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Abstract

MAGMA BODY GEOMETRY AT MOUNT ST. HELENS
INFERRED FROM THE STRESS FIELD ASSOCIATED
WITH POST-ERUPTIVE EARTHQUAKES

by Sally E. Barker

Chairperson of the Supervisory Committee: Professor Stephen D. Malone
Geophysics Program

Earthquakes following the 18-19 May, 1980 and 12-13 June, 1980 explosive
eruptions of Mount St. Helens were concentrated at depths below 6 km. The hypocenters
of these post—efuptive earthquakes define two seismic lobes separated by an aseismic
volume of width 2 km that is located directly beneath the position of the present day cone.
The timing and location of the post-eruptive seismicity suggests that the earthquakes
occurred in the country rock surrounding a magma body located within the aseismic
volume; the withdrawal of magma caused a pressure decrease within the reservoir and the
earthquakes occurred as a brittle response to the stress change. Focal mechanism solutions
for post-eruptive earthquakes distributed within the seismic lobes are calculated using
polarity and amplitude data. Results show that a perturbation from the regional stress field
occurs directly beneath the dome between the depths of 7 and 11 km. This anomalous
stress field is successfully modeled by a decrease in pressure within a cylindrical magma
body located between the seismic lobes and subject to boundary conditions representing the
regional stress regime. The position of the anomalous stress field and the distribution of
seismicity constrain the magma body geometry to a cylinder of radius 0.9 km, extending
from 7to 11 km and of volume 10 km3. Post-eruptive earthquakes located below 11 km
fall on a northeast striking fault that is preferentially aligned with the regional tectonic stress

regime to transport magma to the reservoir from greater depths within the crust.
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CHAPTER 1
ERUPTION SEISMICITY AT MOUNT ST. HELENS

Mount St. Helens volcano began its most recent active phase with the cataclysmic
eruption on 18 May 1980. The eruption was initiated by the gravity failure of the bulging
North slope, that produced the devastating lateral blast and massive landslide
[Chrisuansen et -al., 1981]. Plinian eruptions, ash and pyroclastic flows continued for 9
hours. After 6 hours the eruption entered its most vigorous period and the ash column
reached its maximum height. The new pulse of energy coincided with a change in the
composition of the magma, visually indicated by a slight change in color of the ash
[Malone et al., 1981]. During these initial stages of the eruption, the earthquakes were
concentrated between the depths of 3 and 7.5 km and are referred to by Weaver et al.,,
1987 as the injection swarm. Earthquake signals had high-frequency wave-forms in
contrast to the low frequency wave-forms associated with pre-eruption seismicity [Weaver

etal, 1981]. The location of events in the injection swarm formed a tight cluster 1 km in

radius, located directly below the present vent; earthquakes are interpreted to occur as

magma moves upward along a narrow conduit connecting a deeper reservoir with the
surface [Scandone and Malone, 1985; Shemeta and Weaver, 1986].

| Following the injection swarm seismic activity began to decrease, returning to a
much lower level by 20:00 UTC on 19 May 1980, 12 hours after the eruption had ceased.
During the post-eruptive phase the seismicity migrated to greater depths in the volcanic
system and revealed characteristics of the deeper volcanic system. Between the depths of 7
and 11 km, the hypocenters of the post-eruptive earthquakes define two seismic lobes to
the east and west of the present day vent. Within the seismic lobes is an earthquake-free

volume that is interpreted to be the location of a magmatic reservoir [Scandone and




Malone, 1985; Shemeta and Weaver, 1986]. The western lobe extends from 11 km to a

depth of 20 km in the form of a pipe striking northeast with a plunge of 15 degrees. The
injection and post-eruptive swarms (Mg > 1) from the May 18, 1980 eruption are
illustrated in fig 1.1. Owing to the locations and occurrence times of the post-eruptive
earthquakes they have been modeled to occur in the country rock surrounding the niagma
body as adjustment occurs following a pressure decrease within the reservoir [Scandone

and Malone, 1985; Shemeta and Weaver, 1986].

In the depth range 7 to 11 km the spatial distributions of the seismicity that
followed the explosive eruptions of Mount St. Helens on 25 May 1980 and 12 June 1980
are very similar to the pattern displayed by the 18-19 May 1980 post-eruptive swarm.
Shemeta and Weaver [1986] interpreted the lack of seismic events below 11 km during
the later eruptions to indicate that the maximum depth of the magma body was 11 km.
Further, to explain the non-circular distribution of earthquakes, they suggested a model for

the magma body geometry that is bounded by large controllin g faults to the northwest and

to the east; however, the focal mechanism solutions calculated in the present study
suggest that the earthquakes may have occurred on a system of shorter and discontinuous
faults.

The model proposed by Scandone and Malone [1985] and Shemeta and Weaver
[1986] aptly explains the temporal and spatial distribution of seismic events between 7 and
11 km that occurred following the explosive eruptions of Mount St. Helens. However,
before the model is accepted, it must be tested to determine if the stress field that induced
the post-eruptive seismicity, is consistent with that expected from ‘a drop in pressure within
amagma body located between the seismic lobes.

| The purpose of the present study is to pfopose and test the model for the magmatic

System at Mount St. Helens whereby the withdrawal of magma from a reservoir located
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between the seismic lobes induced a perturbation in the stress field, inducing the post-

eruptive earthquake sequence. Focal mechanism solutions of post-eruptive earthquakes
are calculated and the inferred stress field is compared with a theoretical stress field
produced by a depressurized cylindrical hole in a infinite elastic region, under boundary
conditions equivalent to the regional stress field. The observed focal mechanisms
indicate that a perturbation in the regional stress field occurs directly beneath the volcanic
edifice between depths of 7 and 11 km . This anomalous field can be successfully modeled
in terms of a simple cylindrical magma body extending from 7 to 11 km that undergoes a
pressure drop following the withdrawal of magma from a chamber subject to a shear stress

regime. Thus, focal mechanism data from post-eruptive earthquakes support the

hypothesis that a magma body is located between the depths of 7 and 11 km and that post-

eruptive earthquakes occurred in response to a decrease in pressure within this magma

body.




CHAPTER II

THEORETICAL STRESSES AROUND A CYLINDRICAL HOLE IN

AN INFINITE ELASTIC REGION

The stress field produced by a pressure decrease within a cylindrical hole in an
infinite elastic region with a shear stress applied in the horizontal plane can be calculated
theoretically. If the cylinder is oriented with its long axis lying vertically the geometry
represents the model of the magmatic system at Mount St. Helens proposed by Scandone
and Malone [1985] and Shemeta and Weaver [1986]. In the following section
characteristics of the orientation and magnitude of the stress field surrounding a
depressurized cylinder are illustrated as functions of distance from the cylinder, cylinder
radius, different stresses applied to the boundaries and pressures within the cylinder.
Theory

The stress field surrounding a cylindrical hole in an infinite elastic region subject to
principal stresses Py and P3, with internal pressure P in the cylinder, is calculated by
superimposing the individual stress fields due to P1, Pz and P. Using general theory of
elasticity, the stress field surrounding a cylindrical hole in an infinite elastic region for
uniaxial stress P; can be calculated (Jaeger 1969). The stress functions in polar co-

ordinates are of the form!:

! Although the stress field in this model only varies in 2 dimensions and not with depth, notation is used
the is also applicable with the 3-D stress field at Mount St. Helens. Hence maximum and minimum
 stresses are given subscripts 1 and 3 rather than 1 and 2. '




