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Detailed monitoring at Mount St. Helens since 1980 has enabled prediction of the intermittent 
eruptive activity (mostly dome growth) with unprecedented success. During 1981 and 1982, 
accelerating deformation of the crater floor around the vent (including radial cracks, thrust faults, 
and ground tilt) was the earliest indicator of impending activity. Numerical experiments using 
the finite element method to model the mechanics of the crater floor show that all deformation 

features can be explained by a uniform shear-stress boundary condition along the conduit wall. 
The magnitude of the shear stress required to match observed displacements (1-7 MPa) is inversely 
proportional to the conduit diameter (estimated to be 25-100 m). The most probable source of 
this shear stress is the flow of viscous magma up the conduit and into the lava dome. We propose 
a model in which the accelerating deformation, beginning as much as 4 weeks before extrusions, 
is caused by the increasing velocity of ascending magma in the conduit. This model is examined 
by using deformation data of the dome before four extrusions in 1981 and 1982 to estimate the 
volumetric flow rate through the conduit. This flow rate and an estimate of the effective viscosity 
of the magma enable calculation of an ascent velocity and an applied shear stress that, again, 
depend on the conduit diameter. The results of these calculations are consistent with the finite 
element experiments and show that the proposed model is feasible. In light of this model, events 
observed just before or near the time extrusions began, such as reversals of ground tilt direction 
from outward to inward and the sudden decrease in the number of shallow earthquakes, may 
indicate an abrupt decrease of shear stress in the conduit. This could be explained by a decrease 
in either the ascent velocity, or the effective viscosity of the magma ascending through the shallow 
conduit, or both, near the time of extrusion. Precursory deformation like that measured at 
Mount St. Helens should be observable at similar volcanoes elsewhere because it is caused by the 
fundamental process of magma ascent. 

INTRODUCTION events this far in advance in 1981 and 1982 was monitoring 

Predictions of volcanic activity depend on the detection of the deformation of the crater floor. 
reliable premonitory symptoms of forthcoming events. Since While clearly useful for prediction, little is known about 
May 18, 1980, intermittent eruptive activity at Mount St. the cause of the deformation on which the predictions were 

based. One of the major goals of modern volcanology is to Helens has provided a rare opportunity to recognize precur- 
sors to eruptive events at a silicic volcano. All 13 eruptive improve our knowledge of the causes of precursory phenom- 
episodes between June 1980 and December 1982 were pre- ena, so that predictions become as deterministic as possible 
dicted from tens of minutes to, more generally, a few hours [Gorshkov, 1971; Decker, 1978; Swanson et al., 1983; Till- 
beforehand primarily on the basis of seismicity [Malone et ing and Bailey, 1985]. Therefore important questions that 
al., 1983]. Longer-term predictions were made 3 days to 3 remain to be answered about the ground deformation at 
weeks in advance of the last seven of these events (start- Mount St. Helens include (1) how can the deformation of 
ing with that of April 1981) on the basis of deformation the crater floor be explained mechanically?, (2) what can 
measurements [Chadwick et al., 1983; Dzurisin et al., 1983]. the deformation data tell us about the volcanic processes 
No false alarms were issued. This prediction record is "un- leading to extrusion?, and (3) are these precursory patterns 
common if not unparalleled in volcanology" [Swanson et al., unique to Mount St. Helens or are they likely to be observed 
1983], and the ability to predict activity several weeks in at other similar volcanoes? This study addresses these ques- 
advance is especially unique and noteworthy. At Mount St. tions by constructing a simple mechanical model to explain 
Helens, the single most reliable means of predicting eruptive the deformation of the crater floor, and then performing cal- 

culations to show that the model is credible and consistent 

with the data available. 

This study is restricted to the years 1981 and 1982 when 
Copyright 1988 by the American Geophysical Union. the crater floor was well exposed and monitored. Since 1982, 

Paper number 7B2040. the crater floor has been mostly covered by the spreading 
0148-0227/88/007B-2040505.00 dome, rockfall debris, tephra, and snow, and precursory de- 
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formation h•s been measured primarily on the l•v• dome. 
Nevertheless, obvious deformation of the m•teri•ls covering 
the floor suggests that it has continued to deform before •nd 
during eruptive events [Swanson, 1985]. 

DEFORMATION OF THE CRATER FLOOR 1981-1982 

In 1981 •nd 1982, individual dome-building episodes were 
separated by 1-4 months of relative quiet. Periods of dome 
growth consisted of intrusion of m•gm• into the dome for 
severa• weeks, culminated by the extrusion of l•v• onto its 
surface, l•sting • few d•ys. Surface deformation measured in 
the crater before extrusions included (1) the opening of ra- 
dial cr•cks, (2) the movement •1ong thrust f•ults, (3) r•dial 
displacement •nd tilting of the crater floor, •nd (4) swelling 
of the l•v• dome. All these movements •cceler•ted before 

eruptive events. 

Cracks 

Ground cr•cks in the crater floor were first observed in 

September 1980 extending r•di•lly outward from the dome 
(Figure l a). Measurements of the distances •cross cr•cks 
showed that some cr•cks widened •t r•tes that increased 

before subsequent •ctivity [Swanson et al., 1981]. In •d- 
dition, new cr•cks formed, existing cr•cks propagated •w•y 
from the l•v• dome, •nd some cr•cks showed strike-slip com- 
ponents of movement (Figure 2a). The l•rgest cr•cks grew 
to be 2-4 m wide •nd •bout 10 m deep [Chadwick et al., 
1983]. 

Thrust Faults 

During the December 1980 extrusion, thrust f•ults formed 
on the crater floor (Figure la). By the summer of 1981, • 
complex system of f•ults h•d disrupted much of the south- 
western p•rt of the floor (Figure lb). The thrust f•ults were 
]abate •nd generally bounded by r•di•l cr•cks that •cted as 
tear f•ults. The thrusts initially formed as small buckles less 
th•n • centimeter high •nd typically moved • few meters be- 
fore e•ch subsequent extrusion, some eventually growing to 
h•ve frontal scarps •s high •s 5 m that f•ced •w•y from the 
dome. Parts of the floor bounded by thrust faults moved up 
and radially away from the dome (Figure lc). The lateral 
movement of the thrusts was monitored by taping the dis- 
tances between a point on the upper plate and two points 
on the lower plate. A network of survey points was leveled 
to monitor vertical displacements. Thrust movements accel- 
erated systematically before extrusions (Figure 2b). These 

Fig. 1. (Opposite) Deformation of the crater floor at Mount 
St. Helens. (a) Sketch map of the crater floor made from air 
photos taken January 1981 showing radial cracks and thrust faults 
(teeth on upper plates). The lava dome is shown in gray, and 
the blocky pattern shows recent rockfall deposits from the crater 
walls. Lobes of lava that were eraplaced during different dome- 
building extrusions are outlined. Rampart scarp is a fault scarp 
with relative movement up to the south that bounds the crater 
floor to the north. Note that radial cracks do not extend north of 

this fault. (b) Sketch map made from air photos taken September 
1981. Dome talus is shown in coarse stipple. Vectors show dis- 
placements for rampart trilateration points (dashed) and thrust 
faults (solid) leading up to the extrusion on October 30, 1981. 
Note different vector scales. (c) Radial cross section from the cen- 
ter of the dome to the crater wall (x to x • in Figure lb) showing 
displacements vectors across the upper plate of a thrust (relative 
to point z) before the extrusion on October 30, 1981. The vectors 
identified by the asterisk in Figures lb and lc are the same. 
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Fig. 2. Accelerating deformation on the crater floor and lava dome of Mount St. Helens leading to eruptive 
events. Plots show cumulative changes in distances measured (e) across a ground crack showing both dilational 
and strike-slip movements, (b) across the toe of a thrust fault, and (d) from a point on the crater floor to a point 
on the lava dome. (c) Tiltmeter data (radial component) show acceleration of outward tilting, turning to rapid 
subsidence 40 rain before an explosion [after Dz•trisin et el., 1983]. Vertical lines indicate the time of the start 
of eruptive activity (in Figures 2e and 2b the beginning of extrusion in September and October 1981; in Figures 
2c and 2d, an explosion, fonowed by extrusion in March 1982). Monitoring stations are (•) .Christina's radial, (b) 
Christina 2 thrust, (c) Roach tiltmeter, and (d) Hot Spot to Deloris. 

movements provided a consistent and reliable predictive tool 
at Mount St. Helens in 1981 and 1982. 

