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Abstract Limit equilibrium analyses were applied to the 
1980 Mount St. Helens and 1956 Bezymianny failures in 
order to examine the influence on stability of structural 
deformation produced by cryptodome emplacement. 
Weakening structures associated with the cryptodome in-
clude outward-dipping normal faults bounding a summit 
graben and a flat shear zone at the base of the bulged 
flank generated by lateral push of the magma. Together 
with the head of the magmatic body itself, these struc-
tures serve directly to localize failure along a critical sur-
face with low stability deep within the interior of the edi-
fice. This critical surface, with the safety coefficient re-
duced by 25–30%, is then very sensitive to stability con-
dition variation, in particular to the pore-pressure ratio 
(ru) and seismicity coefficient (n). For ru=0.3, or n=0.2, 
the deep surface suffers catastrophic failure, removing a 
large volume of the edifice flank. In the case of Mount 
St. Helens, failure occurred within a material with angle 
of friction ~40°, cohesion in the range 105–106 Pa, and 
probably significant water pore pressure. On 18 May 
1980, detachment of slide block I occurred along a new-
ly formed rupture surface passing through the crest of 
the bulge. Although sliding of block I may have been 
helped by the basal shear zone, significant pore pressure 
and a triggering earthquake were required (ru=0.3 and 
n=0.2). Detachment of the second block was guided by 
the summit normal fault, the front of the cryptodome, 
and the basal shear zone. This occurred along a deep 
critical surface, which was on the verge of failure even 
before the 18 May 1980 earthquake. The stability of 
equivalent surfaces at Bezymianny Volcano appears sig-
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nificantly higher. Thus, although magma had already 
reached the surface, weaker materials, or higher pore 
pressure and/or seismic conditions were probably re-
quired to reach the rupture threshold. From our analysis, 
we find that deep-seated sector collapses formed by re-
moving the edifice summit cannot generally result from 
a single slide. Cryptodome-induced deformation does, 
however, provide a deep potential slip surface. As previ-
ously thought, it may assist deep-seated sector collapse 
because it favors multiple retrogressive slides. This leads 
to explosive depressurization of the magmatic and hy-
drothermal systems, which undermines the edifice sum-
mit and produces secondary collapses and explosive 
blasts. 

Keywords Avalanche · Caldera · Cryptodome · 
Limit equilibrium · Mount St. Helens 

Introduction 

Flank failures are part of the normal growth process of 
mature stratovolcanoes. There are a range of types of 
slope failure on composite volcanoes, ranging from those 
without coeval eruptions to those accompanied by explo-
sive eruption (Siebert et al. 1987; Voight and Elsworth 
1997). The former are commonly shallow, such as the 
seismically triggered failure at Ontake, Japan (Voight 
and Sousa 1994). Others, sometimes deep-seated, can be 
generated by gradual spreading of the substratum, which 
may then be incorporated in large quantities in debris av-
alanche deposits (van Wyk de Vries and Francis 1997). 
Hydrothermal alteration is one important parameter that 
can weaken the edifice core and sometimes cause flank 
spreading (van Wyk de Vries et al. 2000). It can lead to 
lateral collapse of the edifice, especially if combined 
with a physical trigger such as an earthquake. The erup-
tion-associated failures include Bezymianny-type erup-
tions when a magmatic component is involved, and 
Banda-type eruptions when solely phreatic (Siebert et al. 
1987; Voight and Elsworth 1997). 
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One way destabilization can occur is by cryptodome 
growth within the edifice, as illustrated by the 18 May 
1980 collapse at Mount St. Helens (Voight et al. 1981). 
The event at Bezymianny Volcano on 30 March 1956 
(Gorshkov 1959) has been recognized as of the same ed-
ifice-failure type (Siebert et al. 1987; Belousov and 
Bogoyavlenskaya 1988). Deposits possibly resulting 
from a similar scenario have since been recognized 
around many other volcanic edifices (e.g., Boudon et al. 
1984; Siebert et al. 1987, 1995; Siebert 1996). 

In this paper, we first review the role of, and the inter-
actions among, the general material parameters control-
ling failure and not linked necessarily to the intrusion 
of a cryptodome. Next, the structures produced by 
cryptodome intrusion, as revealed by analog models 
(Donnadieu and Merle 1998), are taken into account. We 
show that these structures reduce edifice stability and 
promote catastrophic flank failure. Their relevance to the 
formation of deep-seated sector collapses (“avalanche 
calderas”) is also examined. 

The collapse of Mount St. Helens 

At Mount St. Helens, the 1980 slope failure was preceded 
by 2 months of intense deformation that was ascribed to 
the intrusion of a cryptodome. A bulge was created on 
the northern flank of the volcano, associated with an 
asymmetrical summit graben (Jordan and Kieffer 1981; 
Lipman et al. 1981; Moore and Albee 1981; Voight et al. 
1981). An earthquake of magnitude 5.2 probably trig-
gered the failure of the swelling flank, leading to a 
2.3-km3 rockslide–avalanche. Failure occurred as block I 
began sliding northwards along a surface passing 
through the crest of the bulge, immediately followed by 
sliding of block II along a deeper surface passing 
through the southern scarp of the graben. Sudden re-
moval of the lithostatic load provoked explosive decom-
pression of magmatic volatiles and the hydrothermal 
system, producing a lateral blast immediately followed 
by a Plinian eruption. The cataclysmic eruption left a 
deep slide scar truncating the old summit. 