(3)

where a is the radius of the cylinder in the region, and r and 0 are the coordinates at which
the stress field is evaluated and P is applied in the direction of 8 = 0. Substitution of P3
for Py and (6 + 90) for 6 in equations 1 to 3 gives the stress field due to principal stress P3
in a perpendicular direction to P; . The stress field owing to a pressurized éyl'mdrical hole

with internal pressure P and with no stresses at infinity is given by:

22
Co=-p 7 4,5)

The stress field for a pressurized cyh'hdn'caI hole with principal stresses Py and P3 is found

by superimposing equations 1 with 4, and 2 with 5. [Jaeger, 1969]

1 2 1 4a2 3a4
or =5 (P1 + P3) -2£r-2_(P1 +P3-2P)+ 5 (P - P3)(1-r7+g- )COS 20

1 a2 1 3a4
09=7(P1 + P3) +ﬁ(P1 + P3 -2P) - E(Pl - P3) (1 + _14_ ) cos 28

2 4
tr9=%(P1 - P3) (1+ 2—;"12—3%- )sin 20




The matrix containing the values of oy, Gg and 1.¢ are diagonalized to obtain the values of

the principal stresses G and o3 for different values of 6 and r:

610 _ (O Tre cos¢ sing
0 o3 9 O9 -sin® cosd

The values of the principal stresses in the rotated coordinate system are given by
the eigenvalues 61 and 03; the rotation from the angle 0 is given by the value of . The
relative positions of the coordinate systems used in the model are illustrated in figure 2.1.
To study the characteristics of the stress field around a cylindrical hole in an infinite region
theoretical models of the stress distribution are produced by a variety of boundary stresses,

P; and P3, and pressure decrease P, are calculated and illustrated in figures 2.2 and 2.3.

THE CHARACTERISTICS OF THE STRESS FIELD
Orientation of the stress field

When a uniform stress field is applied to the boundaries of the region, (Py=P3),
the stress field around a cylinder at all distances and azimuths shows a radially symmetric
pattern. The maximum compressive stress axis, (01), isaligned tangentially with respect
to the boundaries of the cylinder and the minimum compressive stress axis, (03), is
aligned towards the center of the cylinder (fig. 2.3(a)). When a shear stress is applied to
the boundaries of the region, (P # P3), the stress field is still dominated by the radial
pattern at distances close to the boundaries of the cylinder, (fig. 2.3(b)) but with increasing

distance from the cylinder the orientation of the axes are dominated by the shear stress

applied at the boundaries (fig 2.3(d)). The rate as a function of distance at which the

radially dominated stress field rotates to back the shear stress field, depends on both the
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magnitude of the boundary shear stress, (P - P3), and the pressure drop within the

cylinder.

Theoretical deviatoric stress field (01-03)

When a uniform applied stress field is applied to the boundaries of the region the
size of the deviatoric stress, (01-03), is independent of azimuth around the cylinder but
decays as 1/r2 as the distance from the cylinder r increases (see fig 2.2 and fig 2.3 (a)).
 An azimuthal dependence of the deviatoric stress is introdﬁced when a shear stress is

_applied to the boundaries of the region (fig 2.3(b,c,d)). At short distances where

the stress field i1s predominantly caused by the pressure drop within the cylinder, the

deviatoric stress has a maximum value at azimuths parallel to the direction of application of
the minimum compressive stresé (P3) (8 =90° and 6 = 270°, fig 2.3(c)). In the far-field,
~ where the shear stress field dominates, maximum deviatoric stress values occur in the
_ directions bisecting the direction of the maximum (P1) and minimum (P3) applied stress (0
= 45, 135, 225, 31'5° , fig 2.3(d)). For stress fields at intermediate values of r , the
_ deviatoric stress has a maximum value over a broad range of angles that is centered on the
_direction of P3; a minimum still occurs at azimuths parallel to P ( fig 2.3(c)).

Summary

At positions close to the cylinder the orientation of the stress field is dominated by
the presence of the cylinder, even for very large applied shear stresses and small values of
_Pressure drop. The shear stress component of the stress field becomes larger as the

distance from the boundaries of the cylinder increases; the magnitude of the deviatoric

stress as a function of 6 becomes less uniform.




CHAPTER III
THE DETERMINATION OF THE STRESS FIELD
AT MOUNT ST. HELENS

Seismic records of the post-eruptive earthquakes that occurred on 19 May 1980 and

3 June 1980 are studied in the analysis of the state of stress at Mount St. Helens
kolcanq. Although hundreds of earthquakes were recorded following the explosive
;eruptions, only a proportion of these events recorded enough high-quality trace data to
allow the calculation of focal mechanism solutions. To be of the appropriate quality, the
events must have well-constrained locations and several clear P and S phase arrivals. The
computer program used to locate the earthquakes [Spong] uses travel time residual statistics
and other criteria td rate the locations into quality factors A, B, C and D, with "A"
representing the better locations. Events with quality factors A and B are chosen from each
of the post-eruptive swarms and a selection is made for a subset of events spatially
representative of post-eruptive swarms in the 6 to 20 km! depth range. This is the depth
range of interest for this study as it includes all of the seismicity surrounding the aseismic
volume and also the deeper events. Then the focal mechanism solutions are calculated.
The locations of events chosen for this study are illustrated in fig 3.1. All of the events
used in the study have high-frequency signals and are classed as type "h" volcanic
; earthquakes by Malone ét al., [1983]. 50 events were analyzed: 39 events from the 19

May 1980 post-eruptive swarm and 11 from the 13 June 1980 swarm. The magnitude

rangefor all the earthquakes in the data setis 0.2 <M <4.0.

1 ' . . . .
Depths are measured below the mean topographic elevation of the region surrounding Mount St. Helens
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In drder to make a comparison between the stress field within the volcano and the
ctonic stress in the area around the volcanic center, non-volcanic earthquakes
ocatedaway from the flanks of the volcano and which occurred between 1980 and 1988
: ere chosen from the University of Washington seismic catalogue . A subset of well-
ocated and evenly distributed events in time and space was selected for analysis. All the
picenters are within a 30 km X 50 km area centered on Mount St. Helens , as illustrated in
ig 3.2; the depth and magnitude ranges are comparable with those of the events selected

rom the post-eruptive swarms.
FOCAL MECHANISM SOLUTIONS USING AMPLITUDE DATA

Fault plane solutions that are determined using the polarities of the first P wave
arrival can give very well-constrained solutions if the data yield good station coverage on
he focal sphere, first arrivals are clearly recorded and if the velocity structure is well
known. In many cases we find that station coverage is not ideal and that polarity data are
sparse; hence, solutions are poorly constrained. For example, despite the dense array of
seismic stations at Mount St. Helens, the number of clearly recorded polarities of the first P
wave arrival is rarely large enough to determine well-constrained focal mechanism
V'S’olutions for earthquakes having magnitudes less than Mp = 3.0 . If the data set is
expanded to include the body-wave amplitude data that were also recorded on the
seismogram, better constrained fault plane solutions can be determined.
A method for deterrmmng focal mechanism solutions frorn body-wave amplitude
data for hypocentral distances less than 100 km was published by Kisslinger [1980]. The

data used for this technique is the ratio of the vertical components of the Sy and P wave

amplitudes. It is advantageous 1o use the ratio of Sy and P wave amplitudes recorded by
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he same seismometer as this ;atio (Sv/P) does not depend on the recording instrument
Scd. Using this ratio removes any need to make corrections due to varying amplification
alues on different seismometers and allows the use of uncalibrated seismic stations. For
e Mount St. Helens data set the use of the amplitude ratio of (Sv/P) is ideal, since the
: arthquakes are recorded on vertical component instruments, many of which are not
alibrated.  x
Theory
Vvedenskaya [1956] derived expressions for wave amplitudes in an infinite
edium that are generated by a point source shear dislocation. (The radiation patterns for P
and S waves are illustrated in fig 3.3.) From Vvedenskaya's equations, Kisslinger has
den‘ved the amplitude ratio (Sy/P). The fault plane geometry is defined as follows: Co-
Qrdinate system X, .y_, z is a reference frame with the surface of the earth ; x is
horizontal and parallel to the fault strike, dip angle § is positive downward to the right from
he +x direction;  z is vertical (positive down); ; is horizontal and makes a right-
' z.
J = 6 - B¢ where 65 is the azimuth to station from the epicenter and O is the fault strike.
The relationship between  x, )7 z and radial distance r and Azimuth 6 is :