Crater Floor Displacements and Tilting 

Beginning in early 1981, points were periodically trilat- 
erated from a baseline 1 km north of the dome in order to 

(250-300 m from the vent) generally tilted a total of 2000- 
4000 (but as much as 20,000) microradians (t•rad) before 
each extrusion [Dzurisin et al., 1983]. 

Dome Displacements 

Frequent measurements of the distances and vertical an- 
determine horizontal displacements near the vent. These gles between instrument sites on the crater floor and targets 
measurements showed nearly radial movements (Figure 1 b). on the lava dome were initiated in October 1981 to detect 
Deformation of the floor and the dome began simultane- expansion of the dome. Horizontal displacements as large as 
ously, and horizontal displacements on the floor were cumu- 30 m were measured, and demonstrated that the dome grew 
lative and permanent; thus the conduit apparently remained substantially by intrusion before lava was extruded onto its 
filled with viscous magma between extrusions [Chadwick et surface [Chadwick et al., 1983; Swanson et al., 1987]. The 
al., 1983]. rate of dome expansion consistently accelerated before ex- 

From May 1981 to August 1982, electronic tiltmeters on trusions (Figure 2d). 
the crater floor monitored six extrusions. Outward tilt- 

ing began several weeks before each extrusion, accelerated FINITE ELEMENT EXPERIMENTS 
sharply for several days, and then abruptly changed direc- Numerical experiments using theoretical mechanics and 
tion to inward tilting minutes to hours before eruptive ac- the finite element method have been performed to better 
tivity began (Figure 2c). Sites within 50 m of the dome understand the deformation of the crater floor. The finite 
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Fig. 3. Schematic views illustrating the geometry and the as- 
sumed structure of the crater of Mount St. Helens: (a) map view, 
and (b and c) cross sections. The fragmental crater fill is assumed 
to be filling a conical vent formed on May 18, 1980, with a cylin- 
drical conduit at its center. The bedrock of the breach is covered 

by a thin veneer of pyroclastic deposits. 

element code of Frazier and Petersen [1974], modified for 
static problems, was used. After a region of interest is di- 
vided into many rectangular "elements" and conditions on 
the boundary of the region are specified (as displacements or 
stresses), the program calculates the stresses in each element 
and the displacements of the element corners or "nodes." In- 
ferences from field observations about the subsurface struc- 
ture of Mount St. Helens were used to formulate the numer- 

icM experiments. 

Geometry and Geology of the Crater 

The 1980 crater of Mount St. Helens is U shaped; the 
crater walls are breached where the north flank slid off the 

mountain to form the debris avalanche, immediately preced- 
ing the blast, on May 18, 1980 [Christiansen and Peterson, 
1981; Moore and Albee, 1981]. The crater can be divided 

into two parts, the "crater floor" at the south end and the 
"breach" to the north (Figure 3a). The eruptive vent is lo- 
cated near the center of the approximately circular crater 
floor. The floor of the breach is essentially part of the ini- 
tial slide plane for the debris avalanche [Voight et al., 1981] 
covered by a veneer of pyroclastic flow and rockfall deposits 
with an average thickness of 100 m [Malohe and Pavlis, 1983; 
S. D. Malone, personal communication, 1986] (Figure 3b). 
The crater floor, however, is composed of tephra, pyroclas- 
tic fallback, and rockfall debris that are probably filling a 
conical vent excavated by the eruptive activity on May 18, 
1980. The crater floor was separated from the floor of the 
breach by a fault scarp called "the rampart scarp" (Figures 
la and 3a). The scarp was first observed in June 1980 and 
became a prominent and persistent feature in the crater. It 
was vertical and trended approximately east-west with a 2 
to 3-m relative displacement, up to the south. The signif- 
icance of the rampart scarp is somewhat enigmatic, but it 
apparently was a manifestation of the boundary between the 
crater fill and the bedrock of the breach (Figure 3b). Evi- 
dence for this interpretation comes from aerial photographs 
taken days after May 18, 1980, which show that tephra on 
the crater floor was filling a circular depression, the north 
boundary of which is near the eventual location of the ram- 
part scarp. Further evidence for a structural discontinuity 
is that radial cracks in the crater floor propagated from the 
conduit northward all the way to the rampart scarp, but 
never beyond (Figure l a). By the end of 1982, most of the 
rampart scarp had been buried by the growing lava dome. 

Idealization •or Numerical Modeling 

Geometry. The conduit is assumed to be a vertical cylin- 
der because displacements measured on the floor around the 
vent show a clear radial pattern (Figure lb). The diameter 
of the conduit is constrained by field observations and pre- 
vious theoretical work. The beginning of extrusion of a new 
lava dome (the oldest part of the present composite dome) 
was observed from a helicopter soon after the last major 
explosive activity in October 1980. The conduit that was 
feeding the dome was estimated to be about 25 m in diame- 
ter. Carey and Sigurdsson [1985] and Scandone and Malone 
[1985] calculated values of 95 m and 100-110 m, respectively, 
for the average diameter of the conduit from 7-km depth to 
the surface, based on modeling of the dynamics of the erup- 
tive activity on May 18, 1980. The smaller value may be 
more relevant, since this study is only concerned with the 
upper I km of the conduit. In any case, these estimates give 
an upper and lower bound for the •diameter of the conduit. 

The crater walls are assumed to slope down beneath the 
crater floor at 55 ø , the same angle as that from the rim to 
the floor (Figure 3c). If the walls are modeled as sloping less 
than about 45 ø , surface displacements become increasingly 
concentrated near the vent and inconsistent with field data. 

The volume of the crater fill is therefore idealized as an 

inverted cone and the conduit a vertical cylinder at its center 
(Figure 4). For numerical modeling, we can take advantage 
of the vertical axis of symmetry and reduce this geometry 
to a two-dimensional, axisymmetric problem representing a 
vertical profile. 

Two profiles with different geometry were used to distin- 
guish between two areas of the crater fill: the part north 
of the vent that is bound by the breach and the rest of 
the fill that is bound by the crater walls. These will be re- 
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Fig. 4. Idealized profiles through the crater fill of Mount St. Helens used in the axisymmetric finite element 
experiments. (a) The breach profile, used for conditions north of the vent and (b) the wall profile, for conditions 
elsewhere. The light stippled material represents the fragrnental crater fill (Young's modulus 100 MPa) and the 
dark material in Figure 4a represents the bedrock of the breach (Young's modulus 1000 MPa) which is covered 
by 100 m of pyroclastic veneer. R is the radius of the conduit. See text for discussion. 

ferred to as the "breach" and "wall" profiles. The reasons 
for making this distinction are that (1) there was no thrust 
faulting north of the vent (Figure l a) and the observed dis- 
placements there were an order of magnitude smaller than 
elsewhere (Figure lb), (2) the breach is a relatively mobile 
boundary, whereas the walls are relatively fixed, and (3) the 
radial distance to the boundary is smaller to the north of 
the vent (Figure 1 a). These distinctions are discussed fur- 
ther below. 

