulted in a -8 km? debris avalanche
covering an area of 60 km® (Fig. 16). Associated
iow-angle explosions, with fresh magma products,
devastated an area of 500 knr’. The authors believe
that retrogressive slope failure preceded and
initiated the lateral explosions at Bezymianny
(Fig. 15(b)), much as at Mount St Helens in
1980 (Fig. 15(c)).

The events at Mount St Heleas and at
Bezymianny were similar in many respects, but
the documentation of processes at Mount St Helens
is unexcelled, At Mount St Helens, retrogressive
failure in three main stages on 18 May 1980 was
preceded by two months of magma intrusion and

large-scale deformation of the north fank (Fig.
15(c); Voight et al, 1983). The slope failure
resubted in a 2-5 km® debris avalanche blanketing
an arca of 64 km” (Voight er af., 1983, Sousa &
Voight, 1991, 1995). Associated low-angle explo-
sions containing fresh magmatic products deva-
stated an area of about 600 km® (Siebert et af.,
1987).

Almost 200 cases of Quaternary large voleanic
debris avalanches have been tabulated by Siebert et
al. (1987). There is a broad spectrum of volcano
stope failure modes, ranging from those without
coeval eruptions to those that include laterally-
directed explosions, and/or vertical eruption col-
umns, of variable character and intensity. In this
paper the terms Bezymianny and Bandai are used
also to refer (o the major slope failures on
composite volcanocs accompanied by cxpiosive
cruptions. The implication is that for the former
type (Fig. 15(b)) magma has intruded into the
upper edifice and may directly influence siability;
for the latter (Fig. 15(a)) magma apparently plays

Fig. 16, Bezymianny velcano, Kamchatka. Slepe collapse 30 March, 1956, This June 1956 photograph shows
scattered avalanche debris in foreground. The avalanche scar is partly filled by an extrusive dome of viscous lava
squeezed out after 30 March. Magma intrusion between Cctober 1955 and March 1936 caused large-scale
deformation of the cone, and was instrumental in the siope collapse
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ne direct role in the slope failure. If intrusions are
indeed present in the latter instance, they are
deeper within the edifice, and any relation to
instability must be indirect or involve merely
volatile separation. For both types, hydrothermal
processes may play a rele in stability in weakening
the edifice materials, and in fluid overpressuriza-
tion.

In this paper, stability medels with applied
magmatic forces simulate the Bezymianny-type
collapse with upper edifice intrusions; analyses
lacking such forces simulate Bandai-type failures,
collapses that trigger eruption from deep-seated
magma chambers, or mass movement types un-
accompanicd by eruptions.

The geometry chosen in most analyses is a flank
rising at an angle § of 30°, a static groundwater
surface rising from the toe of siope at § = 18-5°
and a basal failure surface dipping outwards at
a=-7°

Using these ‘standard’ values, stability is
evaluated as a function of dimensionless block
width dp for magnitudes of lateral earth pressure
coefficient Kp =0 and 0-5. Four cases of rear-
scarp loading are used for a sensitivity evaluation,
namely

{a)} zero magma loading

(b} half-depth dyke penetration

(cy fuil-depth dyke penetration

(d) full-depth dyke penetration with overpressure
(Fig. 15).

Both the normalized factor of safety and the
relative influence of lateral restraint decrease as
magma pressures increase (Fig. 17). For decreased
magmatic involvement, an increased failure width
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Fig. 17. Normalized factor of safety for failure of a
composite veleano flank with static groundwater force
Kp = 0 (dotted) and 0-5 (solid} curves for zero magma
loading, half-depth dyvke penetration, full-depth dyke
penctration, and full-depth dyke penetration with
overpressure

is necessary to enable the problem to approach
‘two-dimensional” factor of safety values for un-
restrained plane failure as indicated by Kp=40.
Failure may be feasible at nominal values of ¢ for
a fully-penetrating magma intrusion, without any
additional mechanism.