X=rsinipcos B, y=rsiniysin®, z=rcosiy

Coordinate system x, ¥, z is a reference frame with the direction of slip on the fault plane;

1s normal to the fault plane, such that angle (y, z)=8; zis parallel to the direction of slip

f the fault block y < 0; x makes a right handed coordinate system. The angle (z, x) = A is

measured in the fault plane in a positive clockwise direction about the +y axis. The
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igure 3.3 Radiation pattem of P and S waves from a double couple source (from Aki
d Richards 1980). The upper illustration is a map view showing the 45° offset of the P

id S wave patterns. The lower diagram is a stereographic projection. The symbols + and -
present the polarity of an arrival at a seismic station in that position; "+" compression: "-"
atation. P is the Pressure axis and T is the Tension axis.
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Xx=-sinA x+cos&cosA y+cosAsind z
y=-sind y +cosd z

z=coSA X + sinAcosd y +sinAsind z

The far-field wave amplitudes in an infinite, homogeneous, elastic medium

[Vvedenskaya, 1956] are:

wba [-2yz cos?ip + z (z cos(y, z) + y cos(z, z)}]
TpVs2 12 Nr12 - y2 sin ip cos ip

Ugy =

Lbayz

Up—

where pL=shear modulus; b=amount of slip across the dislocation; a=radius of the
dislocation: p=density, Vp and V; are the P and S wave velocities. The time dependence

has been omitted. The ratio of the Sy and P wave amplitudes as they leave the source is

given by (Sy/P)o;
|

Sv\ _(Vp Y r — _ .
(P )0 = (V ) cotiy[2 _yz Cos 1L {ycos (z, z) + zcos (y, z}] cotip

S

* In terms of §,0, A

oL

Sv Vo3 {cotd-tand) L
s (- gt

L = sin A tan i, sin 8+ 2 sin X + csc 8 cos A tan ij, cos 8



and
D =cos A cos 0 sin i, [ -sin ip sin 6 sec § + cos ip csc 8] +

sin A sin ip c0s ih sin O (cot 8 - tan &) + sin A (cos2 iy, - sin2 iy, sin 2 0)

In the real earth the amplitude ratio (S,/P) must be propagated through the velocity
cture to the free surface and then converted to the ratio of the vertical components. The

of incidence of these components with the free surface is calculated for each take-off

le i, using ray theory.
V) X correction factor
Z

where correction factor =

(

Gutenberg [1944] calculated the surface correction factor. Figure 3.4 shows the

es of the correction factor with Poissons ratio = 0.25 and assuming plane waves
;’mger 1981].

The free-surface effect is easily corrected for i, between 0-29 and 38-80 degrees.
ever, the critical angle for Sy to P conversion, is between the angles of 30-37
©€s, and the correction factor changes rapidly even with small changes in incident

dle: in the range of 30-37 degrees this factor is very hard to estimate, since any errors in
1dent angle produce high vaﬁations in the correction factor.  Thus rays with incident

$ of 30-37 degrees are not used in the analysis.




Poissons Ratio = 0.25

Correction Factor

.y T
20 40 60

T y

¥
80 100
Angle of incidence at the Free-Surface

ure 3.4 Free-surface correction factor as a function of the angle of incidence at the
surface (from kisslinger 1981). In the shaded region between 30-37° the correction

Or varies rapidly. Rays with angles of incidence in this range are not used in the




pagation Effects
During propagation of the wave from the source to the receiver the amplitude of the

d Sy waves are affected by geometrical spreading of the waves, inelastic attenuation of

e changes in this ratio due to these propagation effects since it is from the inferred
; litude ratio (Sv/P), at the source that the focal mechanism solution is calculated, not
the ratio as measured at the surface.

Geometrical spreading reduces the amplitudes of seismic rays leaving a point source
cause the wave front expands as it propagates further from the source. The ratio of
P and S wave velocities is approximately constant for all layers of the velocity structure
he Mount St. Helens area [Malone and Pavlis, 1983]. The distances between source
receiver used in this study are less than 50 km and for such short propagation distances
P and S, waves that arrive at a specific seismic station take approximately the same
th. The effect of geometrical spreading on P and S waves is therefore very similar

1s assumed to be negligible on the ratio (S,/P).
The amplitude of the P and S, waves is also reduced due to the inelasticity of the
ium through which the waves are propagating. Inelastic attenuation is described by the
lity factor Q. The amplitude at a distance x for a wave with amplitude Aq at the

ICe, frequency , wave speed v and quality factor Q is given by:

A(x) = Ag e~ 0x/2vQ

The effect of attenuation on the amplitude ratio of S,/P waves at a distance x where

€ value of the ratio at the source is (Syv/P)g, with frequencies for the P and S waves WOg,
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wave velocities Vo , vg and the quality factors Qg and Qp can be derived from the

ve equation and is given by:

(I)RX ) (!)NX
) (2VBQB 2anaj

values of Qg and Qg in the Mount St. Helens area are not known. However, studies
 measure coda-Q have been undertaken. Using coda-Q values as éstimates of shear
ve Q values [Aki 1980] the effect of anelastic attenuation for the shear waves can be
uated. Values of coda-Q in the Mount St. Helens region (for the frequency range of 7-
k z)are 112 fora sampling volume of 6 km radius from the volcano [MCcClurg 1987] and
for a sampling volume of radius 50 km [Havskov et al. 1988]. Within the distance
nge of 0-50 km the amplitude of a shear wave is reduced to = 95 % of the amplitude at
> source, thus the attenuation effect is small. The effect of attenutation on the amplitude
0 (S,/P) depends on the relative effect of attenutation on the P and Sy waves. The
ect of attenuation depends on the different Q values, frequencies and propagation
eeds of the P and S, waves. Values of Qq for the Mount St. Helens area are not known
t Qq is typically | slightly larger than Qg but of the same order of magnitude and the P
e has both a higher frequency and wave velocity than the Sy wave, so W/ vp= Qq/
From the above equation it can be seen that the effect of attenuation on the amplitude
10 is smaller than the effect on the shear wave alone and hence is assumed to be
gligible for the ratio. | |
A re-partitioning of energy between the P and S waveé can also occur at internal

undaries within a medium. An advantage of using a ratio of the amplitude of (S/P) is
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t for a wide range of vclocify contrasts and incident angles the ransmission coefficients
P and Sy waves at internal boundaries are close to 1 [kisslinger, 1981]. So the effects of
ernal boundaries on the amplitude ratio of (S,/P) are small and assumed to be negligible.
summary, all propagation effects are assumed to be negligible. Only the free surface
rrection is made and I eliminate all observations in which the angle of incidence of the P
ve with the free surface is between 30-37 degrees
ailable Computer Software
Kisslinger [1981] used an iterative least squares inversion routine to find the best
ting focal mechanism solution to amplitude ratio data. He points out that the choice of
arting strikes and dips play an important role in finding the correct solution because
vergence to the 'wrong' solution might occur if the initial guess is too far off, as many
cal minima exist within the parameter space due to the non-linearity of the ratio data. In
ing ratio data alone the fault slip direction cannot be calculated as no sense of motion is

corded in the ratio. Fault strike is often poorly resolved because (Sy/P) ratio has a value

the azimuth be highly constrained. A forward-modeling routine for calculating focal
echanism solutions using ratio data was written by Snoke et al [1984]. They overcome
€ problem of fault slip direction and improve the strike resolution by Incorporating
larity data into the calculations. Snoke et al.'s algorithm searches the focal sphere and
ves all the fault plane orientations that fit the data to a pre-set standard. Although the
ward modeling 1$ more cumbersome than the inverse method, the problem of

nverging to a local minimum is avoided. In this study of the focal mechanisms solutions