The distance from the center of the conduit to the crater 

walls is about 500 m, and with walls sloping at 55 ø, the 
conduit wall adjacent to the crater fill is then slightly over 
700 m (Figures 3c and 4b). However, the distance from the 
center of the conduit to the rampart scarp on the north side 
of the vent is only about 300 m. Using the same conduit 
length of 700 m, the north boundary of the crater fill slopes 
at 67 ø (Figures 3b and 4a). 

Boundary conditions. In the wall profile, the crater walls 
are assigned a no-displacement boundary condition because 
deformation monitoring showed that the outer flanks of the 
volcano did not deform during 1981 and 1982 [Chadwick 
et al., 1983]. However, points that were monitored in the 
breach were displaced northward before some extrusions, 
suggesting that the boundary of the crater fill to the north 
is somewhat mobile. This condition is approximated in the 
breach profile by surrounding the crater fill with a stiff, but 
deformable, material to simulate the bedrock of the breach. 
This material is covered by a 100-m veneer with the same 
properties as the crater fill (Figure 4a). 

Normal stress is added along the part of the ground surface 
beneath the dome to simulate its weight. We assume that 
the driving force for the deformation of the crater fill comes 
from within the conduit. The boundary condition along the 
conduit wall is therefore specified as either a normal stress, 
a shear stress, or both and can be varied along the length 
of the wall. 

Rheology. The crater fill material is fragmental ejecta 
and rockfall debris which is unconsolidated at the surface 

and probably weakly consolidated at depth. This material 
is assumed to behave elastically, which means that strains 
are directly proportional to the applied stresses. A viscoelas- 

tic rheology (characterized by brittle behavior on short time 
scales and ductile behavior on long time scales) was consid- 
ered, but not used for the following reasons: (1) the forma- 
tion of the cracks and thrust faults shows that the crater 

fill deforms primarily in a brittle manner and not by viscous 
flow, (2) there is no evidence of relaxation phenomena that 
would suggest a viscoelastic response, and (3) for viscous 
effects to be measurable during the period between extru- 
sions (a relaxation time of about 1 month), the crater floor 
would have to have an unreasonably low effective viscosity 
of 10•5-10 •6 P. 

Two elastic constants are required to determine the rela- 
tions between stress and strain in a linearly elastic, homo- 
geneous, and isotropic material; Young's modulus and Pois- 
son's ratio are used in this study. A value of 0.25 is used for 
Poisson's ratio. The Young's modulus for the crater fill is 
not known. It is taken to be 100 MPa, which is within the 
range of values reported for soils [Vyalov, 1986] and slightly 
less than values for hyaloclastites, tuffs, and consolidated 
sandstones [Birch, 1966; Oddsson, 1981; Vyalov, 1986]. This 
value should be appropriate for the fragmental, unconsoli- 
dated to weakly consolidated tephra of the crater fill. In the 
breach profile, the Young's modulus of the breach bedrock 
is an order of magnitude higher than the modulus of the 
crater fill. 

Experimental Method 

The numerical experiments were conducted by inputing a 
variety of conduit radii and distributions of normal or shear 
stress applied on the conduit wall. Then the output was 
examined to see (1) if the stress field in the crater fill was 
compatible with the formation of radial cracks and thrust 
faults, and (2) how well the calculated displacements at the 
surface compared with the representative field data shown 
in Figure 1. 

From the calculated stress field, stress trajectories can be 
plotted which are guides to orientations favorable to the 
formation of tensile cracks or zones of shear failure. Ten- 

sile cracks should form parallel to the axis of the maximum 
compressive stress. We assume that shear failure will oc- 
cur on planes oriented 30 ø from the axis of the maximum 
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Fig. 5. Finite element results from the wall profile showing the orientation of stress trajectories at 30 ø to the 
maximum compressive stress for (a) normal and (b) shear-stress boundary conditions. Bold lines parallel to the 
trajectories for each condition trace the orientation of possible fault planes which intersect the surface where 
observed (Figure lc). The weak elements in a zone used to simulate these faults are outlined. The Young's 
modulus of the weak elements is 1-2 orders of magnitude less than the surrounding material. 

compressive stress, as is predicted by Coulomb failure and 
is commonly observed in triaxial compression tests [Handin, 
1966]. This technique of mapping stress trajectories to find 
the geometry of failure surfaces has been used in fault inves- 
tigations elsewhere [Hafner, 1951; Hubbert, 1951; Sanford, 
1959; Voight, 1976]. 

Thrust faulting was never observed on the north side of 
the dome. Thus the breach profile does not involve faulting, 
and model displacements can be compared directly with the 
trilateration data north of the dome in Figure lb. However, 
faulting was common in the rest of the crater floor, and the 
wall profile must be altered to include thrust faults. This 
is done by lowering the Young's modulus between 1 and 2 
orders of magnitude in individual elements along a narrow 
zone where shear failure is likely, as determined by the anal- 
ysis of stress trajectories. Thrust faults are thus approxi- 
mated in the numerical experiments by a zone of elements 
which are much weaker than the surrounding material. This 
method is qualitatively supported by the results of Mandl et 
al. [1977], who experimented with shear zones in granular 
materiM and found that they behaved as very weak zones 
across which most deformation took place, whereas the sur- 
rounding materiM remained essentially elastic and intact. 
Surface displacements calculated in this way can then be 
compared with displacements across the upper plate of the 
thrust fault in Figure l c. 

Finite Element Results 

Stress fields. Either uniform normal or shear stresses ap- 
plied to the conduit wall in both profiles create stresses in 
the crater floor that are appropriate for the formation of ra- 
dial cracks. With an applied normal stress, the stresses in a 
radial direction are compressive throughout the floor, great- 

est adjacent to the conduit and decrease sharply with dis- 
tance away from the conduit. With an applied shear stress 
the radial stress is tensile near the conduit and compressive 
elsewhere. In the wall profile, the stresses in the tangential 
direction (hoop stresses) begin as tensile stresses equal to or 
greater than magnitude to the radial stress at the conduit 
and become slightly compressive about three fourths of the 
way to the wall. In the breach profile, the tangential stresses 
remain tensile all the way to the rampart scarp. 

These results suggest that cracks should initiate at the 
conduit wall and propagate outward in a radial direction all 
the way to the rampart scarp, to the north, but not all the 
way to the crater walls. These results are confirmed by field 
observations (Figure la). The results predict no shear stress 
along radial cracks; however, strike-slip movement was ob- 
served along many cracks in addition to dilational opening 
(Figure 2a). This strike-slip movement was a necessary ac- 
commodation of thrust faulting. 

Radial stresses in the wall profile are higher, probably be- 
cause of the fixed boundary, and this may be why thrusting 
occurs preferentially in areas of the crater floor where it is 
surrounded by the crater wall. The stress fields produced 
in the wall profile by either normal or shear-stress bound- 
ary conditions are appropriate for the formation of thrust 
faults. The geometry of the fault planes produced by the 
two boundary conditions is slightly different, however; nor- 
mal stress creates a fault with a constant dip, whereas shear 
stress creates a fault that increases in dip with depth (Fig- 
ure 5). Varying the conduit radius has little effect on the 
resultant stress fields. 

Displacements. In both profiles, the magnitude of the 
shear stress required to match observed displacements is in- 
versely proportional to the conduit radius. Thus a range of 
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stresses is possible in combination with the range of possible 
conduit radii. 