For modest values of Ky the results sugpest that
block width should generally equal or exceed
depth to the failure surface {e.g. dp > 1). This
resulf is consistent with field observations of
volcano avalanche scars: of 106 data sets for
‘composite’ volcanoes reported by Siebert er af,
{1987), only four reported widths were less than
I km, and the minimum was 0-7km. In addition,
only 15 values exceeded 5 km, and of these only 3
exceeded 10 km; the maximum value was 14 km.
The limits reflect typical composite cone geometry
and size.

For the same four cases of rear scarp loading,
stability is evaluated for a uniformly distributed
effective lateral acceleration of 0-1g (Fig. 18). The
influence is to reduce stability, with the change
being most dramatic for partial-penetration magma
loading and for zero edge loading. For the former,
failure may be feasible (assuming weak sliding
materals)  without additional mechanisms, for
approximately dp > 3. For the latter, more intense
carthquake loading or supplementary fluid pressur-
ization mechanisms (Table 1) are required for
failure. 1t should be noted that different failure
surface geometries, e.g. curved arc or active-
passive wedge blocks, may exhibit lower factors of
safety than those indicated for the simple trian-
gular blocks in Fig. 18; also, joint-water forces
applied to the rear scarp could reduce stability.

This result is gualitatively consistent with
historical debris avalanches at Miyuyama, Bandai,
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Fip. 18. Normalized factor of safety for failure of a
composite volcang flank with static groundwater force
and seismic loading 6 = 0-1: magma leadings as in
Fig. 17
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Bezymianny, Shiveluch and Mount St Helens, all
of which were accompanied by earthquakes with
magnitudes of roughly M=35 (Okada, 1983;
Sicbert er al, 1987). The best documented cases
are Mount St Helens and Bandai, where the
evidence suggests that M =5 earthquakes in fact
triggered the instability (Voight er al., 1981, 1983;
Sekiya & Kikuchi, 1889; Okada, 1983).

It should also be noted that stability is markedly
influenced by the piezometric conditions assumed.
For example, raising the static piezometric surface
to the ground surface makes the stability of the
full-penetrating dyke case roughly comparable to
the case for the overpressured dyke and ‘standard’
piezometric levels (cf. Figs 17 and 20).

Pore fluid pressures mechanically generated by
intruding dvke

Where the influence of mechanically induced
pore fluid pressures is added to ‘static’ behaviour
of the full-penetration case of Fig. 19, the addi-
tional parameters of dimensionless intrusion rate
Up and dimensionless dyke width wp  exert
control. Fig. 19(a) represents behaviour consistent
with volcaniclastic failure zone materials. For the
upper bound of Up = 107, trends are dependent on
wp. As dyke width, wp exceeds 1077, the influence
of dyke-generated mechanically induced pore
pressure increases; the stability cffect of lateral
restraint (Kp = 0-5) dominates behaviour of narrow
blocks. For wp = 10%, three zones separated by
cusps are indicated, as shown similarly for Fig. 11
and discussed above. A region of minimum
stability is indicated, say ! <<dp < 20, but in any
case the values are very low over a wide range
of dp.

For materials representative of fractured lava,
Up = 1074 and representative values of wp in
the range 1-10~7, the influence of mechanically
induced pore fluid pressure is insignificant (Fig.
19(b)). For this mechanism, dyke-generated pore
fluid pressures can plausibly lead to failure in
voicaniclastic material, but not in fractured lavas.

These results apply for dyke injections: for more
viscous, irregular shaped intrusions injected at
lower rates, as characterized by the 1980 dacite
intrusion at Mount St Helens, the results would not
be expected to apply.

Pore fluid pressures thermally generated by an
intrusion

Parameters 4p and D govern the influence of
thermal forcing on stability. For parameter group-
ings representing the least destabilizing thermal
effect, the influence on stability is nepligible (Fig,
20). Time-scales of interest include representative
values of about 1 h, 4 days and 1 year. Conversely,
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Fig. 19. Normalized factor of safety fer fallure of a
composite voleano fiank with mechanically induced
pore pressures resuiting from fully penetrating dyke
intrusion in: (a) volcaniclastic materials; (b) fractured
lava

the selection of maximum thermal forcing pro-
foundly affects stability.

Thus under appropriate conditions, thermal
straining can be an effective mechanism to en-
hance pore fluid pressures above ambient levels,
and to initiate flank failure, Block width remains
an important factor and, other factors being equal,
failure is predicted for block widths dy = 1.