Mount St. Helens, I have followed the procedure outlined by Kisslinger [1981] to

Pare the data but have used the algorithm written by Snoke et al.[1984] to make the
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PROCEDURE USED TO DETERMINE FOCAL MECHANISM
SOLUTIONS

For each earthquake, the trace data are examined and the following steps taken:
he P wave arrival times are checked and the event is located using SPONG and the St.
ens velocity model [Malone and Pavlis, 1983];

) clear impulsive first P wave motion polarities are picked;
Sy and P wave amplitudes are measured where both arrivals are clear:

the angle of incidence at the free surface is calculated for each ray, and the free-surface

grees and refracted arrivals are removed from the data set;

| calculations are made for the mean value of the solutions determined by FOCMEC and
f the standard deviation of the mean;
) for larger magnitude events without ratio data, the focal mechanism solutions are

culated using an automatic fiting routine called FPFIT that uses polarity data only.

Polarity and amplitude data are only used if the data are very clear. When picking

polarity of the P wave first motion I used only unambigﬁous polarity data. The

election criterion are discussed in section FOCMEC




Josophy I have taken with the ratio data is to only measure the ratios if the both P and
_wave arrivals are impulsive and clearly identifiable.

The value measured for the amplitude of the P and S, wave is the maximum peak
 peak amplitude that occurs in the first 3 half cycles of the arrival. If the Sy wave is at all
stinguishable the P wave is usually very clear and its amplitude can usually be measured
ry precisely. The problems arise when picking the Sy wave arrival. The most common

identification of the Sy phase occurs when a converted S, -P phase is recorded. The S,
ave and Sy-P phase are distinguished by the earlier arrival time and sometimes higher
equency of the converted phaée. The S, travel time residuals are checked so that
1sidentification of the Sy phase is minimized.

If the timing of the S wave arrival is ambiguous but the S wave package is clear, a
aximum estimate of the Sy amplitude can be inferred from a measurement of the
aximum amplitude in the S wave package. The value recorded is the largest possible

ue of Sy amplitude and hence a maximum allowed value of the ratio (Sy/P). Later

ue when either the P or S, wave is clipped (but not both). Data recorded in this
alitative manner have either lower or higher values of S,/P ratio than ratios determined

direct measurement. Having a wide range of ratio values is very important in the

ermination of the focal mechanism solutions because for large parts of the focal sphere,

- S,/P ratios are close to one and only a small number of take off angles produce ratios
ich have extreme values. Hence the addition of these qualitative measurements leads to

re highly constrained focal mechanism solutions.




The calculation of the focal mechanism solutions using FOEMCE fitting

program (Snoke et al, 1984 )

The program searches the focal sphere and lists all the fault plane solutions that fit
e observed data to within the ranges specified by the selection criterion. The following
oices are made for each run of the program:
the number of allowed polarity errors for a solution to be vé.lid;
' an acceptable range for deviations between the observed and calculated amplitude ratio;
) the number of ratio errors that are allowed to be outside the range;
) the coarseness of the search of the focal sphere.
‘The program computes the ratio values for the listed stations at all search
ntations, then compares theoretical value with the observation. If the solution stands up
the selection criterion controlling the amount of polarity and ratio data error, then the
herwise, the solution is rejected. For the stations having qualitative data (max or min
ues of the amplitude ratio) the theoretical and observed ratio values are compared, and
lutions with incompatible values are rejected. The value for the allowable ratio error
ed in the analysis is 0.1; it represents an estimation of the ratio amplitude measuﬁng error
uming that the correct phase is being measured. Initially the focal sphere is searched
ery three degrees looking for solutions with no polarity or ratio errors. If more than

/en acceptable solutions are found they are checked to see if the solutions fall in the

me region of the focal sphere . If the range of acceptable solutions® covered a localized

olution fitting the section criterion
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a2 of the focal sphere, I found that relaxing the constraints and allowing more errors
rely enlarged the spread of the solution around the previous mean and did not produce

stically different solutions. If less than seven solutions are determined, the selection

LIMITATIONS OF THE METHOD AND VELOCITY MODEL
The validity of the assumpiions in the method for determining the focal mechanism

sonable nature of allowing non-perfect fit between the data and acceptable focal

chanisms solutions is also discussed.

mitations of the velocity model

The velocity model used for the Mount St. Helens region (Malone and Pavlis,

3) is a layered 1-D model that is only an approxirnatiod to the gross velocity structure of

area; One would expect lateral variations in the velocity structure to occur in the vicinity
he volcanic center (Lees and Crosson, 1988). The unmodeled lateral variations in the
ocity structure are the main source of location error. . Variations in the location of an

t alter the TOA of the ray from the source and change the position of the data points on
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focal sphere. Variations in depth affect the TOA much more than variations in the

rizontal direction due to the layering of the velocity structure in the vertical plane. The

gest variation occurs when an event is relocated in a velocity layer above or below the

nner outlined in the previous section. The range of Pressure and Tension axes
rmined by FOCEMC is illustrated in the map and the cross-section in figure 3.5. The
tions of the earthquakes used are given in table 3.1 and mean axis direcfions of the P
T axes are given in table 3.2.

Providing that the selection criterion in the FOCMEC routine was relaxed until at

MEC is relaxed until at least 5 or 6 solutions are found.
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‘Table 3.1 Location data for earthquakes used in the error analysis.

Event ~ Date Time Latitude Longitude Depth

A May 19,1980 0106 46.1185°N 122.1211°W
May 19, 1980 0200 46.1286°N 122.1175°W
May 19, 1980 0752 46.1204°N 122.1007°W
May 19, 1980 0709 46.1205°N 122.1087°W
May 19,1980 0721 46.1372°N 122.1028°W

Table 3.2 Focal Mechanisms Solutions: Events at Depths + 2 km
Lower hemishpere projections are illustrated in fig 3.5

Event  Depth P axis T axis
Strike Dip Strike  Dip

173 14 270 26
164 21 260 14
169 14 260 5

55 0 325 21
198 12 341 75
7 6 98 10

34 12 129 24
17 17 114 20
43 10 137 20

249 24 145 29
245 33 169 23
242 21 143 2]

327 39 65 10
330 40 238 3
341 48 259 3




A COMPARISON OF TWO METHODS TO DETERMINE FOCAL
MECHANISM SOLUTIONS

Focmec vs Fpfit. (With and without ratio data)

For the earthquakes with magnitudes larger than My = 3.0 a large amount of
larity data is recorded, but amplitudes recorded at seismic stations close to the epicenter

e 50 large that most traces have clipped arrivals for both the P and Sy waves. Therefore,

tomatic fitting program called FPFIT [Reasenberg and Oppenheimer, 1985] that uses
larity data alone.