Results from the wall profile show that displacements pro- 
duced by the shear boundary condition using stresses of 1-7 
MPa can match the field observations (Figures 6b and 7). 
However, the stresses required with the normal boundary 
condition, 11-120 MPa, are clearly unreasonably large. In 
both cases, the best fit to the field data is obtained with 
a fault zone 30 times weaker than the surrounding mate- 
rial. The model displacements are sensitive to the strength 
of the fault zone because if it is too weak, it deforms exces- 
sively and if it is not weak enough, there is little displace- 
ment across the zone. Nevertheless, the normal boundary 
condition consistently requires about an order of magnitude 
higher stresses than the shear condition to produce compa- 

Finite element results 
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table displacements with a variety of fault zone strengths. 
Fig. 7. Finite element results for both the breach and wall pro- 

Results from the breach profile produce very similar re- files using the shear-stress boundary condition showing the mag- 
suits. The field displacements north of the dome can be nitude of stress required to match the surface displacements as a 
matched satisfactorily by the shear boundary condition (Fig- function of conduit radius. 
ures 6a and 7) using stresses of 1-7 MPa. In contrast, the 
normal boundary condition requires stresses of 5-40 MPa to 
produce large enough displacements, again probably unrea- 
sonably high. This is apparently because the shear boundary We conclude that the shear-stress boundary condition best 
condition pushes the fill material toward the surface, where reproduces the field displacemeats because the stresses re- 
it is free to deform, whereas the normal boundary condition quired are reasonable and are very similar for the two pro- 
pushes it toward a barrier that restricts its mobility. files. Also the amount of ground tilting suggested by dis- 
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tion from both profiles (1500-15,000 ttrad) agrees well with 
values recorded by tiltmeters. These results do not preclude 
the existence of normal stress in the conduit but show that 

it would not contribute significantly to the surface deforma- 
tion. In summary, the finite element results indicate that 
all the field observations, including the geometry of cracks 
and thrusts, as well as tilting of the crater floor and dis- 
placements measured on thrust faults, can be produced by 
a uniform shear stress between 1 and 7 MPa (10-70 bars) 
along the conduit walls. 

A MECHANICAL MODEL FOR DEFORMATION 

OF THE CRATER FLOOR 

The most likely physical source of shear stress along the 
walls of the conduit is the flow of magma up the conduit. 
Field evidence for shear in the magma during its migration 
to the surface includes (1) prominent planar flow banding 
with alternating layers of dense and vesicular dacite, (2) the 
alignment of long axes of xenoliths parallel to flow banding, 
and (3) disaggregation of xenoliths in planar shear zones and 
elongate cavities parallel to flow banding [ Cashman and Tag- 
gart, 1983; Heliker, 1984]. The amount of shear stress ap- 
plied on the conduit walls is related to the velocity of magma 
flow, so that an increase in the magma velocity would cause 
an increase in the displacement at the surface. In our model, 
increasing magma-ascent velocity is the fundamental cause 
of accelerating displacement rates at the surface. 

TESTING THE MODEL 
0 25 rn 0 1.5 rn 

Can shear stress of the magnitude called for in the finite i I I I i ,1 ß I I I 

element experiments be produced by the magma rising in 
SECTION SCALE VECTOR SCALE 

the conduit? We performed a series of calculations to test 
Fig. 6. Displacement vectors comparing field data (solid arrow- this model. Simplifications are necessary, so the aim of these 
heads) and the finite element results (open arrowheads) using a calculations is only to determine whether the model is fea- 
shear-stress boundary condition for (a) the breach profile (map sible and consistent with the data available. 
view) and (b) the wall profile (cross section). Field data are the 
same as shown in Figures lb and lc. Open circle in Figure 6a is During dome growth, magma is intruded into the dome 
the location of the center of the conduit. before it is eventually extruded. The volume of magma that 
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rose in the conduit during a given time interval preceding rive episodes (October 1981, March 1982, May 1982, and 
an extrusion can be estimated by calculating the volume of August 1982) to calculate the volumes of intrusion into the 
intrusion into the lava dome during that time interval. De- dome and the volumetric flow rates up the conduit. The 
formation measurements made on the dome can be used to data for the initial dimensions and volume of the dome for 

calculate these volumes, V, with the formula for an ellip- each event are taken from Table 1 of Swanson et al. [1987]. 
soidal segment However, the volumes of the dome in this table do not in- 

include talus. To find the best dimensions of an idealized el- 

lipsoidal dome without talus but with the volume published 
in which h is the height, w is the half width, and 1 is the half by Swanson et al. [1987], we started with the dimensions in- 
length of the segment. An ellipsoidal segment is part of an cluding talus and decreased them systematically until they 
ellipsoid cut off by a plane parallel to two of the semi-axes. agreed with the talus-free volume. We incrementally de- 

The volume of magma that has risen in the conduit, V, di- creased the half width and half length by twice as much as 
vided by the time interval, t, gives a volumetric flow rate, Q. the height to take into account the fact that the talus is only 
The time intervals are generally short enough that the flow on the sides of the dome but the topography on the dome is 
rate is approximately constant during each interval. The also irregular. 
average ascent velocity, •, is simply The idealized dome therefore begins with the volume pub- 

(2) 

in which R is the radius of the cylindrical conduit. As a first 
approximation, the Mount St. Helens magma is assumed to 
be a Newtonian fluid, for which a linear relationship exists 
between the applied shear stress and the rate of strain. The 
maximum velocity, Vmax, is twice the average velocity for 
steady state laminar flow of a Newtonian fluid in a pipe 
[Bird et al., 1960]. 

The shear stress that would be applied to the conduit wall, 
r, can be expressed using the viscosity of the magma, #, R, 
and either Vmax or Q [Bird et al., 1960]: 

lished by Swanson et al. [1987]. After a time interval, a new 
volume is calculated by adding the measured dome displace- 
ments to the half width and half length. The difference of 
the two volumes is the volume of intrusion during that inter- 
val. This process is repeated for all measurement intervals. 
All the eruptive events except that of March 1982 had defor- 
mation measurements on four sides of the dome. The great- 
est displacements measured on the north and south sides 
were averaged and added to the half length, and those mea- 
sured on the east and west sides were averaged and added to 
the half width. Interpolation was necessary to provide uni- 
form time intervals if measurements were made on different 

sides on different days. A more accurate way of calculating 
the volume of intrusion added to the dome before extrusion 

2Vmax 4Q would be to use topographic maps made from air photos. 
r = # R -- #•rR 3 (3) However, not enough photos and maps are available for this 

purpose. 

This shear stress can then be compared with the stress The volume-supply rate to the dome apparently peaked 
boundary condition necessary in the finite element calcu- at about the time that extrusion began. This is when the 
lations to match the displacements and tilt observed on the resolution in the data is poorest since measurements were 
crater floor. rarely possible just before an extrusion, either because of 

Magmas with crystals may behave more like a Bingham poor weather or increased hazards. Deformation rates were 
fluid with a yield strength than a Newtonian fluid [Shaw et increasing fastest then, so the last measurements before ex- 
al., 1968]. Murase et al. [1985] calculated an effective yield trusions may give rates that are minimums. The available 
strength for the Mount St. Helens lava of 1.3 x 105 Pa, and evidence suggests that the deformation stopped about the 
a similar value was calculated by Moore et al. [1978] for time extrusion began [Chadwick et al., 1983]. We therefore 
prehistoric lavas at Mount St. Helens with the same silica assume in these calculations that all of the measured defor- 
content. Using flow velocities near the time of extrusion marion of the dome was completed by the onset of extrusion. 
calculated below, this yield strength would be exceeded even The time of the onset of extrusion was either observed or es- 
near the center of the conduit; the region of plug flow would timated from seismic and tilt data. 
be small and the velocity distribution near the wall would We calculated the volume-supply rate during extrusion 
be the same as for a Newtonian fluid. Therefore a Bingham by using a different, somewhat arbitrary method. The to- 
theology with the above effective yield strength would have tal volume of lava extruded was assumed to come up the 
little effect on the stresses at the wall. It is also possible that conduit within 48 hours after extrusion began. The actual 
the magma has a nonlinear theology, but since very little time that an extrusion ended was difficult to determine, be- 
is known about the flow parameters of Mount St. Helens cause rates of extrusion declined in an exponential manner, 
dacite, a Newtonian theology is used here. but certainly most of the volume of each new flow came out 

in the first 48 hours. However, the volumetric flow rate in 
Physical Parameters and Assumptions in the Calculations the extrusion interval was probably initially greater than the 