With block displacement following failure, the
driving magma force diminishes. A limiting case is
evaluated for the case where the driving magma
force is wholly removed. The generally low value
of Fhan¢ indicates that motion may be sustained
after initial failure,

Retrograde boiling, hydrothermal processes, and
earthquake-induced strength loss

As discussed above for oceanic volcanoes, the
mechanical situation for extreme but nevertheless
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Fig. 20, Normalized factor of safety for failure of a
composite voleane flank with thermally induced pore
pressure resulting from a fully penetrating dyke in-
trusion: static piczometric conditions are variable, as
noted

plausible cases appreaches that shown for max-
imum thermal loading in Fig. 18, Decp failurc
is again conirolled by edge loading: thus dimen-
sionless block widths 4p > 1 can be generally
expected, ever where basal surface  strength
vanishes.

Additional insight is given by Fig. 21, in which
generalized piezometric conditions are indicated by
the ratios of total fluid uplift force on the slide
piane to the normal component of 1otal overburden
weight M cose. in this the pore pressure ratio #y, is
defined as », = fcos ¢, where the magnitudes of /i

—

a0

Normalized factor of safely Fitan &

Dimensionless block width dy

Fig, 21. Normalized [actor of safety for failure of a
composite voleano flank for fluid uplift ratios § of 0-0,
&2, 04, 0-6, 08 and 1-6. These represent equivalent
pore pressure ratios r, = ffeosa. Solid lines: Fp, =0,
static toading (¢ = 8). Dashed lines: Fp, =0, dynamic
loading (6= 0-2g). Dotted lines: F,, = magmastatic
losding (5 == 8},

are described in Fig. 21. These generic curves may
be applied to any piezometric condition irrespec-
tive of causative mechanism. The results confirm
that Bezymianny-type failures, associated with
magmatic pressure, are feasible with conventional
piezometric conditions and nomiral ¢ values.
Higher fluid uplift ratios enhance the possibility
of failure, and also the feasibility of failure at
dp < 1.

The cases for Fp, =0 roughly simuate Bandai-
type failure, followed by phreatic explosions, or
cotlapse lacking associated eruptions. For the static
case, the data imply the need for high fluid uplifi
ratios (8> 0-8). The influence of side resistance
is dominant. A dramatic decrease of normalized
factor of safety oceurs with superposed seismic
loading, where for large dp. stability for fluid
uplift ratios f of §-4 is equivalent to static loading
with a ratio I of 0-8. Where fluid pressures are
already elevated by, say, hydrothermal system
mechanisms, the superposition of carthquake load-
ing can clearly trigger failure. This combination of
causative factors makes the Bandati slope failure
mechanically understandable, and is also consistent
with the documentation of precursery scismicity
and post-failure phreatic (hydrethermal) explosions.

CONCLUSIONS

The site-specific structure and stratigrapby of
individual volcano flanks are paramount in any
discussion of flank stability. as weak layers. heavily
fissured regions, or zones with finite dimensions
and specific materizl properties control, in all
cases, the fuid pressurization and deformational
respense  to any given set of environmental
conditions and cvents, Thus hydrothermal systems
or repetitive magmatic intrusions and eruptions are
more common on voleanoes than are massive slope
failures, a comparison that suggests that stringent
requirements involving combinations of mechan-
isms and materials are necessary to preduce fail-
ure. Although most intrusions. earthquakes, ctc. do
not cause flank failures, some clearly do so.

Thus the potential for voluminous flank failure
of active volcanoes is cxamined. The role of
magma intrusion includes several complex cffccts,
inciuding an important magma force that drives
downslope displacements, fluid pressure forces that
tend to reduce sliding resistance, and seismicity
that may influence both inertial driving forces and
fluid pressure components. Five pore-pressure en-
hancement mechanisms are noted in relation to
magma cmplacement, namely

(a) mechanical influcnce in poroclastic media

{M thermal influence

{¢} retrograde boiling and pressurized devolatiliza-
tion of magma chambers
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{«} hydrothermal system overpressurization, in-
directly associated with magmatism

(e) vibrations associated with  volcanic earth-
quakes,

Other pore-pressurization mechanisnis are noted in
Table 1. The seismic influence on pore-pressure
may also oceur with regional tectonic earthquakes.