In order to compare the the quality of solutions found by these two methods, I have
ected an earthquake from the Mount St. Helens region with enough polarity data to yield
well-constrained solution, and also with enough ratio data so that a focal mechanism

ution can be calculated using FOCMEC.

The focal mechanism solutions were calculated by FPFIT and FOCMEC using all

chanism solutions were calculated using a subset of the data (run 3). Finally a solution

calculated by FPFIT excluding the polarity reading at station FMW 4 (run 4). The

larity reading FMW was comrollingAthe solution and it was noticed that only a small change in the
ity model would cause the take-off angle for a ray going to FMW to be mapped onto the other side of
hemisphere and thus change the solution drastically.




Run 1 Run 2

Polarity Data Polarity and Ratio Data

Run 3

Reduced Data set

5 Polarities

Run 4

13 Polarities
(no FMW)

re 3.6
ans 1-4. So

Lower hemisphere projection of the focal mechanism solutions determined
lutions to runs 1 and 4 are calculated using polarity data alone, solutions to

2 and 3 use both polarity and ratio data. The data used in each run and the solutions
18ted in tables 3.3 and 3.4.
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Table 3.3 Polarity and Ratio data for the earthquake
used to illustrate the mertis of FOCMEC

Data Used Data Used Data Used Data Used
Station Key® inRunl inRun2 inRun3 in Run 4

KOS

d
c
d
d
d
d
d
r
d
T
d
d
d
c
T
c
c
r
r
r

<<‘\<1‘\/\<<<<<<<<<<<<<2\/\

*Key : c.d are polarity readihgs,
r 1S a ratio reading.




Table 3.4 Focal mechanism solutions determine
when comparing fpfit and focmec.

Date Time Latinde  Longitude Depth M
March 2, 1982 0201 46.2090°N 122.1478°W 11.12 1.1

.

o

.
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Using all the polarity data FPFIT finds two quite different solutions: (a) and (b).

) differs from (a) because solution (b) is controlled by the compressional arrival recorded

t station FMW. Solutions determined by FOCMEC for both the full and reduced data

s, run 2 & 3, are very similar to solution (a) in run one. However no comparison can be

FIT using all the polarity data excluding the polarity data at station FMW: this run
oduced solution (a) that was determined in run 1.
The earthquake used for this study falls on the St. Helens seismic zone [Weaver et
1987] which is a right lateral strike-slip fault running approximately North-South. The
orrect” focal mechanism solution for this event is probably similar to the solution
cted using the ratio data or solution (a) in run 1, rather fhan solution (b) in run 1. In
mmary, the result of this comparison shows that:
i) solutions determined using ratio data in addition to polarity data are very
1sistent with well-constrained solutions determined using polarity data alone;
ii) when only small amounté of polérity data are available (5 or 6 data points)
tions can be determined that are consistent with those found using many more polarity
adings, if ratio data is included in the calculations;
iii) The addition of ratio data decreases the sensitivity of the solution to any one
larity reading, as illustrated by solution (b) and the polarity reading at station FMW.
The focal mechanisms solutions determined using FPFIT and FOCMEC are treated

€ data set irrespective of their slightly different methods of calculation.
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RESULTS OF THE ANALYSIS

ocal Mechanism Solutions of the Post-eruptive and Regional Earthquakes

The results of the focal mechanism studies are most easily illustrated by the
rientation of the Pressure (P) axis and the Tension (T) axis. In map view diagrams, a line

drawn in an orientation that represents the azimuth of the axis and the dip of the axis is

d lower hemisphere projections of the range of solutions determined for the events
d in this study are given in the Appendix. Earthquake epicenters are represented by
en circles and the size of the circle is proportional to the magnitude of the event. In map
W diagrams the position of Mount St. Helens volcano is represented by the 5000'

tour level, which is approximately the same height as the pre 1980 tree line.

€ regional stress field in the area surrounding Mount St Helens.

Th¢ focal mechanism solutions of events located off the flanks of the volcano are

jected onto a map of the Mount St. Helens area and onto a NW-SE cross-section

ugh the region, (fig 3.7 and fig 3.8). The average orientation of the Pressure axis in
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Regional Earthquakes

-

D

Projection of the azimuthal orientation of the P and T axis for
regional and post-eruptive earthquakes.
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Mount St. Helens region is N 40 E dipping at 0-5 degrees to the southwest . The
nsion axis is oriented N 60 W and dips to the southeast. Rose diagrams of the

muthal orientations of the principal axis, fig 3.9, show the uniform orientation of the

Smith [1983] from their study of earthquakes in southwestern Washington .

ess regime within Fthe volcanic edifice at Mount St Helens.
The post-eruptive earthquakes are located on two seismic lobes which surround an
smic volume [Scandone and Malone 1985]. Locations and magnitudes of post-eruptive
quakes located below 6 km are illustrated in fig 3.10. The eastern lobe extends almost
ically below 7 km to a depth of 11 km. The western lobe also extends vertically from
km and then dips to the northeast such that the earthquakes located at 20 km are 2
north of the present dome. This deeper seismicity includes the largest of the post-
tive earthquakes. The magnitude of events located at depths greater than 11 km is in
ange of 2 < My <4, in éontrast to 0 < M < 2 for the events at more shallow depths

ounding the aseismic volume. Fig 3.13 illustrates in map view the orientation of the P

T axes between the depths of 6-20 km. The orientations of the Pressure and Tension

determined for the post-eruptive earthquakes are very different from those found for

egional non-volcanic earthquakes. The principal stress components form a circular




o the boundaries of the volume, while the P axis lies tangential to the boundaries. Fig

km and events located below 11 km. The change in the character of the seismicity at

km is clearly seen in figure 3.10. Figure 3.13 shows the orientation of the P and T

Studying figure 3.13 and comparing figure 3.9 and

4 show that the post-eruptive events in the depth range 7-11 km have stress fields that

- perturbed from the regional stress field direction, but the deeper and larger magnitude

thquakes have stress fields that are similar to the regional stress field. This suggests that

 earthquakes occurring above and below 11 km have a different controlling processes.
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Post-eruptive Earthquakes Depth range 7-11 km

P axis T axis

T axis

e 3.14 Projection of the azimuthal orientation of the P and T axis for post-eruptive
‘earthquakes divided into events located above and below 11 km. The

distribution for the events located below 11 km is similar to the distribution
or the regional stress field ( fig. 3.9).




CHAPTER 1V
MODELING THE ANOMALOUS STRESS FIELD

Results of a 2-D model

The study of the focal mechanism solutions of post-eruptive earthquakes located
irectly under the cone of Mount St. Helens reveals a stress regime in the depth range of 7
o 11 km which is quite different from the regional stress field. In this depth range, the

ocation of the two lobes of seismicity form a symmetrical pattern around a central aseismic

ithdrawal of magma from a magmatic reservoir and the earthquakes occur in the rock

rrounding the magma body in response to the perturbation in the regional stress field.
This system is modeled in terms of an infinite elastic region with a cylindrical

le at pressure P within it representing the magmatic reservoir. The boundaries of the

lon are subject to a shear stress equivalent to the regional stress field in the Mount St.

lens area. To test the deflating magma body hypothesis, theoretical values of the stress

Id around the cylindrical hole are calculated for parameter values suitable for Mount St.
V. ens. The model predicts the magnitude and orientation of the principal axes in the