The physical parameters on the right side of (3) (Q, #, calculated rate because the calculated rate is averaged over 
and R) must be estimated to calculate the shear stress at the 2 days. 
conduit wall. The radius of the conduit, as discussed earlier, Effective viscosity oj • the magma. During the dome- 
is estimated to be 12.5-25 m based on field observations and building extrusions in 1981 and 1982, lava eventually broke 
theoretical calculations by other workers. out near the summit of the dome and flowed down one of 

Volumetric flow rate. We used deformation measure- the sides for several days at decreasing rates. The most di- 
ments made on the dome leading up to four successive erup- rect estimates of the effective viscosity of the lava are from 
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calculations using the equation for Newtonian viscous flow 
down an inclined plane, 

pgT 2 sin r• 
= (4) 

2Vmax(lava) 

[Turcotte and Schubert, 1982], in which p is the density of 
the lava (2.4 gcm -• [Murase et al., 19851), g is the acceler- 
ation of gravity, T is the thickness of the flow, Vma•(la•a) is 
the maximum flow velocity, and (• is the angle of the slope 
down which the lava is flowing. The flow velocities were 
measured during four extrusions in 1981 and 1982; the calcu- 
lated effective viscosities are I x 10 TM to 5 x 10 •ø P (Table 1). 
Observations of a dacite lava flow at Mount Trident, Alaska, 
yielded similar effective viscosity estimates between 10 TM and 

lOO • 

Volume SUDDIV rate vs. time 
. . _ 

ß .e- 10/81 

ß .e- o3•82 

• o5•82 

..a- 08•82 

.001 ß , ß , ß , ß , . 
-40 -30 -20 -10 0 10 

Time (days relative to extrusion) 

10 TM P [Friedman et al., 1963]. The maximum velocities for Fig. 8. Log of volume-supplyrate from Tables 2-5 plotted versus 
the Mount St. Helens flows were measured within the first 24 time leading up to four extrusions in 1981 and 1982. 
hours after extrusion began, but as the lava slowed over the 
next few days, the calculated effective viscosity increases to 
as much as I x 10 • P. However, this apparent increase may 
be due to the drag exerted by rapid cooling of the top and that crystals (40 vol% [Cashman and Taggatt, 1983]) would 
base of the flow. Another possibility is that the lava does contribute must be added to this crystal-free viscosity. One 
not actually flow downslope under the influence of gravity, method, using an adaptation of Roscoe's equation [Marsh, 
but rather is forced from behind in a pluglike manner and 1981], gives an effective viscosity of 5.4 x 10 • P for the Mount 
the measured velocities primarily reflect the rate of extru- St. Helens lava. Another empirical relation [Metznet, 1985], 
sion. Both of these processes may occur; however, arcuate derived from experimental results from suspensions in poly- 
compressional ridges on the surface of flows and velocity gra- meric liquids, yields an effective viscosity of 4.1 x 10 •ø P. 
dients measured from the base to the top of active extrusions Laboratory work by Murase et al. [1985] on a sample of 
provide clear evidence of flowage. the Mount St. Helens dome gave an effective viscosity of 

An effective viscosity of the magma between 10 TM and 10 •s P at a temperature of 1000øC and 10 • P at 1100øC. 
10 • P, estimated from the direct field observations, appears However, measurements on a reheated sample may not truly 
to be reasonable when compared with empirical calculations. represent the effective viscosity of a hot fluid lava that is 
An empirical method developed by Shaw [1972] estimates rapidly cooling, crystallizing, and degassing. 
the viscosity of a crystal-free liquid based on its composi- 
tion and temperature. The matrix glass composition of the Results From Test Calculations 
June 1981 lava as reported by Melson [1983] is used for this The volumetric flow rates that were calculated for the four 
method and is assumed anhydrous. The temperature of the extrusions are similar with maximum rates before and dur- 
magma calculated by iron-titanium oxide geothermometry ing extrusion of 5-15 m s s -• (Figure 8, Tables 2-5). The 
was 960 :!: 40øC [Melson and Hopson, 1981; Melson, 1983]. shear stress that would be applied on the conduit wall de- 
This is consistent with the maximum recorded temperatures pends on the conduit radius and the effective viscosity of the 
of fumaroles on the dome of 918øC. An estimate of the effect magma (Figure 9, Tables 2-5). The primary conclusion to 

be drawn from the calculations is that peak shear stresses of 
1-7 MPa along the conduit wall can be produced using the 
values of parameters discussed above. These stresses were 

TABLE 1. Effective Viscosities Calculated From Lava Flows shown earlier to be enough to produce the observed displace- 
ments on the crater floor in the finite element experiments. 

Extrusion Maximum Thickness, Effective The stresses required in the finite element results are in- 
Date Velocity, cm Viscosity, P versely proportional to R; the stresses produced in the test cm s -1 

calculations are inversely proportional to R 3 (see (3)). This 
Oct. 1•81 0.125 3000 4.2 x 10 •ø means that only unique combinations of parameters can si- 

March 1982 0.097 2500 3.8 X 10 •ø multaneously satisfy both relationships. This is illustrated 
April 1982 0.111 2000 2.1 x 10 TM graphically in Figure 10, in which the curve intersections 
May 1982 0.086 2500 4.2 x 10 •ø represent unique solutions. Other possible combinations of 
Aug. 1982 0.493 2000 4.8 x 100 * parameters are listed in Table 6. Some differences exist between the four eruptive events 

and the completeness of the deformation measurements for Data from Cascades Volcano Observatory (unpublished data, 
1987). each. In general, the thoroughness of the deformation mea- 

The lava flows generally flowed down slopes of talus from the surements (in time and space) increases with each event. 
dome that were at or near the angle of repose. For this reason, c• The last time interval before the October 1981 extrusion is 

in (4) is assumed to be 30 ø in all calculations. long (5 days), and the measurements before the March 1982 
ß The effective viscosity calculated for this extrusion is proba- 

bly less constrained than the others because the thickness of the event were from only one side of the dome; therefore the cal- 
flow was not well determined and the slope down which it was culations for these events are less constrained than for the 
flowing may have been steeper than 30 ø. other events. In addition, the buildup to the March 1982 ex- 
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TABLE 2. Calculations for the October 1981 Extrusion 

Measurement Interval 
Dome Voltune Added 

Displacement, m to Dome, x 106 m 
Q, Vmax, t 

Date Time, LT Length Width Incremental* Cumulative m s s -1 m h -1 MPa 

Oct. 22-23 1200-1200 0.096 0.190 0.019 0.019 0.225 2.29 

Oct. 23-24 1200-1200 0.128 0.297 0.029 0.049 0.337 3.43 

Oct. 24-25 1200-1200 0.154 0.332 0.033 0.082 0.385 3.92 

Oct. 25-30õ 1200-0800 2.935 10.000 0.907 0.989 1.800 18.34 
Oct. 30-Nov. I 0800-0800 0.000 0.000 2.000 2.989 11.574 117.89 