Voight et al. (1983) concluded from limit-equilibrium 
stability analyses that initial failures at Mount St. Helens 
occurred in a material with cohesion c <6×105 Pa, angle 
of friction of about 40°, and significant pore fluid pres-
sure and transient shear stresses from a trigger earth-
quake. Using a three-dimensional limit-equilibrium anal-
ysis, Reid et al. (2000) have modeled these pre-collapse 
conditions, including deformed topography, pore pres-
sure and seismicity, and obtained good estimates of fail-
ure location and volume. The deformation preceding the 
collapse of Mount St. Helens in 1980 has been modeled 
numerically (Paul et al. 1987) and the structural evolu-
tion has been interpreted through analog experiments 
(Donnadieu and Merle 1998). From physical models the 
surface deformation was related to a pattern of faults at 
depth (Fig. 11), and a general mechanism of cryptodome 
emplacement by viscous indentation was proposed. 

Based on these analog models (Fig. 1a), cryptodome 
intrusions cause structural weakening in several ways 
(Table 1). We hereafter investigate the influence on sta-
bility of the structures created at depth by the intrusion. 
Different potential slip surfaces have been tested 
(Fig. 1b): circle C may correspond to the slide surface of 
block I, circles A or B to block II, surface E to the post-
collapse scar profile at Mount St. Helens, and D an arbi-
trary deep planar surface. 

Computation method for limit-equilibrium analysis 

Our approach is to apply the modified Bishop procedure 
for slip circles used in civil engineering (Bishop 1955) to 
different potential failure surfaces at Mount St. Helens 
and Bezymianny Volcanoes, for various sets of condi-
tions. Stability is defined by a factor of safety, Fs, com-
puted by iterations from the ratio of resisting moments to 
driving moments for each vertical slice (subscript i) 
above the considered surface of potential failure. 
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where m is the number of vertical slices (m=50 for our 
analysis), c the cohesion, φ the angle of friction, ρ the 
bulk density of the “rock+water” medium, g the gravita-
tional acceleration, h the height of the “rock+water” col-
umn, u the pore fluid pressure (u=ρfluidghfluid, ρfluid≈ 
1000 kg m–3), b the slice width, α the angle of the slip 
surface to the horizontal, R the radius of the slip circle, 
and ΣMext the sum of moments resulting from external 
forces, like earthquake shaking. 

Pore fluid pressure is introduced by the ratio ru, with 
ru=u/(ρgh); dry materials have ru=0, and ru>0.4 implies a 
piezometric level above the ground surface. Horizontal 
ground accelerations have been simulated through a seis-
mic coefficient n, expressed as a fraction of the gravita-
tional acceleration, g. Although average seismic forces 
may vary in intensity and direction as a function of time 
and space during a single earthquake, n is intended to ap-
proximate the net effect of seismic waves on stability 
(Voight et al. 1983). The inertial force is calculated from 
the product of the dimensionless seismic coefficient (n) 

Fig. 1 a Structural deformation produced by the Mount St. Helens 
cryptodome just before the 18 May 1980 eruption, as revealed by 
analog models. MSF: major shear fault produced by indentation of 
the edifice by the viscous magma (Donnadieu and Merle 1998). 
b Trial surfaces tested with Mount St. Helens profile. C may cor-
respond approximately to the slide surface of block I, A or B to 
block II, D and E to deep surfaces encompassing the summit area; 
E represents approximately the scar profile after collapse. B, C, E 
redrawn from Voight et al. (1983). c Geometry of structures used 
for computations, drawn from the analog models. L Length 
crossed by a B-type surface (b) through the cryptodome 

▲
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Table 1 Causes of volcano instability during cryptodome intrusion 

1. Cryptodome-induced structural deformation, as revealed by analog models (Donnadieu and Merle 1998) 
(a) Large magmatic body, hot and viscous, thus mechanically weaker than the edifice 
(b) Major shear fault (MSF) separating a graben structure in the summit area and a large-scale lateral bulge (Fig. 1a); 

the MSF propagates upward from one side of the magmatic intrusion to the surface on the opposite flank to form the bulge crest 
(c) Summit system of normal faults dipping outwards in graben region, and therefore prone to failure 
(d) Shear zone developed at the base of the bulged flank; shearing may culminate ultimately with the formation of a surface thrust 

(Merle and Donnadieu 2000) 
(e) Increased slope on the bulged flank 
(f) Upturning of strata (planes with low shear strength) near the crest of the bulge 

2. Processes induced by the magmatic activity 
(a) Mechanically and thermally induced pore fluid pressures (Voight and Elsworth 1997) 
(b) Shallow seismicity caused by edifice and basement fracturing in response to intrusion 
(c) Weakening of the near-crater area by phreatic or phreatomagmatic explosions 

3. Usual causes inherent to volcanic areas 
(a) Edifice strength in terms of rock cohesion, angle of friction, fracturation and preexisting weak structures 
(b) Hydrothermal alteration of large portions of the edifice 
(c) Water table 
(d) Tectonic earthquakes 

and the weight of each slice in the landslide cross sec-
tion. 

Analysis is two-dimensional; that is, for a slope cross 
section (Fig. 1c). The condition for failure is Fs≤1. 

Influence of material properties, pore pressure 
and seismicity 

The shape of the failure surface is mostly influenced by 
the material intrinsic parameters, but can be controlled 
by earthquake-induced ground accelerations or guided 
by weak structures within the edifice. The next part of 
the paper deals with this latter aspect. In this part, we 
study the influence of rock properties and seismic load-
ing on the stability of a structurally homogeneous edi-
fice. Strength parameters, e.g., friction angle and cohe-
sion, are poorly known on the scale of a volcanic edifice. 
Pore water pressure and seismic loading vary with time 
and position, and may be quite different from one volca-
no to another. These are the reasons why we investigate 
stability through a large range of input values. Computa-
tions are made with the pre-collapse topography of 
Mount St. Helens and the results are given for trial sur-
face B (Fig. 1b) because it is of intermediate depth. 