Tizontal plane; the dip is not modeled. However, this is an appropriate model for the




stress field at Mount St. Helens because the most striking difference between the stress
fields is the rotation in azimuth of the axes. The inclination of the stress field associated
with the post-eruptive earthquakes does not appear to be perturbed. In both stress fields
the majority of P and T axes lie in the horizontal plane. The derivation of the equations
used in the calculations are shown in Chapter 2, Modeling Theory.
Modeling Strategy

Given values of the stresses on the boundaries of the region and the pressure drop
within the cylindrical hole, one can calculate the magnitude and orientation of the maximum

compressive stress, (01), and the minimum compressive stress, (03) around the hole at

arthquakes. The magnitude of the stresses acting within the volcanic system are not
known so direct comparisons of theoretical and observed values cannot be made, but by
invoking the following reasoning an estimate for the theoretical breaking stress of the

rock can be inferred and compared with values of earthquake stress drop.
For an earthquake to occur, the deviatoric stress (01- 03) must be larger than the

tress needed to break the rock. Since the deviatoric stress produced in the above model

decreases with distance from the cylinder as -r% (Illustrated in fig 2.2), one can assume that

it a distance beyond which no post-eruptive seismicity was induced, the magnitude of the
'Cviator_ic stress, is less than the value of the breaking strength of the rocks. At Mount St.

lens the maximum extent of seismicity from a central point is about 2 km, so the value of
1€ theoretical deviatoric stress at this maximum distance is assumed to be the breakin g

tress of the rock.




Determining the values of the model parameters.

The model parameters are the radius of the cylinder, the pressure drop within the
cylinder,(P), the maximum and minimum compressive stress,(P1,P3), to be applied at the
boundaries. The magnitude and orientation of the maximum and minimum compressive
stresses,(C1, 03), are evaluated at points (r,0) in the region. The appropriate values for
model parameters at Mount St. Helens are discussed below.

The maximum size for a circular hole centered between the seismic lobes can be

estimated from the location of post-eruptive seismicity, assuming no earthquakes occur

_lobes, and hence the inferred maximum diameter of a cylinder is 2.0 km. In actuality, the
_seismicity may not occur very close to the boundaries of the magma body and a more
realistic model may include the simulation of a smaller magma body with a zone between

the boundary of the magma body and the seismicity in which plastic deformation of the
rocks occurs. During modeling the theoretical stress field is calculated for cylinders with
tadii of 1 km, 0.75 km and 0.5 km to accommodate the above models.

The focal mechanism study of the region around Mount St. Helens, as shown in
Chapter 3, illustrates that the dominant fault movement is right lateral strike-slip motion, as
k'found by other authors [Weaver et al., 1987: Grant et al., 1984]. From this it is inferred
that both the maximum (P1) and minimum (P3) compressive stress axes lie in the horizontal
Pplane thereby allowing Py and Py to represent the boundary conditions that are applied

i orizontally in the model. The magnitudes of the principal stresses are not known, but the

termediate principal stress axis lies vertically in the region around Mount St. Helens; thus

the magnitude of the vertical stress is equal to the lithostatic overburden. At a depth z, the




50

where p 1s the density of the rock and g is the acceleration due to gravity and z is depth. At

10 km Pp=2.7 kbars. The magnitudes of P; and P3 by definition are greater than, and

smaller than P respectively. Values in the range of 2800-2720 bars for Py, and 2680-

2600 bars for P; are used in the modeling. When a shear stress, Pq - P3, greater than 200
bars is applied to the region and when using the other estimated parameter values, the
circular nature of the stress field is not apparent. As the orientation of the stress field is the
feature that is being modeled, results with shear stresses larger than 200 bars (values of P,
=2800, P3 = 2600) are not shown.

No geophysical measurements have been made that allow a direct estimation of the
pressure drop within the volcanic system during the eruption, and hence a more basic

approach has been used to estimate the pressure drop within the magma body. The

magma rises from depth towards the surface, decreasing the pressure within the volcanic
system. The rise of magma is caused by a density differential between the magma and the
 Surrounding rock. For short lived eruptions, especially plinian types as seen at Mount St.
Helens, it is believed that the rate at which the magma escapes from the chamber is much
_ greater than the rate at which it can be replaced from a deeper source. In the case
where no replenishment of magma from a deeper source occurred, the pressure drop AP
within a body of magma is given by the equation for hydrostatic pressure [Scandone and

Malone 1985,

AP = (ps - p) zg

where pg is the density of the country rock and

p is the density of the magma and z is depth.




In his gravity modeling Williams et al., [1987] estimated a density of 2.7g cm=3 for the
rocks directly beneath Mount St. Helens, while for extruded magma the density is
estimated to be 2.46 g cm-3 [Olhoeft et al., 1981]. Using values for the acceleration due to
gravity, g= 103 cm -2, and depth z=10km, a pressure drop of ~ 240 bars is produced.

Estimations of the pressure drop within the magma chamber can also be made by
calculating the fraction of magma extruded relative to the total volume of magma in the
chamber, an equivalent measure of the proportional drop in the pressure of the system.
Actual estimates have been made for the volume of tephra extruded from the volcano on
18 May 1980 [Sarna-Wojcicki et al.,1981]. A volume of 0.2 km3 was calculated by
summing the of volumes of ash deposited in areas around the volcano; hence this value is a
rough estimate of the minimum volume of magmatic material extruded from the volcano.
To estimate the size of the magma body, one can measure the size of the aseismic zone,
although an independent estimate of the actual volume of fluid within the magma body must
be made for the following reason. As mentioned previously, the possibility exists that the
seismicity does not occur at the boundaries of the magma body owing to the existence of a
plastic zone. The volume of the ascismici zone is approximately 12 km3. Assuming the
chamber originally had 7 km3 of fluid within it, and that the pressure values in the
chamber were on the order of those for lithostatic pressure, then the drop in pressure
witliin the chamber is estimated at 80 bars, for a volume of 0.2 km3 of magma extruded
during the eruption. As the estimate of the volume of tephra extruded from the mountain is
7 inherently a minimum estimate, the pressure drop of 80 bars represents an estimate of the
minimum pressure drop within the systém. In addition, the inferred volume of the magma
body and the eStima;ed volume of erupted products are only known very roughly, which

ender only an order of magnitude value for the estimate of the minimum pressure drop.

The For these reasons, the value of the pressure drop determined using knowledge from




the fundamental physics of the volcanic process is preferred for use in the model.
However it is noted that this is the higher of the two estimations of the value of the pressure
drop. For the range of parameter values stated above, the theoretical stress field around

the cylinder is calculated and compared to the observations.

RESULTS OF THE MOUNT ST HELENS MODEL

Orientation of the stress field.
For models with cylinder radius 1 km and 0.75 km  the orientation of the
theoretical stress field around a cylindrical hole in an infinite elastic region is similar to the

radial pattern of the stress field orientation inferred from the focal mechanism solutions.

cylinder hypothesis to explain the perturbation in the stress field at Mount St. Helens. The
_model with a cylinder of 0.5 km radius does not predict a stress field with a strongly
circular orientation; the effect of the pressure drop does not dominate the stress field. This
_model is rejected as a model for the magma reservolr at Mount St. Helens and is not
‘discussed further. Figures 4.1, 4.2, 4.3 illustrate the orientation of the o1 and 03 axes
and the magnitude of the deviatoric stress field evaluated at a distance 2 km from the center
f the cylinders 1.0 km 0.75 km and 0.5 km in radius.