0.085 

0.127 

0.145 

0.679 

4.366 

Initial dome volme, 2.05 x10 ? m s . Initial dome dimensions (in meters): I = 320.3, w = 260.3, h = 144.3. 
* This volume was added by intrusion during all measurement intervals except the last when it was added by extrusion. 
t Values of Vm•x shown for R = 15 m. 
:• Vaines of r shown for R = 15 m and g = 10 •ø P. See Figure 9 for r values using other conduit radii. 
õ Note the unusually long time interval; calculated values of Q, Vmax, and r are thus minimums. 

trusion was somewhat anomalous because it was preceded by first two events (Figure 9a, Tables 2-3). The most reliable 
deep earthquakes and it began with an explosive discharge calculations are those for the May 1982 and August 1982 
of pumice about 24 hours before extrusion [Weaver et al., extrusions. 
1983]. No measurements were made between the explosion DISCUSSION 
and the extrusion. These considerations explain why the The calculations above show that the flow of magma up 
stresses calculated just before extrusion are lower for these the conduit is a feasible mechanism for producing sufficient 

TABLE 3. Calculations for the March 1982 Extrusion 

Measurement Interval 
Dome Volume Added 

Displacement,* m to Dome, x 106 m 
Q, Vmax ,• 7',õ 

Date Time, LT Length Width Incremental• Cumulative m s s -• m h -1 MPa 

Feb. 10-21 1142-1330 0.032 0.032 0.005 0.005 0.005 0.05 0.002 

Feb. 21-24 1330-1143 0.007 0.007 0.001 0.006 0.004 0.04 0.001 

Feb. 24-27 1143-1107 0.003 0.003 0.001 0.006 0.002 0.02 0.001 

Feb. 27-March 5 1107-1006 0.034 0.034 0.005 0.011 0.009 0.10 0.004 

March 5-8 1006-1145 0.027 0.027 0.004 0.015 0.014 0.15 0.005 

March 8-10 1145-1121 0.025 0.025 0.004 0.018 0.021 0.21 0.008 

March 10-16 1121-1110 0.238 0.238 0.034 0.052 0.065 0.67 0.025 

March 16 1110-1350 0.010 0.010 0.001 0.053 0.148 1.51 0.056 

March 16 1350-1523 0.005 0.005 0.001 0.054 0.128 1.30 0.048 

March 16 1523-1648 0.005 0.005 0.001 0.055 0.139 1.42 0.053 

March 16-17 1648-0911 0.050 0.050 0.007 0.062 0.121 1.23 0.045 

March 17 0911-1340 0.017 0.017 0.002 0.064 0.150 1.52 0.056 

March 17 1340-1358 0.003 0.003 0.001 0.065 0.394 4.02 0.149 

March 17-18 1358-0941 0.088 0.088 0.013 0.077 0.176 1.80 0.067 

March 18 0941-1559 0.038 0.038 0.005 0.083 0.238 2.43 0.090 

March 18-19 1559-0954 0.142 0.142 0.020 0.103 0.313 3.19 0.118 

March 19 0954-1605 0.112 0.112 0.016 0.019 0.716 7.30 0.270 

March 19-20 1605-2000 1.320 1.320 0.988 1.107 9.834 100.17 3.710 

March 20-22 2000-2000 0.000 0.000 2.500 3.607 14.468 147.37 5.458 

Initial dome volume, 2.25 x107 m 3. Initial dome dimensions (in meters): I = 322.5, w = 262.5, h = 154.5. 
* For this extrusion, displacement measurements were possible only on the north side of the dome. It is assumed that the other 

three sides of the dome deformed identically. 
• This volume was added by intrusion during all measurement intervals except the last two. The volume for the second to last 

interval includes 0.8 x 106 m s of pumice that was explosively ejected at 1930 on March 19. The vohlme for the final interval was 
added by extrusion but is not exphcitly known. A combined volume of 4.0 x 106 m s for the March and April 1982 extrusions is 
listed in Table 1 of Swanson et al. [1987]. The March extrusion was slightly larger, and so it is estimated to have had a volume of 
2.5 X 10 6 m 3. 

:• Values of Vmax shown for R = 15 m. 
õ Values of 7' shown for R = 15 m and tt = 10 •ø P. See Figure 9 for 7' values using other conduit radii. 
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TABLE 4. Calculations for the May 1982 Extrusion 

Meast•rement Interval 
Dome Volume Added 

Displacement, m to Dome, x10 6 m s 
Q, Vmax,i T,$ 

Date Time, LT Length Width Incremental* Cumulative m 3 s -1 m h -1 MPa 

April 23-29 1200-1200 0.075 0.061 0.011 0.011 0.021 0.21 0.008 

April 29-May 5 1200-1500 1.009 0.092 0.077 0.088 0.146 1.49 0.055 

May 5-11 1500-1600 1.030 0.826 0.147 0.235 0.281 2.86 0.106 

May 11-12 1600-1000 0.202 0.492 0.059 0.294 0.916 9.33 0.346 

May 12-13 1000-1500 1.375 2.008 0.281 0.575 2.691 27.41 1.015 

May 13-14 1500-0500 0.691õ 1.902 0.225 0.800 4.460 45.43 1.683 

May 14-16 0500-0500 0.000 0.000 2.500 3.300 14.468 147.37 5.458 

Initial dome volume, 2.65 x 10 ? m s. Initial dome dimensions (in meters): I = 352.1, w = 262.1, h = 166.1. 
* This volume was added by intrusion during all measurement intervals except the last, when it was added by extrusion. 
t Values of Vmax shown for R = 15 m. 
•: Values of r shown for R = 15 m and tt = 10 lø P. See Figure 9 for r values using other conduit radii. 
õ This value is a minimum, since the displacement of the north side of the dome could not be measured during this interval or 

after extrusion. 

shear stress to cause the precursory deformation of the crater 
floor before extrusions. However, it is difficult to say if any 
combination of physical parameters in Table 6 is preferable 
to another. Two pieces of evidence support a relatively small 
conduit radius. A velocity of 100-250 m h -1 for magma 
ascending in the conduit was derived independently on the 
basis of P wave travel time differences between two seismic 

stations preceding the May 1986 extrusion [Endo et al. 1987; 
E. T. Endo, personal communication, 1987]. This velocity 
is consistent with those calculated here using a radius of 10- 

15 m and an effective viscosity of 1 x 1010 P (Table 6). In 
addition, it is interesting to note that the total volume of 
intrusion into the dome is nearly the same for each event, 
about I x 106 m s (Tables 2-5), although considering the 
simplifications used to calculate them, these volumes are 
probably not constrained well enough to be confident of this 
observation. Nevertheless, this volume would be contained 
in a conduit with a radius of 12.5-15 m and a length of 2- 
3 km, the depth above which almost all precursory seismicity 
is concentrated [Malone et al., 1983; Endo et al., 1987]. 