Effect of bulk density 

The effect of a large range of rock density values 
(2,000–2,800 kg m–3) on stability is tested for circle B 
for an average angle of friction of 40°. As displayed in 
Fig. 2a, Fs is insensitive to bulk density. Although gravity 
is a main driving force in destabilization, the range of 
possible densities have a minor effect on stability. The 
value of 2,400 kg m–3 used by Voight et al. (1983) is 
used in the additional computations. 

Effect of cohesion 

A range of cohesion (c) values over several orders of 
magnitude shows a distinct correlation to the factor of 
safety Fs (Fig. 2b). Variations of c up to 105 Pa have 
negligible influence on Fs, notably for slip-circles B and 
C taken from Voight et al. (1983) (Fig. 1b). Introducing a 
pore pressure, or decreasing the friction angle from 40 to 
30°, changes Fs values but does not alter the basic trend. 
However, for c>106 Pa the effect of the cohesion be-
comes increasingly influential and inhibits rupture along 
circle B. For instance, an edifice with c=5×106 Pa is sta-
ble, even with modest frictional strength, significant flu-
id pressure and strong seismicity (φ=30°, ru=0.3, n=0.3). 
Values c>107 Pa are those of intact crystalline rocks 
(Jaeger and Cook 1971). Schultz (1996) reported that the 
cohesion of a rock mass can be decreased by a factor of 
10 compared with an intact sample because of fractures 
existing at a scale larger than the sample. In addition, a 
stratovolcano may be partly made of numerous pyroclas-
tic layers and loose breccias, which offer little resistance 
to tensile or shear failure (Day 1996). These consider-
ations suggest that the bulk cohesion of Mount St. Helens 
Volcano could not have much exceeded 106 Pa before 
failure. On the other hand, steep cliffs bounding the 
horseshoe-shaped crater nowadays attest that, locally, ed-
ifice cohesion is significant. Therefore it seems reason-
able to consider a rock mass cohesion for Mount St. 
Helens in the range 105–106 Pa, when φ≈40° and 
ru=0–0.3 are assumed. This range is consistent with the 
maximum cohesion value of 6×105 Pa proposed by 
Voight et al. (1983) and with the value of 106 Pa used by 
Reid et al. (2000). 

Effects of friction angle 

Fs is sensitive to the internal angle of friction φ for vari-
ous assumed sets of cohesion and pore pressure 
(Fig. 2c). When the fluid pressure effect is absent (ru=0), 
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Fs is strongly dependent on φ. Thus, Fs increased from 
1.61 to 1.93 as φ increased from 35 to 40°. With φ=45°, 
stability is achieved in almost every condition, including 
the case of strong seismicity (n=0.2). Pore fluid pressure 
(ru=0.3 for instance) significantly reduces the influence 
of the friction angle, especially for high φ values. For 
φ=40°, Fs drops from 1.93 to 1.24 for ru from 0 to 0.3, 
while for a theoretical φ=20°, Fs decreases only from 
0.84 to 0.54 (Fig. 2c). The reason is because pore pres-
sure acts on the friction component of strength, but not 
on the cohesion component. 

Fig. 2 a Influence of the bulk density ρ on Fs of circle B (Fig. 1b) 
for three conditions of cohesion c (Pa) and pore pressure (ru); an-
gle of friction φ=40° and seismic coefficient n=0. b Effect of the 
cohesion c in Pa (logarithmic scale) on the safety coefficient Fs 
for a B-type circle (Fig. 1b) and different values of friction angle φ 
and pore pressure ru. Seismic coefficient n=0. Note change of 
scale between c=0 and c=105 Pa. c Influence of the friction angle 
φ on the safety coefficient of circle B (Fig. 1b) for two values of 
cohesion (c, in Pa) and pore fluid pressure (ru). Seismic coefficient 
n=0. d Influence of pore pressure ru on Fs of a B-type circle 
(Fig. 1b) for several values of cohesion (c, in Pa) and angle of fric-
tion (φ). Notice the correlation to the latter. e Consequence of a 
ground acceleration n in the horizontal direction on Fs of a B-type 
surface (Fig. 1b). n is believed to simulate the effects of an earth-
quake and is expressed as a fraction of gravity acceleration. Angle 
of friction φ=40° and two values of cohesion (c, in Pa) and pore 
fluid pressure (ru) are tested 

From Fig. 2b, c it is possible to infer that φ should 
generally be greater than 30°, because otherwise a sur-
face as deep as B would be below the limit equilibrium, 
even without seismic loading, in an edifice with 
c=105 Pa and ru=0.3, possibly “ordinary” conditions for a 
stratovolcano (cf. Voight et al. 1983 for Mount St. 
Helens). Thus, at Mount St. Helens, it is likely that the 
rock-mass angle of friction was between 35 and 45°. 
This estimation is in good agreement with the value of 
40° obtained by Voight et al. (1981) from engineering 
trials on materials from the debris avalanche. 
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Table 2 Fs values for surfaces 
at Mount St. Helens and Be- Mount St. Helens Bezymianny 
zymianny Volcanoes with var-
ied conditions of pore fluid A  B  C  D  E  A2  B2  C2  D2  E2  
pressure (ru) and seismic coef-
ficient (n) ru=0, n=0 

ru=0.3, n=0 
2.34 
1.55 

1.96 
1.27 

1.85 
1.18 

2.95 
2 

4.07 
2.79 

3.19 
2.18 

2.13 
1.40 

1.55 
0.96 

2.69 
1.82 

4.05 
2.76 

ru=0, n=0.2 1.56 1.28 1.26 1.67 2.29 1.95 1.33 1.03 1.56 2.30 
ru=0.3, n=0.2 1.03 0.80 0.77 1.1 1.52 1.31 0.84 0.60 1.09 1.56 

Sliding surfaces are indicated in Fig. 1c for Mount St. Helens and in Fig. 3 for Bezymianny Volcano. 
The edifice has an angle of friction φ=40° and a cohesion c=105 Pa 