Magnitude of the stress field

The magnitude of the stress field around the cylinder varies with the choices made

or the model parameters. For Mount St. Helens, the distance at which the deviatoric

ess field changes froma larger to a smaller value than the breaking stress of the rock is

dicated by the abrupt cessation of seismicity, approximately 2 km from a




e 4.1 Orientation of the maximum (61) and minimum (03) stresses and
ude of the deviatoric stress (01-03) evaluated 2 km from a hole in an infinite

The radius of the hole is 1 km. The boundary stresses (P; and P3) represent

nt estimates of the pressure within the magmatic reservoir after the May 18, 1980

n. The orientation of the stress field in (a), (b), and (c) show patterns similar to the
ed stress field. The maximum value of 61-03 increases as the value of Pi- Pp

es, all values could induce earthquakes. (b) is the preferred model for Mount St.
- The orientation of North at Mount St. Helens is denoted by N.
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Figure 4.2 Orientation of the maximum (o) and minimum (63) stresses and
magnitude of the deviatoric stress (01-03) evaluated at 2 km from a hole in an infinite
region. The radius of the hole is 0.75 km, Values of Py, P3, and"P are the same as in
figure 4.1. The theoretical stress field shows some resemblarice of the stress field at Mount
St. Helens, but the orientation is not predicated as well as by the model with a radius of 1
km. The orientation of North at Mount St. Helens is denoted by N.
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central point of the cylinder. The maximum values of the deviatoric stress (01 - 03) at this
distance for models with cylinders of radii 1.0 km and 0.75 km are between 147 and 297
bars. Assuming that the earthquakes relieve all the stress within the rock, the magnitude of
the deviatoric stress is the maximum stress drop of an earthquake. Values measured by
Thatcher and Hanks [1973] for stress drops of crustal earthquakes in Southern California
range from 0.2 to 200 bars. For cylinders of radius 1 km and 0.75 km, models (a) and
(b), the magnitude of the deviatoric stress field falls within this range . Actual earthquake
stress drops cannot be easily estimated for the Mount St. Helens data due to the inadequate
frequency range of the instrumentation and low Q, but both models have deviatoric stress
fields which can produce earthquakes with stress drops in the range 0.2 to 200 bars at 2
km from the center of the cylinder.
Distribution of seismicity

If homogeneity of the rocks could be. assumed one would €xpect most seismicity to
occur where the deviatoric stress is largest, at azimuths parallel to the direction of the
applied boundary rninimﬁm compressive stress (P3). At Mount St. Helens the direction of
P3 is N60W, but the concentrations of seismicity are to the east and west of the aseismic
volume and possibly the magma chamber. Comparison of the azimuthal distribution of
earthquakes and the dircction predicted by the deviatoric stress field are illustrated in fig
4.4. If one assumes that the deviatoric stress field is larger where earthquakes occur, then
the distribution of earthquakes cannot satisfactorily be explained in terms of the magnitude
of the deviatoric stress field for any of the models tested. The assumption that the rock in

which the earthquakes occur is both homogeneous and of equal strength everywhere is

probably not applicable. In a more realistic model, the location of seismicity would also be

controlled by the effect of pre-existing weaknesses in the rock and not solely by the

Mmagnitude of the deviatoric stress field.
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Although no surface faults that are associated with seismicity have been mapped in
the region around Mount St. Helens, earthquakes appear to occur on fault segments lying
in a north-south direction [Grant et al., 1984]. If weaknesses of this nature exist within
the body of rock under the cone of Mount St. Helens, the most favorable stress regime for
a series of faults oriented approximately north-south, exists to the east and west of the
cylinder. If slip occurs on short discontinuous fault segments, the locations of the
earthquakes and the inferred stress field orientation can be explained by the pressure drop
within a cylinder.

From all the models tested the parameter values of 1 km radius and boundary
stresses of 2750 and 2650 bars produce the closest representation of the stress field at
Mount St. Helens. This model shows similar axes orientation as observed from the focal
mechanism solutions and the magnitude of the deviatoric stress field predicted falis within
the commonly accepted range of values for earthquake stress drop. The preference of the
cylinder of 1 km radius over a model with a radius of 0.75 km suggests that the thickness
of a plastic zone between the ﬂuid part of the magma body and the competent rock in
which the post-eruptive earthquakes occur is less than 0.25 km. I estimate that the
radius of the magma body is approximately 0.9 km. Although the model suggested here
1s only a simple approximation of a magma body geometry which in reality is probably
very complex, the preferred values for the model parameters provide an indication of the

average parameter values. In addition the model illustrates the feasibility of a pressure

drop within a magma body inducing earthquakes in the surrounding country rock. ‘




CHAPTER V
DISCUSSION
THE VOLCANIC SYSTEM AT MOUNT ST HELENS

Modeling of the stress field associated with the post-eruptive earthquakes located
between the depths of 7 and 11 km, produces results that support the hypothesis
proposed by Scandone and Malone [1985], and Shemeta and Weaver [1986] in which the
post-eruptive earthquakes occur in response to a perturbation in the regional stress field,
this change, in turn caused by a préssure decrease in a magmatic reservoir located between
the seismic lobes. The post-eruptive earthquake swarm represents the rapid brittle
readjustment of the volcanic system to the withdrawal of magma in the 12 hours
immediately following the eruption [Scandone et al., 1985]. Aseismic adjustment
followed the brittle failure and continued for a much longer time span than the post-
eruptive swarm. In the months between May and November 1980, the Mount St. Helens
volcano experienced a net subsidence of 20-70 cm [Swanson et al.,1981]. The style of
readjustment may have occurred as suggested by Shaw [1980] analogous to his model for
Hawaii, in which the upward flow of magma during a volcanic eruption is equilibrated by
the downward displacement of the surrounding rocks.

Scandone et al. [1985] used geodetic data to estimate a 7 km depth for the Mount
St. Helens reservoir. They assumed that the net subsidence of the volcanic edifice was

related to the volume of magma equal to the cumulative volume of products erupted

between May and October 1980. Petrologic studies by Rutherford et al. [1985] also

indicate that glass inclusions within plagioclase phenocrysts in the extruded magma were

formed at a depth of approximately 7 km . This depth defines the upper limit of the
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position of the 'magma body estimated from hypocenter locations, and again illustrates the
feasibility of the model.
The model that I have derived for the magmatic system at Mount St. Helens for
 depths between 6 and 20 km is illustrated is figure 5.1. From the modeling of the
anomalous stress field of the upper part of the system a magma body of approximately 0.9
km radius is preferred, thus allowing for a zone of plastic deformation to occur before the
onset of the seismicity and for brittle failure of the rocks to occur at a radial distance of 1.0
km. Because the east and west seismic lobes only extend to a depth of 11 km, this is
interpreted to be the maximum dei)th of the magma body. The model does not predict the
locations of the seismicity exactly, but it is possible that properties of the rock rather than
the magnitude of the deviatoric stress controls the location of the earthquakes. I model the
earthquakes that delineate the aseismic volume to occur on short discontinuous fault
segments that are roughly tangential to the boundaries of the magma body. Located to the
east and west of the present day vent they are in a position that is more preferentially
aligned with a north south inherent weakness in the rock than if they occurred to the north
and south. | |
The anomalous stress field does not extend below 11 km where the character of
'Seismicity changes. These deeper events have larger magnitudes than the shallower
seismicity and the focal mechanism solutions are similar to those of earthquakes which fall
on the St. Helens seismic zone. I suggest that the post-eruptive seismicity between the
depths of 12 and 20 km occurs on pre-existing faul;s in the rock that are preferentially

aligned with respect to the regional stress field and may be an extension of the St. Helens

 Seismic zone under the mountain. It is these pre-existing fractures that may open and allow

transport of magma to the shallow volcanic system from a reservoir deeper in the crust.