TABLE 5. Calculations for the August 1982 Extrusion 

Measurement Interval 
Dome Volume Added 

Displacement, m to Dome, x 106 m s 
Q, Vmax ,$ T,õ 

Date Time, LT Length Width* Incrementair Cumulative m s s -1 m h -1 MPa 

July 19-22 1200-1200 0.022 0.010 0.003 0.003 0.010 0.10 0.004 

July 22-29 1200-1200 0.054 0.085 0.012 0.015 0.020 0.20 0.008 

July 29-31 1200-1200 0.011 0.017 0.002 0.017 0.014 0.14 0.005 

July 31-Aug. 3 1200-1200 0.042 0.044 0.007 0.024 0.028 0.29 0.011 

Aug. 3-6 1200-1200 0.042 0.029 0.006 0.030 0.023 0.23 0.008 

Aug. 6-12 1200-1200 0.260 0.174 0.036 0.066 0.069 0.70 0.026 

Aug. 12-16 1200-1600 0.230 1.033 0.116 0.182 0.323 3.29 0.122 

Aug. 16-17 1600-1630 0.405 2.030 0.225 0.407 2.553 26.00 0.963 

Aug. 17 1630-1845 0.120 0.449 0.052 0.459 6.431 65.51 2.426 

Aug. 17-18 1845-0830 0.941 5.330 0.584 1.043 11.804 120.24 4.453 

Aug. 18 0830-0900 0.057 0.112 0.015 1.059 8.388 85.44 3.164 

Aug. 18-20 0900-1030 0.000 0.000 1.250ô 2.309 7.015 71.45 2.646 

Initial dome volume, 2.90 x 10 ? m s . Initial dome dimensions (in meters): I = 366.1, w = 276.1, h = 167.1. 
* For the calculation of the half-width dome displacements, data from the monitored point that moved the most on the west side 

(Near Miss 3) were not used, because measurements to nearby points showed that those data were not representative. Instead, data 
from a nearby target (Near Miss 1) are used. 

t This volume was added by intrusion during all measurement intervals except the last, when it was added by extrusion. 
•: Values of Vmax shown for R = 15 m. 
õ Values of • shown for R - 15 m and tt - 10 lø P. See Figure 9 for r values using other conduit radii. 
ô The last increment of intrusive volume is calculated from the last measurement interval (0830-0900) before extrusion began 

(at 1030). Some deformation of the dome occurred after extrusion began. This volume (0.25 x 106 m s) is added to the volume of 
extrusion (1.0 x 106 m 3) for the final time interval, which starts at 0900 and ends 48 hours after extrusion began. 
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Fig. 10. Comparison of the stress required in the firrite element 
experiments (Figure 7, breach profile) and the stress that can 
be produced by magma ascent according to the test calculations 
(Figure 9a, August 1982 extrusion; curve at left for ft = 10 lø P, 
curve at right for ft = 101 [ P). Arrows point to curve intersections 
which represent points that statisfy both relationships. 

of the conduit, since there is no evidence of a substantial 
magma body in the upper 7 km beneath Mount St. Helens 
[Scandone and Malone, 1985]. 

Once the "valve" is opened, a volume of magma propor- 
tional to the time since the last extrusion begins moving up 
the conduit [Swanson and Holcomb, 1985]; this begins a new 
precursory period. This volume of eruptible magma (rela- 
tively hot and gas rich) must force ahead of it the relatively 
degassed magma already in the conduit, and the degassed 
magma begins to intrude the dome (Figure 11b). Seismicity 
remains low during this time because the conduit stresses are 
not high enough to cause earthquakes [Malone et al., 1983]. 
As the magma ascends over the next 3-4 weeks, its velocity 

Fig. 9. Maximum shear stress along the conduit wails (a) during gradually increases. The removal of the degassed magma 
the last measurement interval before extrusion and (b) averaged from above the ascending eruptible magma may contribute 
during extrusion, calculated as in Tables 2-5 (t• = 10 •ø P) but 
for a range of possible conduit radii. In Figure 9b the values for to this acceleration (Figure 11c). Eventually, the ascent ve- 
March 1982 and May 1982 are the same because they have the locity reaches a peak, and in a short time most of the volume 
same extrusion volume. of eruptible magma is delivered to the surface (Figure 11d). 

Endo et al. [1987] concluded that magma moves up the 
conduit "in a matter of hours," but this is compatible with 

Implications •or Magma Movement the scenario above because the ascent of magma is very 
slow and undetectable seismically during the first several 

The results presented thus far lead to the following in- weeks. Eventually, just before extrusion, the number of 
terpretation of how magma moves toward the surface at shallow earthquakes increases as the eruptible magma rises 
Mount St. Helens. Chadwick et al. [1983] have suggested rapidly to the surface. The results of Fr4mont and Malone 
that the conduit remains filled with magma between eruly [1987] also support this interpretation. They concluded that 
tive episodes. The long-term supply rate of lava to the clusters of nearly identical earthquakes ("multiplets")before 
surface has been linear since the end of 1980, though the or near the beginning of extrusions in 1984 and 1985 were 
rate decreased by half at the end of 1981 [Swanson and caused by very high strain rates in a small volume around 
Holcomb, 1985; Swanson et al., 1987]. This suggests that 
some constant rate process, possibly involving overpressur- 
ization, may be operating in the magma plumbing system 
at depth. The crystallization of groundmass and the subse- TABLE 6. Combinations of Parameters Consistent With both 
quent concentration of volatiles in the remaining melt have Finite Element Results and Test Calculations 
been suggested as such a process [Cashman, 1987]. However, 
a "pressure valve" is apparently located between a reservoir 
of "eruptible" magma and a relatively narrow conduit to the 
surface. The distribution of shallow seismicity, noted above, 
suggests that this "valve" is 2-3 km deep (Figure 11a). The 
reservoir of eruptible magma may just be a wider portion 

/•, P R, m •', MPa Vmax, m h-X 

I x 10 [ø 10-15 5-8 100-150 

5 x 10 lø 20-35 2-4 25-30 

I x 10 TM 30-50 1-3 10-15 
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Fig. 11. Cross sections (not to scale) showing interpretation of the relationship between magma movements 
leading up to dome-building extrusions at Mount St. Helens and associated deformation and seismicity. See text 
for discussion. 

the magma conduit. They also noted that the similarity the "valve" closes again (Figure 11e). Individual eruptive 
of the events implied that the stress orientation remained events since 1983 have probably added larger volumes of in- 
constant during a multipier (12-72 hours) but that the in- trusion to the dome than did those in 1981 and 1982. In 
creasing size of the events suggested that the stress was in- these events, the intrusive volume may be a combination of 
creasing, possibly due to "faster influx of magma." The first the degassed magma that filled the conduit and eruptible 
motions of these events were consistent with thrust faulting magma that never was extruded. 
[Frdmont and Malone, 1987]. 

At some point the factors governing the ascent of the Implications for Tilt Reversals and Seismicity 
magma cross a critical threshold, and the ascent velocity Several lines of evidence suggest that the stresses in the 
abruptly decreases. This takes place either just before or conduit decrease abruptly close to the time extrusion be- 
soon after extrusion begins. The volume-supply rate then gins. First, ground tilt reversed direction from outward to 
decreases rapidly for a few days until extrusion stops and inward minutes to hours before extrusions (Table 7 and Fig- 

ure 2c). What caused these reversals is unclear, but the re- 
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lease of magmatic pressure has been a suggested hypothesis 
[Dzurisin el al., 1983]. Similarly, deformation measurements 
within hours of the onset of the extrusion of August 1982 
showed that deformation of the crater floor had decelerated, 
whereas the dome was still rapidly deforming (Figure 12). 
The sudden decrease in the number of shallow earthquakes 
close to the time most extrusions began further suggests an 
abrupt decline in conduit stress [Malone et al., 1983]. This 
decrease in seismicity coincides with or occurs slightly after 
the reversal of tilt direction (Table 7). 