Effects of pore-fluid pressure 

Values of ru typically range from 0 (“dry” conditions) to 
0.4. A value of ru>0.4 would correspond to artesian con-
ditions, which we think are unlikely at Mount St. Helens 
since it implies a piezometric level well above the 
ground surface. Pore-fluid pressure reduces normal 
stresses on a potential failure surface, reducing its shear 
resistance (Hubbert and Rubey 1959). Therefore, in-
creasing ru weakens the edifice (Fig. 2d). Thus ru=0.3 
causes the Fs of circle B to decrease by 30% compared 
with dry conditions in an edifice with c=106 Pa and 
φ=40°. The relative influence of ru on Fs becomes 
stronger when the angle of friction is higher, as seen 
from the slopes on Fig. 2d, which are steeper (×1.5) for 
conditions with φ=40° than for those with φ=30°. Voight 
and Elsworth (1997) suggested that intrusion-related me-
chanical and thermal straining of the rock–fluid medium, 
resulting in excess pore pressure, could initiate and sus-
tain massive volcano collapse. Many processes related to 
volcanic environment can increase pore fluid pressure, as 
discussed by Day (1996). Earthquake-induced shaking 
and fluid pressure processes may act concurrently. 

Effects of seismicity 

The assumption that the seismic coefficient n could have 
exceeded 0.2 times the gravitational acceleration during 
the earthquake that presumably triggered the Mount St. 
Helens failure is not unrealistic (Voight et al. 1983). 
Computations show that horizontal ground accelerations 
have a stronger influence than vertical accelerations on 
the Fs values of surfaces A, B, and C. Therefore, we 
hereafter consider only the effects of horizontal ground 
accelerations. Figure 2e suggests that a ground accelera-
tion of 0.1 g reduces Fs by more than 20%, and of 0.3 g 
by more than 45%, for the various conditions. The effect 
of ground acceleration is not particularly sensitive to the 
cohesion (c≤106 Pa) and pore pressure (ru=0.3) assumed. 
Curves associated with ru=0 indicate that, under dry con-
ditions, a horizontal acceleration of about 0.3 g does not 
succeed in generating a failure on a B-type surface, i.e., 
Fs>1, in an edifice with c=106 Pa (Fig. 2e). Nor could 
failure occur along A and C surfaces in dry conditions 
with n=0.2 and c=105 Pa (Table 2). If ru=0.3, however, a 
ground acceleration of 0.1–0.2 g leads to Fs<1 on surfac-

es B and C and marginal stability of the deeper surface A 
(Table 2). Because seismicity is very common in volca-
nic areas, its strong influence makes it an important trig-
ger for slope destabilization. 

Shape of failure surface in a homogeneous edifice 

When the cone is modeled as a homogeneous mass, 
computations show that the larger the cohesion, the 
deeper the critical circle of failure (the circle represent-
ing the minimum Fs value). A B-type critical circle is 
obtained for φ=40° and c=5×106 Pa on the Mount St. 
Helens profile. Under these specific conditions however, 
Fs remains high and prevents failure (Fs>2.7, ru=0–0.3; 
Fig. 2b). For lower, and probably more realistic, cohe-
sion values (105<c<106 Pa), the critical surface (mini-
mum Fs) tends to be shallower, with higher curvature ra-
dius. Voight et al. (1983) found a critical circle of type C 
for φ=40°, c=106 Pa and ru=0.3 with Fs=1.52, although 
this cohesion is higher than the rock-mass value sug-
gested by these authors for Mount St. Helens. Therefore, 
unlike B-type surfaces, surfaces C (Mount St. Helens) or 
C2 (Bezymianny) are critical for c=106 Pa and can be 
decreased to less than unity by high pore fluid pressure 
combined with severe ground acceleration (Table 2). 

Computations generally show that, for a cone contain-
ing no weak structures, the deeper the potential failure 
surface, the higher the Fs value. In particular, deep con-
cave-shaped surfaces can have high Fs values because 
their lower parts of shallow dip offer considerable resis-
tance to sliding. For instance, surfaces A (Fig. 1b) or A2 
(Fig. 3) are more stable than their counterpart B or B2 
surfaces starting from the same place in the cone 
(Table 2). Thus, they do not correspond to critical surfac-
es. Under these conditions, slope oversteepening or 
minor seismic ground shaking should favor shallow 
landslides and rock falls. These were observed at Mount 
St. Helens and Bezymianny Volcanoes prior to their 
collapse. 

Deep-seated avalanche calderas 

Siebert (1984) noticed that many volcanic sector col-
lapse scars are deep, encompassing the summit and con-
duit, and make a marked angle between the internal wall 
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Fig. 3 Trial surfaces tested in the case of Bezymianny Volcano. 
The outline is taken from a photograph of Gorshkov (1959). Sur-
face E2 approximately corresponds to the post-collapse scar pro-
file 

and the floor that dips gently outwards. The sliding sur-
faces of non-volcanic landslides are usually more super-
ficial and relatively planar. Siebert ascribes these differ-
ences chiefly to the existence of pyroclastic and altered 
materials at the volcano’s summit and to the explosive 
activity that often accompanies major collapses. The re-
sults of the first part of our study account for the typical 
non-volcanic landslide morphology because the data 
suggest that shallow surfaces are less stable in a homo-
geneous edifice with cohesion of ~105–106 Pa. The rea-
son why volcanic debris avalanches are often deeply 
rooted is less obvious. 