This magma flow may trigger the earthquakes on the fault system.
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The volume of rock inferred to delineate the magma chamber is estimated to be on
the order of 4 km3. If seismic waves travel through magma, anomalous attenuation of the
shear wave and a reduction in frequency of both the P and S waves occurs, as seen in the
Long valley Caldera [ Ryall and Ryall, 1981]. For the rays studied in the determination of
focal mechanism solutions at Mount St. Helens, the few whose paths apparently crossed
the aseismic region did not experience a detectable change in P and S wave frequency, as

seen at the Long Valley Caldera. This lack of attenuation is somewhat strange, but for the

size of magma body suggested the number of rays that actually pass through the magma

body may be very small. My search was not extensive and I would expect a more detailed

study to be more successful in finding attenuated rays.

CONCLUSIONS

The location of post-eruptive earthquakes following the explosive eruption of
Mount St. Helens on 18 May, 1980 and 12 June, 1980 delineate an aseismic region which
is the suggested location of a magma body [Scandone and Malone, 1985; Shemeta and
Weaver, 1987]. The occurrence of an anomalous stress field in the depth range of 7-11 km
directly beneath the volcanic edifice is inferred from this study of focal mechanism

solutions. The source of this anomalous field can be successfully modeled as a cylinder

undergoing a pressure decrease that is located within an elastic region, the boundaries of

which experience stresses equivalent to the regional stress field at Mount St. Helens. The

aseismic region is interpreted to be the location of a elongated magma body, which extends

from a depth of 7 to I'1 km, has a of fadius 0.9 kmand an estimated volume of 10 km?3.
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APPENDIX A: Focal Mechanism Solutions of Post-eruptive
Earthquakes

Table A.1 Post-eruptive Earthquake Data
Locations and mean focal mechanism solutions

°N °W P axis T axis
ID Date Latitude Longitude M Swuike Dip Strike Dip

May 19, 1980 46.1364 122.1150
May 19, 1980 46.1224 122.1261
May 19, 1980 46.1287 122.1244
May 19, 1980 46.1356 122.1159
May 19, 1980 46.1280 122.1206
May 19, 1980 46.1185 122.1211
May 19, 1980 46.1332 122.1167
May 19, 1980 46.1285 122.1117
May 19, 1980 46.1262 122.1262
May 19, 1980 46.1309 122.1150
May 19, 1980 46.1231 122.1006
May 19, 1980 46.1286 122.1175
May 19, 1980 46.1297 122.1126
May 19, 1980 46.1332 122.1108
May 19, 1980 46.1337 122.1146
May 19, 1980 46.1326 122.1154
May 19, 1980 46.1335 122.1154
May 19, 1980 46.1260 122.1243
May 19, 1980 46.1191 122.0982
May 19, 1980 46.1195 122.0979
May 19, 1980 46.1304 122.1224
May 19, 1980 46.1185 122.0969
May 19, 1980 46.1221 122.1054
May 19, 1980 46.1203 122.1076
May 19, 1980 46.1205 122.1087
May 19, 1980 46.1263 122.1210
May 19, 1980 46.1372 122.1028
May 19, 1980 43.1254 122.1019
May 19, 1980 46.1204 122.1007
May 19, 1980 46.1180 122.1258
May 19, 1980 46.1269 122.1009
May 19, 1980 46.1205 122.1040
May 19, 1980 46.1215 122.1010
May 19, 1980 46.1220 122.1024

127 346 46
139 240
170 262
68 302
22 128
175 269
151 284
77 346
253

33

161 300
198

O oo ~1IWn U)o
SN S W W LN LWL
NN =1 W N \O 00 h L

5
236

OHHHHOO»—‘!»OO'O:-*NN_»—‘NH»AH:—‘N
U OO OARAUNAN B OI—OOUNNOO L




Table A.1 continued

°N W P axis T axis
Date Time Latitude Longitude Depth M Stike Dip Strike Dip

111 17
40 21
341 74
62 17
332 63
187 30
323 25
312 43
313 - 53
205 49
48 0
242 48
163
173
341
337

May 19, 1980 1246 46.1149 122.1220 11.36
May 19, 1980 1251 46.1243 122.1031 8.52
May 19, 1980 1421 46.1297 122.1297 14.69
May 19, 1980 1621 46.1174 122.1063 10.35
May 19, 1980 1821 46.1282 122.1224 15.35
June 13, 1980 0648 46.1227 122.1232 8.03
June 13, 1980 0708 46.1197 122.1218 8.34
June 13, 1980 0732 46.1209 122.1215 8.45
June 13, 1980 0751 46.1211 122.1244 8.21
June 13, 1980 0828 46.1211 122.1071 11.46
June 13, 1980 0932 46.1154 122.1041 8.99
June 13, 1980 0936 46.1215 122.1219 8.03
June 13, 1980 1000 46.1203 122.1238 8.18
June 13, 1980 1030 46.1240 122.1253 8.40
June 13, 1980 1129 46.1203 122.1214 6.97
June 13, 1980 1338 46.1219 122.1231 8.02
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Table B.1 Regional Earthquake Data
Locations and mean focal mechanism solutions

APPENDIX B: Focal Mechanism Solutions of Regional Earthquakes

ID Date

Time

°N

°wW

P axis
Latinde Longitude Depth M Strike Dip Strike Dip

T axis

1March 26, 1980
2 May 21, 1980
3 May 22, 1980
4 June 2, 1980
5 June 12, 1980
6 June 13, 1980
7 June 16, 1980
8 June 22, 1980
9 June 25, 1980
10 June 27, 1980
11 June 27, 1980
12 June 27, 1980
13 July 7, 1980
14 July 20, 1980
15 July 20, 1980
16 July 20, 1980
17 July 23, 1980
18 Aug. 8, 1980
19 Aug 15, 1980
20 Sept.12, 1980
21 Nov.12, 1980
22 Nov.14, 1980
23 Nov.17, 1980
24 Feb .7, 1981
25April 21, 1981
26 June 2, 1981
27 June 28, 1981
28 July 4, 1981
29 Aug. 4, 1981
30 Sept. 3, 1982
31 May 17, 1983
32 Dec. 11, 1986
33 July 22, 1987
34 Aug. 29, 1987

0600
1345
2149
0035
0248
0538
1353
0708
1759
1440
2004
2159
1130
1330
1422
1736
1038
2104
0029
0749
0130
1907
0658
1226
0353
0411
2321
1850
1628
0331
1527
0510
0102
0237

46.1083
46.1016
46.1613
46.1241
46.1565
46.1505
46.1745
46.2143
46.0620
46.2218
46.2018
46.1740
46.1795
46.0603
46.1027
46.0621
46.0569
46.0625
46.1030
46.1000
46.1229
46.1022
46.2631
46.1430
46.1038
46.0365
46.0283
46.0536
46.1307
46.1431
46.0960
46.1271
46:1117
46.1300

122.0952
122.0793
122.1241
122.0737
122.1539
122.1190
122.1357
122.1479
122.0735
122.1628
122.1534
122.2174
122.1325
122.0701
122.0752
122.0729
122.0713
122.0548
122.0722
122.0932
122.0958
122.0681
122.2291
122.0672
122.1858
122.2191
122.2637
122.0832
122.1845
122.0672
122.2333
122.2574
122.1977
122.2010

6.0
12.42
7.09
8.65
11.43
8.80
12.36
6.76
6.03
15.08
13.06
15.94
7.69
5.17
9.31
6.04
5.99
12.11
9.06
7.75
7.07
8.43
10.62
9.92
12.56
16.34
17.48
8.87
8.99
9.32
10.48
7.98
10.91
9.95
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