A sudden drop in shear stress in the conduit just before 
extrusion begins could be explained by a decrease in either 
the velocity of magma ascent, or the effective viscosity of 
the magma rising through the shallow part of the conduit, 
or both. Which of these possibilities is more likely is unclear. 
The calculated ascent velocities during extrusion are greater 
than those before extrusion for the first three eruptive events 

Fig. 12. Rate of displacement of part of the crater floor and (Tables 2-4). This is possible evidence favoring the viscosity 
the lava dome near the onset of extrusion on August 18, 1982. hypothesis because the tilt reversals occur before extrusions. 
Points are plotted midway between individual measurement times Such a decrease of effective viscosity could occur when the (all times are local). Note that rates on the floor had abruptly 
decreased by the morning of August 18 before extrusion began, eruptible magma (hotter or more gas rich than the overly- 
while the rates on the dome showed no such decrease. ing degassed magma) finally is ascending through the upper 
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TABLE 7. Times of Extrusion Onset, Tilt Reversal, and Decline in Seismicity 

Onset of Extrusion* 

Time, LT Date 

Time of Time of 
Reversal in Decrease in 

Tilt Directioni Seismicity• 

0800õ Oct. 30, 1981 0800 0800 (-i-1 hour) 
2000õ March 20, 1982 1850, March 19 1930, March 19ô 

0500õ May 14, 1982 0000 0600 (4-2 hours) 
1030'* Aug. 18, 1982 morningtt 1200 (4-2 hours) 

* From Cascades Volcano Observatory (unpublished data, 1987). 
t From D. Dzurisin and T. L. Murray (personal communication, 1987). 
• From S. D. Malone (personal communication, 1987). 
õ Estimated. 
ô This is the time of the initial explosive discharge of pumice. The seismicity declined after 

the explosion and remained low until tremor began the following night, probably coinciding with 
the onset of extrusion. 

** Observed. 

t• Due to extremely rapid tilting, the tiltmeter went off scale at 1800 on August 17. When the 
meter was reset at 1500 on August 18, it showed reversed tilting until it was removed the following 
day. However, this apparent reversal is less founded than the others, because the actual reversal 
was not measured and the meter could have been disturbed when it was reset. Nevertheless, the 
same meter showed a reversal before the previous extrusion, and the time interval during which 
a reversal.may have occurred is that when the rate of horizontal displacement on the crater floor 
abruptly decreased (Figure 12). 

several hundred meters of the conduit just before it is ex- rate of volume supply, the diameter of the conduit near the 
truded (Figure 11c). If this argument is correct, then the surface, the effective viscosity of the magma, and the con- 
effective viscosities calculated from surface lava flows would fined nature of the crater. This -kind of deformation might 
be minimum values for the stagnant degassed magma filling be expected at other stratovolcanoes repeatedly erupting 
the conduit and causing most of the precursory deformation. lava of similar effective viscosity (possibly growing a dome), 
One would expect that the greater the time period between above a cylindrical vent in a crater filled with tephra. 
eruptive events, the more viscous the degassed magma would A few structures that resemble the thrust faults at Mount 
become. If so, eruptive activity after long periods of repose St. Helens were observed at Soufriere Volcano, St. Vincent, 
should have stronger precursory deformation and seismicity, along the perimeter of a lava dome after it was emplaced 
and such a pattern has been observed [Malone et al., 1983]. in 1979 [Sigurdsson, 1981; Shepherd et al., 1979]. These 

On the other hand, the eruptive event of August 1982, were interpreted to have been bulldozed up by the advanc- 
which has by far the most complete data set of the events ing dome (H. Sigurdsson, personal communication, 1985). 
discussed, shows a decrease in ascent velocity within the 12 Finite element experiments using shear stress beneath the 
hours before the onset of extrusion (Table 5). Peak deforma- dome as a boundary condition to simulate bulldozing show 
tion rates (and ascent velocities) were possibly missed just that this process cannot explain thrusting at Mount St. He- 
before the other extrusions because frequent measurements lens because it cannot produce large enough vertical dis- 
were not possible. The velocity must rapidly decrease soon placements. Large ground deformation and faulting have 
after extrusion starts, if not before, because the rate of ex- been documented for several eruptions in this century at Usu 
trusion is observed to peak early and then decrease rapidly Volcano, Japan [Yokoyarna et al., 1981]. The deformation 
for the next few days until extrusion ends. This observation during the 1977-1982 eruption included numerous strike-slip 
is based on changes in the morphology of the flow and its faults which accommodated thrusting and uplift amounting 
rates of movement during extrusion [Swanson et al., 1987]. to over 150 m. This deformation has been modeled as being 
The decrease of ascent velocity may be a better explana- caused by the intrusion of a shallow cryptodome that never 
tion for the drop-off in seismicity because earthquakes oc- reached the surface [Katsui et al., 1985]. These examples 
cur along the whole length of the conduit, whereas the tilt is support the notion that this -kind of ground deformation 
sensitive only to conditions in the upper several hundred me- is not unique to Mount St. Helens, and monitoring defor- 
ters of the conduit. Tilt reversals recover only a fraction of mation around eruptive vents may be a valuable tool for 
the precursory tilt possibly because volume is permanently prediction of eruptive activity at other silicic volcanoes. 
added to the conduit during each eruptive event and further 
relaxation is prevented. CONCLUSIONS 

Finite element experiments show that the deformation of 
Applications to Other Volcanoes the crater floor at Mount St. Helens precursory to eruptive 

The precursory deformation at Mount St. Helens is caused activity in 1981 and 1982 can be explained by shear stresses 
by the fundamental process of magma rising toward the sur- of 1-7 MPa (10-70 bars) along the wall of a conduit between 
face, so the results of this study should be applicable to other 25 and 100 m in diameter. The most likely source for this 
similar volcanoes. According to the proposed model, the shear stress is from the flow of magma up the conduit and 
critical parameters for the precursory deformation are the into the dome before extrusions. Calculations using defor- 
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mation data from the lava dome and physical parameters Handin, J., Strength and ductility, Handbook of physical con- 
within their limits of uncertainty show that this mechanism stants, Mere. Geol. Soc. Am., 97, 223-289, 1966. 
is credible. The necessary shear stress could be produced Hehker, C. C., Inclusions in the 1980-83 dacite of Mount St. Helens, Washington, M.S. thesis, 185 pp., Western Washington 
by a magma with an effective viscosity of 10 •ø P flowing in Univ., Bellingham, 1984. 
a conduit with a diameter of 20-30 m, but if the effective Hubbert, M. K., Mechanical basis for certain familiar geological 
viscosity is as high as 10 • P the diameter would have to structures, Geol. Soc. Am. Bull., 62, 355-372, 1951. 
be 60-100 m. The model suggests that magma begins its Katsui, Y., H. Komuro, and T. Uda, Development of faults and 

growth of Usu-shinzan cryptodome in 1977-1982 at Usu vol- 
ascent about 4 weeks before extrusion, and its ascent rate cano, north Japan, J. Fac. Sci. Hokkaido Univ., Set..4, 21, 
must systematically increase to produce the accelerating de- 339-362, 1985. 
formation at the surface. Abrupt tilt reversals just before Malone, S. D., and G. L. Pavlis, Velocity structure and reloca- 
extrusions began, and a change in the character of seismicity tion of earthquakes at Mount St. Helens (abstract), Eos Trans. 
near the time of extrusion, are interpreted to have resulted A GU, 6.4, 895, 1983. Malone, S. D., C. Boyko, and C. S. Weaver, Seismic precursors 
from a sudden drop of shear stress in the conduit. This to the Mount St. Helens eruptions in 1981 and 1982, Science, 
could be explained by a decrease in either the ascent ve- 221, 1376-1378, 1983. 
locity or the effective viscosity of the magma ascending in Mandl, G., L. N.J. de Jong, and A. Maltha, Shear zones in 
the shallow conduit near the time of extrusion. Precursory granular material, Rock Mech., 9, 95-144, 1977. 
deformation similar to that measured at Mount St. Helens Marsh, B. D., On the crystallinity, probability of occurrence, and rheology of lava and magma, Contrib. Mineral. Petrol., 78, 85- 
should be observable at similar volcanoes. 98, 1981. 
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