We tested the hypothesis that these deep-seated sec-
tor-collapse scars could be the result of a single slide in a 
homogeneous edifice. Stability computations show that 
deep-seated surfaces have very high Fs values. Shallow-
er circles always display a greater instability. For a ho-
mogeneous cone, deep surfaces E (Fig. 1b) or E2 (Fig. 3) 
are associated with Fs>4 for φ=40° and c=105 Pa 
(Table 2). Although it is possible to define planar surfac-
es with lower Fs that might fail with severe seismic and 
pore pressure conditions (e.g., surfaces D or D2; Figs. 1b 
and 3), such planar surfaces could not alone explain the 
depth of typical volcanic sector-collapse scars. 

We also simulated a heterogeneous edifice with a 
large central core characterized by weak properties 
(φ=20°, c=0, ru=0.3), taken as representative of hydro-
thermally altered rock. In this case, Fs>2 for surface E. If 
these extremely weak properties are assigned to the 
whole length of surfaces E or E2 that represent typical 
avalanche caldera profiles, then Fs can approach unity. It 
might represent the specific case in which fluid circula-
tion (and alteration) is restricted to zones that lie along 
the whole failure surface, as governed by pre-existing 
structural discontinuities, or the contact between base-
ment rocks and the volcanic pile (Lopez and Williams 

1993). Such a case may rarely exist. In contrast, if the 
hydrothermal alteration is widespread, then it might not 
support the 30° outer slope of the cone. Such a spreading 
mechanism has been proposed to account for morpho-
logic features of Casita Volcano, Nicaragua (van Wyk de 
Vries et al. 2000). 

Although we cannot preclude that particularly strong 
seismic conditions could lead to the typical morphology 
of deep avalanche calderas, it is unlikely that steep inter-
nal walls and a flat floor could generally form through a 
unique single slide. A combination of strong seismicity 
and pore pressure conditions would lead again to a rela-
tively planar landslide because Fs associated with this 
kind of surface is lower. 

Following Voight et al. (1983), Siebert et al. (1987) 
and Voight and Elsworth (1997), we therefore suggest 
that multiple retrogressive slides occur in most cases to 
generate such a resulting morphology, as a consequence 
of one or several specific conditions existing in volcanic 
environments: hydrothermal alteration, presence of a 
magmatic body, or explosive mechanisms with cohesion 
destroyed, and high pore fluid pressures in magmatic or 
hydrothermal systems. Accordingly, we hereafter consider 
the influence of a cryptodome intrusion on potential slip 
surfaces and then on the formation of volcanic avalanche 
calderas. 

Effects of deformation produced by a cryptodome 

Topographic changes 

If the emplacement of a cryptodome is asymmetric and 
oriented toward one flank, two major topographic fea-
tures arise (Donnadieu and Merle 1998): (1) a summit 
graben elongated perpendicular to the displacement of 
the flank, which can be hundreds of meters wide and 
several kilometers long; (2) a bulge outboard of the gra-
ben, corresponding to the more or less horizontal transla-
tion of the flank (~150 m in the case of Mount St. 
Helens). Such topographic changes were recorded at 
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Table 3 Fs values of a B-type surface (Fig. 1b) for Mount St. 
Helens topography before the cryptodome intrusion in 1979 and 
before the eruption of 18 May 1980, under various conditions of 
friction angle (φ), cohesion (c) and pore pressure (ru). No internal 
structure is taken into account, only topography is considered. 
Seismic coefficient n=0 

ru c 
(Pa) 

Topography 
1979 

Topography 
05/18/1980 

φ=30° φ=40° φ=30° φ=40° 

0 

0.3 

0 
105 

0 
105 

1.26 
1.3 

0.8 
0.84 

1.82 
1.86 

1.16 
1.2 

1.33 
1.36 

0.85 
0.88 

1.93 
1.96 

1.24 
1.27 

Mount St. Helens from photographs between August 
1979 (prior to the beginning of the deformation) and 16 
May 1980 (Moore and Albee 1981; Voight et al. 1981), 
and similar deformation was documented at Bezymianny 
Volcano prior to the failure (Gorshkov 1959). 

Reid et al. (2000) calculated that deformation at 
Mount St. Helens was responsible for a decrease of Fs 
by 3% over the undeformed edifice. Their three-dimen-
sional method resulted in a minimum Fs of about one in 
the bulge area and an associated potential failure volume 
of ~1.1 km3 with c=106 Pa, ru=0.3 and n=0.2. They rec-
ognized, however, that small uncertainties in Fs could 
lead to large uncertainties in potential failure volume. 
The location and volume uncertainty may fit that of slip 
surface C. However these conditions alone do not ac-
count for the failure of block II along a deeper failure 
surface of B type. Because block I and block II were 
seen moving simultaneously, we suggest that B was the 
critical surface and was at marginal stability prior to the 
collapse, reflecting the existence of cryptodome-generat-
ed weakening structures. According to our calculations, 
the topographic changes are responsible for Fs increases 
along fixed circle B by 5–6%, no matter what φ and ru 
values are used (Table 3). Thus, the removal of mass 
from the crater and the displacement of the center of 
gravity of the north flank downslope contributed to sta-
bilizing surface B, whereas the slope increase lowered Fs 
on potential slip surface C. As the slope became more 
pronounced, it promoted superficial failures on the 
bulge, forming small avalanches and rock falls during 
earthquakes. 