An appreach is developed to model the
destabilizing influence of these pore pressures.
Using materials and geometric parameters appro-
priate to oceanic shield volcances and composite
volcanoes, the potential for each of thesc mechan-
isms to trigger large-scale failures is noted. For the
mechanism of mechanical loading by dyke propa-
gation, porc pressures  develop close to  the
intrusion and result in destabilizing wplift force
magnitudes that are indexed relative to intrusion
rate and the width of the intrusion. For certain
volcaniclastic materizls the potential for failure
appears feasible as a result of this triggering
mechanism. However, the result is sensitive to the
mechanical and hydraulic parameters assumed, and
for the specific parameters representative of a
particular volcano. the potential for slide initiation
is not definitive.

Thermally induced pore pressures appear cap-
able of developing large uplift forces beneath o
potentizglly unstable block, with the disturbing
magnitude related to the time since intrusion.
Particularly where the dyke acts as a feeder over a
sustained period of weeks, the potential to trigger
failure seems clear. Likewise, under appropriate
conditions the propagation of fluid pressures may
occur in weak perous layers or in ‘hydrofractures’
as a consequence of the escape of pressurized
volatiles  from  high-level magma chambers. A
simitar result may be claimed for hydrothermally
generated overpressure, and for seismically gener-
ated pore finid pressure gencrated in weak layers
underlying volcano flanks, whether induced by
local volcanic carthquakes or by large regional
events, No magmatic driving force occurs in the
case of Bandai-type failures, and in such cases the
combination of hydrothermal-induced fluid pressur-
ization, a fractured or alteration weakened rock
mass and seismic loading may prove critical, as
scems to have been the case for the type locality at
Bandai, Japan,

Diverging quasi-radial boundaries commonly
associated with sector collapse offer less restraint
than parallel sides, and the edge resistance dis-
sipates more rapidly with displacements. Only
intrusive events of a sufficient critical severity
appear capable of precipisating failure where, as a
result of lateral restraint, the size of the faiiing
block is constrained between minimum and max-
imum volumes. Minimum volume is conditioned
by lateral frictional restraint, and maximum

volume is influenced by the finite length of the
intrusion that supplies the propuilsive force. Simi-
larly, the dimensions of overpressurized zones in
hydrothermal systems in volcanoes control the
dimensions of potential slope failure. Critical block
widths for the oceanic shieid type volcanoes
appear in the range of kilometres to tens of
kilometres, and this i$ consistent with evidence
from the Hawaiian Islands and elsewhere; critical
block widths for the composite volcances are
smaller, as these volcanoes are themselves much
smaller than oceanic volcanoes.

Once failure is initiated, driving forces due to
magma pressure will drep and the potential to
sustain failure must be examined in light of a
sustained reduction in shear resistance. In general,
the potential for the generation of large excess
pore pressures along the slip zone as a result
of pore contraction or collapse, or some other
mechanism, appears as a necessary reguirement to
produce long-runout failures. Weak layers such as
hyaleclastites or hydrothermally weakened tephra
often can facilitate long-runout failures. Pore
collapse may be catastrophic but need not be, as
modest changes in porosity structure duc to shear or
deviatoric loading at great depth may also vyield
substantial generation of pore pressures, as may
frictional heating, Where substantial pore pressures
are available at the onset of failure, movemen: may
be sustainable even in the absence of further pore
pressure gain resulting from stress rotation and
deviatoric loading in the fallure zone. This is
especially apparent for the upliff magnitudes
feasible for sustained thermal or seismic vibration
ioadings. For submarine slides that surmount the
pre-existing marine sediments on the submarine
flank. undrained loading of these ‘unstable’ sedi-
ments is likely to cause a sudden drop in shear
resistance of the sliding block, with the conse-
quence that runout may be easily sustained.
Consequently. the potential development of prodi-
gious terrestrial or submarine ‘debris avalanche’
type landslides by these mechanisms appears
feasible.
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APPENDIX 1. DIMENSIONLESS FREE BODY
FORCES