We also modeled the static stability of the transient 
topography at the beginning of the collapse of block I. 
For an arbitrary transient scarp height of 500 m, the dis-
placement of block I causes Fs of surface B to rise from 
1.96 to 2.01; that is, block I displacement makes block II
more stable. Therefore, the displacement of the mass of 
block I alone cannot explain the failure of block II. 
Nevertheless, shaking caused by the triggering earth-
quake, added to the vibration originating from the mo-
tion and dislocation of block I, may have contributed to 
detachment of the second block. Voight et al. (1981) and 
Lipman et al. (1981) suggested that the northern flank 

had not reached its limit equilibrium earlier because of 
(1) the lack of ground-deformation acceleration of sur-
vey points, which is often recorded just before landslides 
and, sometimes, eruptions (Swanson et al. 1983; Voight 
1988; Voight and Cornelius 1991; Murray et al. 1994); 
and (2) the powerful earthquake that likely triggered the 
failure (Voight et al. 1981; Kanamori et al. 1984; see dis-
cussion). Besides, analog models of intrusion often dis-
play a thrust, which appears at the surface at the base of 
the bulge because of large lateral displacement of the 
flank (Merle and Donnadieu 2000; Fig. 1c). No signs of 
a thrust fault were detected at Mount St. Helens prior to 
the 18 May 1980 eruption, suggesting that the intrusion 
could have developed further if no earthquake had trig-
gered the failure. Also, at least four other older domes 
extruded at Mount St. Helens without a major failure at 
the summit and on the northern side (Crandell and 
Mullineaux 1978; Hoblitt et al. 1980). 

Summit structures: major shear fault and normal faults 

The shear zone that propagates from one side of the 
magmatic body to the fractured crest of the bulge may 
contain several faults (major shear faults or MSF of 
Donnadieu and Merle 1998; Fig. 1a). This zone is repre-
sented by an inward-dipping layer with variable proper-
ties of angle of friction and cohesion (Fig. 1c). Whatever 
the characteristics chosen, all potential slip surfaces in-
tersecting this zone receive no significant effect on Fs 
because it forms too small a fraction of their surface. 
Therefore, although the MSF is the major structural ele-
ment controlling the emplacement of a cryptodome, it 
does not directly affect edifice stability. 

As magma is guided obliquely by the MSF, the flank 
is displaced outward and a series of normal step faults 
are generated very early to accommodate the summit ex-
tension. These normal faults join the MSF at shallow 
depth (Fig. 1a). As they experience episodic motion 
(>2 months at Mount St. Helens), cohesion along the 
fault system is presumably reduced. The main normal 
fault is symbolized by a thin, cohesionless layer dipping 
at 60° outward (Fig. 1c). Computations show that this 
structure, because of its limited dimensions, has only 
limited effect on the Fs of surfaces going through it, irre-
spective of its properties and the shape of the surface. 
For example, theoretical considerations for surface B 
give Fs=1.93 for φfault=22°, and Fs=1.92 for φfault=1°, 
with the rest of the edifice having c=105 Pa, φ=40°, ru=0 
and n=0. Shallower surfaces are a priori more unstable 
than surfaces passing through this zone. There are three 
possibilities for initiating failure along this zone (B): (1) 
powerful seismic accelerations, which would increase 
sufficiently the driving moments to trigger failure of a 
large portion of the edifice back to this mechanically-
weak zone; (2) the presence of another weak structure 
that diminishes the resisting moments; or (3) a combina-
tion of both. The second hypothesis is tested below. 
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Magma body 

Physical models show analog magma intruding upward 
along the MSF. As a general result, the head of the intru-
sion could be cut by any landslide running at a signifi-
cant depth. In the case of Mount St. Helens, the front of 
the magma body seemed to be cut by the second slide 
(Voight et al. 1981). The dacite cryptodome was at mag-
matic temperatures of ~900 °C, with a phenocryst con-
tent of 30 vol%, a vesicularity of 36 vol% and a bulk wa-
ter content of only 0.6 wt%, corresponding to a highly 
viscous, nearly solid, state (Eichelberger and Hayes 
1982; Alidibirov et al. 1997). Therefore, the magma 
body represented a mechanical weakness within the edi-
fice. For example, Heuze (1983) found experimentally a 
dramatic decrease of c and φ in granitic rocks as a func-
tion of temperature, by more than 90% at 900 °C. Al-
though the cohesion and angle of friction of the Mount 
St. Helens hot dacite (ccrypt and φcrypt) have not been 
measured, we anticipate similarly that they were much 
reduced because of the magmatic temperature and high 
vesicularity. In our model we do not try to reproduce 
faithfully the behavior of a viscous fluid undergoing rap-
id mechanical stresses, but simply to model a zone of 
low strength compared with the rest of the cone. For this 
reason, a large range of values of φcrypt and ccrypt is tested 
for the cryptodome within an edifice with φ=40° and 
c=105 Pa. Over the physical parameters ascribed to this 
zone, the most important element is the length (or 3-D a 
surface) cut by the failure surface. It implies that the 
cryptodome may take on a different shape than that 
drawn in Fig. 1c. 

Introducing a zone with physical properties weaker 
than those of the edifice has a twofold effect on a B-type 
circle cutting its front: (1) Fs of this circle is markedly 
lowered; and (2) Fs is at minimum for this circle: it is the 
critical circle, compared to overlying failure surfaces. 
Thus the presence of a cryptodome at this position in the 
edifice could help explain why failure of block II oc-
curred on a relatively deep-seated surface. Table 4 gives 
Fs values for a surface passing through the cryptodome 
with a cutting length L (Fig. 1c). The critical failure sur-
face is of type B; Fs is a minimum when the cutting 
length is equal to L/2 or larger; that is, even for a crypto-
dome with a narrow front. Computations also show that 
the edifice containing such a magma body can be desta-
bilized if it experiences a moderate horizontal accelera-
tion about 0.25 g, without the need for additional pore 
pressure or weak structures. When the cutting length is 
less than L/2, Fs is naturally higher, and lower values are 
found for more superficial planar surfaces. In contrast, 
when the cryptodome length cut by the critical surface is 
2L, Fs is seriously diminished and the stability is ren-
dered extremely sensitive to pore pressure and seismicity 
conditions. Only the general trends arising from the pres-
ence of a cryptodome are emphasized here because the 
three-dimensional effect is not taken into account. 

Table 4 Fs values associated with a B-type surface cutting 
through the cryptodome over a length L, L/2 or 2L (Fig. 1c). A 
mechanically weak body with two possible values of angle of fric-
tion φ and cohesion 0≤c≤104 Pa is tested. Note results are very 
close for lower and upper values of c. The edifice has φ=40° and 
c=105 Pa. The effect of an earthquake-induced horizontal ground 
acceleration (n) is indicated for an intrusion of average size 

Cryptodome c=0–104 Pa φ=10° φ=20° 

L/2 1.85 1.89 
L 1.72 1.80 
L×2 1.49 1.65 
L, n=0.25 1.03 1.08 

Basal shear zone underlying the bulge 

Analog models of intrusion display a lateral intrusion of 
the “magma” at the base of the bulge and eventually dis-
play a thrust that appears at the base of the bulge 
(Fig. 1a). This and the overall horizontal displacements 
of the Mount St. Helens bulge suggest that a shear zone 
propagated from the base of the cryptodome toward the 
outer cone surface because of the magma pushing out the 
flank. Voight (1988) also considered the possibility of a 
slope pushed out on its side like a “compression test”, 
leading to rupture after a critical strain is reached on a 
2-km-long subhorizontal plane underlying the north 
flank. The shear-zone geometry used for our calculations 
is shown in Fig. 1c. Again, the important parameter for 
analysis is the length of the intersection between the 
shear zone and the potential failure surface (~800 m for 
surface B), not the shape of the shear zone. The angle of 
friction and the cohesion of the shear zone should ap-
proach that of a fault zone. As these may vary, we took 
10°≤φshear≤30° and 0≤cshear≤105 Pa because the cohesive 
strength was presumably much destroyed because of ear-
lier movement. In all cases, Fs is lowered by 7 to 21%, 
compared with the case in which a shear structure is ab-
sent: thus, Fs=1.69 for φshear=22°, cshear=0 instead of 
Fs=1.96. Besides, there is always a critical surface of 
type B, merging with the deep shear zone downslope. 
Also, the presence of such a deep shear zone, in addition 
to intense fracturing at the crest of the bulge and slope 
oversteepening caused by the magmatic push, could also 
explain failure along surface C at Mount St. Helens 
under seismic shaking. 

Combined effects of cryptodome structures 

The emplacement of a cryptodome generates all the 
structures investigated, leading locally to a very low Fs, 
with failure clearly localized along a deep critical sur-
face of type B. With the average mechanical properties 
assumed in Table 5 for both the edifice and the structures 
produced by the cryptodome, computations give 
Fs=1.53, without any pore pressure or seismicity, com-
pared with Fs=1.96 without cryptodome structures 
(Table 2) under the same conditions. Thus, the growth of 
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Table 5 Combined effect of the structures generated by a crypto-
dome on Fs associated with critical failure surface B at Mount St. 
Helens (Fig. 1b). Average mechanical properties of all structures 
are considered. Failure may occur (Fs≤1) if ru=0.3 or if n=0.2 

φ c ru=0 ru=0 ru=0.3 
(°) (Pa) n=0 n=0.2 n=0 

Edifice 40 105 

Graben and craters 40 105 

Normal fault 25 0 Fs=1.53 Fs=1 Fs=0.99 
Cryptodome 20 104 

Basal shear zone 22 0 

a cryptodome within the volcano reduces stability and 
renders it more sensitive to triggering mechanisms. 
Nevertheless, it is possible that intrusions can sometimes 
reach the surface without catastrophic destabilization 
(e.g., Goat Rocks at Mount St. Helens). For the assump-
tions cited above, a horizontal acceleration of 0.2 g alone 
is able to cause failure of surface B (Fs=1, Table 5). Like-
wise, failure can be triggered without seismicity if during 
the growth of the intrusion significant pore pressure 
(ru=0.3) develops in the interior of the edifice (Table 5). 
If both seismicity and pore pressure are present, rupture 
may occur with even lower values of ru and n. Also, if 
unfavorable conditions with ru=0.3 and n=0.2 are com-
bined, edifices with a larger cohesion (106 Pa or slightly 
higher) could be destabilized along a B-type deep surface 
because of cryptodome-induced deformation. 

A deep-seated surface (E or D) cutting through the 
cryptodome and its basal shear zone (Fig. 1c) would 
have Fs>>2, even with structures characterized by a very 
low angle of friction (10°) and no cohesion. Thus, it is 
likely that deep debris avalanche scars do not result from 
a single slide, even when cryptodome emplacement gen-
erates weakening structures deep within the volcano. 

Discussion and conclusions 

Stability of Mount St. Helens prior to 18 May 1980 

Intrusion of a cryptodome into the upper part of a volca-
nic edifice decreases its stability because of the lower 
shear strength of the magmatic body itself and associated 
weakening structures, including outward-dipping normal 
faults bounding a summit graben, bulging of the destabi-
lized flank, and a subhorizontal shear zone at the base of 
the bulge. Our results suggest that these structural defor-
mations contribute directly to localized failure along a 
critical surface with low Fs deep within the interior of 
the edifice. This critical surface, with Fs reduced by as 
much as 25–30%, is then very sensitive to the variations 
of stability conditions, particularly to pore pressure and 
seismicity, and may lead to catastrophic failure of a large 
volume of the edifice flank (e.g., for ru=0.3 or n=0.2). In 
the case of Mount St. Helens, the critical surface fits the 
deep sliding surface of block II (surface B). 