The non-dimensional forces acting on the wedge
geometry of Fig. 7 are now defined. All forces have been
multiplied by the guantity d/p.&} to yield the identities
given below. These quantities represent the dimensioniess
block mass i as

the dimensionless t"orcg applied by seawater loading an the
submerged block toe £ as

Foatl algd
SRRk,

the dimensioniess uplift force due to static groundwater
pressures Fp; as

= b Ib d
Y
Fps = 3 (hs +I ) Ik,
and the dimensionless force applied by restraint on the
lateral faces of the block Fp, as

Py 0B
o= 2K mo s 12
p! Ml\ (hs fi‘s _'v“ I[S h;)

The magnitudes of forces exerted by rmagma and
mechanically and thermally induced fluid pressures are
dependent on  the intrusion geometry, Planar dyke
geomnetry is used in this anaiysis, as represented in Fig. 4.

Magma forces Towal dimensionless magma force Fin

acting at the rear scarp is the sum of magmastatic Fry

and overpressured componenis Fo,, as
Foow L(F s & Frod

where §=1 for mechanically induced pore pressure

geometry and £ =1 for thermally induced pore pressure

geometry, with

. o\ df
Fos = %_Il =
T Y (/r., h,

d
51l
Frop = -2t lm 2

Iy By, b

Mechanically  induced  flwid  pressures The  dimen-
sionless magnitude of wplift force Fp, generated by
mecianical effccts resulting from intrusion is defined as

}—7 B o 4%;.',, Upfa
pm = 1 1
cosa by, Bua,

where

K (7] enufRon 1_2_;) dnpdvp

Uhs d
p =, dp =

2" h

Thermally induced fluid pressures The dimensionless
magnitude of uplift force Fp, generated by thermal effects
resulting from magma intrusion is defined as

ool A*DKy 1 i DL
vk T Deos

The carresponding geometric relalianships for the wedge
peometries of Figs 7 and § are alse defined for positive «
{for updip movement with faiiure) and acgative « (for
downdip movement with failure). These geometric coef-
ficients are

_[g _h_m cosfi
by kg sin(B4a)

Lk cosa

he By

@ tm b sina ~ 1

By hg by

b Iy tan &

gm0

he by + tan i

i _a l

by hysing

hotod

by by 4 O
Lo

L L

A= 1— sin (a4 f3)

NOTATION

A% thermat strain (A7)
¢ hydraulic diffusivity
d, dpn  width of failing block, dimensionless block
width
D ratio of thermal to hydraulic diffusivity
F factor of safety
hoe fy magma column height at dyke contaet,
height of slope crest above sea level
k intrinsic permeability
Ko cocfficient of earth pressure af rest, Ky =

Gul0y
KT modified Bessel function of second kind of
order zero
Ky undrained bulk skefetal modulss of solid
I Is, T length along basal failure plane, perpendi-

cular to rear dyke. dimensionless length (¥
by, and maximum length of basal failure
plane.

n porosity

N normal force acting on failure plane

7. p. pore fluid pressure at a point, initial static

pore fluid pressute and resulting induced
pore fluid pressure {p — py)

Fe Py dimensionless fluid pressure induced by
inechanical strain {(equation (2)) and by
thermal strain {equation {(9))

re pore-pressure ratio

R, By minimum radius from dyke front to point
where pressure is defined, dimensienless
radius (R/As}

S shear force acting oa failure plane
f, tp time gince intrusion, dimensionless ime

U, Up dyke advance rate, dimensionless advance

rate
w, wp dyke width, dimensionless dyke width
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x, ¥ = coordinates fixed to migrating dyke froni
Xp. ¥p. op  dimensiontess co-ordinates 1/7i(x, » 2)
a inclination of basal failure surface
ay  coefficient of free thermal expansion
B fuid uplift ratio
Yoo ¥me Po unit weight of rock, magma, water
¢ seismic acceleration relative to  gravity
(+dg)
% thermai diffusivity of sawrated rock
1 fluid dynamic viscosity
y  dummy variable of iategration, equal to
Upfp
¢ angle of internai friction along failure plane
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