Voight et al. (1983) showed that Fs associated with 
surfaces B or C at Mount St. Helens could be decreased 
to less than unity when significant pore pressure and 
earthquake-induced ground accelerations were com-
bined. We find however that, in the general case of a ho-
mogeneous edifice, the critical surface (minimum Fs) is 
shallow and cannot fit B or C type surfaces when 
105<c<106 Pa. Several factors could account for a criti-
cal surface of depth comparable to C: (1) a rock mass co-
hesion of ~106 Pa; (2) the basal shear zone generated by 
the cryptodome growth, which may have lowered the 
stability of surface C and located the lower end of the 
slip surface; and (3) particular seismic conditions might 
have influenced the depth of the critical surface, as the 
critical surface during an earthquake is not necessarily 
the same as that without seismicity. In all three cases, 
however, failure of block I along surface C required a 
combination of unfavorable conditions of pore fluid 
pressure and seismicity (ru≥0.3 and n≥0.2), as previously 
suggested by Voight et al. (1983). We agree with these 
authors that failure occurred in a material with an angle 
of friction around 40°, rock mass cohesion of 
105<c<106 Pa (but more likely in the upper range), and 
significant water pore pressure. 

On 18 May 1980, E–W trending fractures appeared 
soon after the magnitude 5.2 earthquake on the crest of 
the bulge (Voight et al. 1981). They were the first sign of 
the detachment of slide block I along a newly formed 
rupture surface of type C. The bulge crest was sheared 
and crushed owing to large displacements along the in-
ward-dipping faults resulting from cryptodome indenta-
tion. This may have helped C become a critical surface, 
although there is no clear evidence for it. Also, shearing 
that occurred at the base of the bulge, owing to the later-
al push of the magma, may possibly have contributed to 
the failure of surface C, but more likely to the failure of 
B, which was deeper. The detachment of the second 
block along a B-type surface occurred simultaneously 
and clearly used the largest normal fault bounding the 
graben to the south. Our results suggest that the shape of 
slide surface B has been guided at depth by the crypto-
dome front, and also its basal shear zone. For these rea-
sons, we believe that B became a critical surface, and 
that it was on the verge of failure even before the trigger-
ing earthquake. It is likely that the Mount St. Helens 
cryptodome and its basal shear zone were not quite de-
veloped enough to generate a critical surface during the 
preceding magnitude 5 earthquakes of 8 and 12 May, 
although sudden shifts of the slope occurred at this time 
(Voight et al. 1983). Part of the seismic activity might 
well be the consequence of the propagation of surface B. 
The cryptodome structures were probably weakened by 
these events, allowing the 18 May earthquake, of compa-
rable magnitude (Endo et al. 1981), to trigger the cata-
strophic failure. Thus, the 18 May earthquake caused the 
sliding of surface B, which had reached marginal stabili-
ty owing to the development of the cryptodome struc-
tures, and triggered the failure of a newly formed surface 
of type C, helped by the slope increase. On the basis of 



71 

our limit-equilibrium analysis, we believe that the earth-
quake was the trigger of the Mount St. Helens rockslide 
avalanche, challenging Kanamori et al. (1984) interpreta-
tion from seismic body waves that the earthquake repre-
sents the onset of the landslide. Had no earthquake 
occurred, surface B might have failed alone when 
cryptodome structures had become sufficiently devel-
oped or pore fluid pressure had become too high to sup-
port the northern flank. 

Stability of Bezymianny Volcano 

In the case of Bezymianny Volcano, the duration and 
magnitude of deformation, as well as the presence of a 
flat lava dome in the crater prior to failure and strombol-
ian eruptions, suggest that the intrusion was well devel-
oped. A very similar scenario to Mount St. Helens cer-
tainly occurred following an earthquake (Gorshkov 
1959) and involved several failure surfaces (Siebert et al. 
1987; Voight and Elsworth 1997). Possible slides along 
arbitrary surfaces of type C2 then B2 or A2 (Fig. 3), first 
depressurized the magmatic system, allowing the emis-
sion of a lateral blast. If weakening cryptodome struc-
tures are not considered, then B2-type surfaces cannot 
represent critical surfaces. Also, pore pressure and se-
ismicity conditions stronger than at Mount St. Helens 
might have been required to reach the rupture threshold 
because the stability of surfaces A2 and B2 is signifi-
cantly higher than equivalent surfaces at Mount St. Hel-
ens. In both cases, had no earthquake occurred, the 
cryptodomes would have grown more, producing rock 
falls and minor avalanches, until sufficient strength loss 
along a surface of type B permitted sliding of the rock 
mass above. 

Several domes known on the flanks of Mount St. 
Helens, like Goat Rocks, could represent the non-cata-
strophic outcome of the process clarified experimentally 
by Donnadieu and Merle (1998). Other cryptodome de-
formations have been witnessed at Usu-Shinzan (Katsui 
et al. 1985) and Showa-Shinzan (Minakami et al. 1951) 
Volcanoes in Japan. They did not culminate in a land-
slide associated with a paroxysmal eruption like at 
Mount St. Helens or Bezymianny because they were 
emplaced beneath relatively flat ground. 

Formation of deep-seated avalanche calderas 

Our computations show that the typical scar profiles of 
deep-seated avalanche calderas, which display a sharply 
dipping headscarp and a relatively flat floor, cannot gen-
erally be created by a single slide neither in a mechani-
cally homogeneous edifice, nor in an edifice weakened 
by cryptodome-induced structures. This result corrobo-
rates the idea of Voight et al. (1983), Siebert et al. (1987) 
and Voight and Elsworth (1997) that they result from 
multiple retrogressive slides, sometimes aided by power-
ful explosions of magmatic and hydrothermal fluids at 

high pressure, and fluidization of cohesionless debris. 
For Mount St. Helens, we show that the cryptodome 
weakening structures localize a second concomitant criti-
cal surface of type B, deeper than C, and may therefore 
account for retrogressive slides. Therefore, cryptodome 
intrusions appear to be one possible cause for the forma-
tion of deep-seated avalanche calderas. Conversely, ret-
rogressive slides do not necessarily imply the emplace-
ment of a cryptodome. 
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