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Abstract

Fault plane solutions of 459 events occurring between 19935 and 1998 at Mount St. Helens (State of Washington,
Northwest U.S.A.) were considered in order to infer the state of stress beneath the voleano. These events occurred
in two distinct depth zones. The shallower zone is between 2 and 5.5 km, with shocks clustering in a tight
cylindrical distribution about 1 km in radius directly beneath the crater. The deeper events are spread over a
larger volume from 5.5 to 10 km depth and surround an aseismic zone below and slightly west of the lava dome.
Faulting is characterized by a mixture of strike-slip, reverse and normal faults with maximum COMPpression axes
which do not cluster around a single direction. In the deep zone, between 5.5 and 10 km, P axes define a wheel-
spoke pattern pointing radially away from the center of the aseismic zone. The 459 fault plane solutions were
mverted lor stress tensor parameters using the algorithm of Gephart and Forsyth. The inversion of the whele data
set revealed that faulting was not produced by a uniform stress distribution. The subdivision of the zone into
smaller volumes significantly reduced misfit and confidence areas of the solutions, whereas temporal subdivision
of the sample did not lead to significant improvements in terms of stress uniformity. We suggest that the
inhomogeneous stress field is consistent with a varying pressure source originating from the inferred crustal
magma chamber and a thin conduit extending above it.

Key words  Mount St. Helens (U.S.A.) — fault-plane termittent phreatic eruptions. This eruptive peri-
solutions — inversion — stress field od ended 6 years later, after more than a dozen

episodic extrusions of lava built a dome in the
crater. After the last eruption (October 21, 1986)

L. Introduction the level of earthquake activity was quite low

. _ for two years. Since 1988 it has had increased
~ Mount St. Helens is the most active volcano periods of activity from time to time (1989-
in the C_ascade Range (ﬁg Ia). It is located at a 1991, 1995, 1998) with ]OW-IT]Hg]litl.lde events
small right-stepping off-set of the so-called St. located close to the crater area and at depths
H?IEI]S seismic zone (SHZ), a 100-km-long zone shallower than 10 km, However no eruption of
of carthquake activity extending to the north magma has occurred. Figure 2 reports the time
and SOUU.] of the volcano (Weaver er al. , 1987). evolution of foci during the period 1980-1998.
Its most recent series of eruptions began in 19_80 Looking at the daily occurrence of the events
when. a large landslide and p()\_)verful_ explosive (fig. 3) in the years following the Tast eruption,
eruption created a large crater following almost we note that @imone the thice carthquake re-
2 months of intense shallow seismicity and in- sumptions (1989-1951 1995, 1998), the last one

was the most intense (more than 700 events in
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Fig. 1a,b. a) Map of the Mount St. Helens target area; b) triangles show the locations of the 15 closest seismic

recording stations of PNSN.

Malone (1991) and Moran (1994) who analyzed
the earthquakes occurred in the area after the
eruption of May 1980 and in the period 1987-
1992, respectively. Focal mechanisms for post-
May 18, 1980, and 1987-1992 earthquakes re-
veal a magmatic system that is evolving with
time. The post-May 18, 1980, earthquakes de-
fine an aseismic zone between 7 and 11 km, and
modeling of P and T axes derived from these
events suggest that they occurred in response to
a pressure drop in a magma chamber located
within the aseismic zone. The 1987-1992 earth-
quakes define an aseismic zone between 6.5 and
10 km, and modeling suggests that these events
are occurring in response to a pressure increase
in a magma chamber within this aseismic zone,
The two aseismic zones overlap somewhat, but
it is unclear from modeling whether or not the
magma chamber migrated in 6 years between
these two time periods (Moran, 1994).
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In the present work, we begin our analysis in
1995 whenn, after a period of about three years of
minor, primarily shallow seismicity, deep seis-
mic activity was again observed (fig. 2). The
stress field at Mount St. Helens is investigated
using the Gephart and Forsyth technique (1984).
We assume that all the different fault-plane so-
lutions within the entire volume arc due either
to a single uniform stress tensor orientation or,
alternatively, have measurable changes in orien-
tation for subvolumes of the region related to
local sources of stress, such as a crustal magma
chamber. Our procedure is: i) to divide the seis-
micity into subsets of the data as function of
both depth and time, and ii) to determine the
stress tensor orientation and its confidence lim-
its for different groups of events. Our goal is the
study of the stress source causing seismic re-
lease and its relation to the inferred magma
system.
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Fig. 2. Time-depth plot of all earthquakes beneath Mount St. Helens occurring between 1980 and 1998, Note
that 0 km corresponds to mean station elevation, 1.6 km above sea level at MSH.
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Fig. 3. Daily occurrence of the events in the years following the last eruption.
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2. Tectonic setting

Volcanoes of the Cascade Range represent the
magmatic arc associated with the post-40 Masub-
duction of the Juan de Fuca plate and its prede-
cessors. Despite the fact that the Pacific North-
west has been an area of convergence throughout
the Cenozoic (Atwater, 1970), volcanismaccom-
panying this convergence has been discontinu-
ous through time and has varied spatially along
the strike of the subduction zone (McBirney, 197§;
Luedke and Smith, 1982; Guffanti and Weaver,
1986). The modern range of Cascade volcanoes
dates to approximately 1 Ma. Mount St. Helens
itselt began producing dacitic lavas only about
40000 years ago and has been the most active
volcano in the Cascadian for the last 4000 years
(Mullineaux and Crandell, 1981). The region is
dominated by a succession of tectonic, igneous,
and erosional events that determine the present
complex of basalts, andesites, and quartz-diori-
tes exposed at the surface (for more details about
the geology of the Mount St. Helens region see
reports by Evarts et al., 1987: Finn and Williams,
1987; Williams et al., 1987; Stanley er al., 1987).

To help clarify the tectonic setting and to
delineate subsurface geologic features of the
Mount St. Helens region, several geophysical
studies have been published. Analysis of acro-
magnetic data (Finn and Williams, 1987) and
gravity data (Williams et al., 1987) indicate the
presence of an anomalous, intrusive unit beneath
the present volcano. Using conductivity data,
Stanley ef al. (1987) concluded that this anom-
alous unit overlies a system of sedimentary rocks
described by Dickinson (1976). Stanley et al.
(1987) further describe a large conductivily
anomaly that trends north of St. Helens parallel-
ing the St. Helens seismic zone (SHZ) as defined
by Weaver and Smith (1983). Lees (1992) has
observed a pronounced low velocity anomaly
directly under the crater in layers deeper than 9
km. However the resolution of the tomographic
image is not sufficient to unambiguously assc-
ciate this region with a magma chamber. Wiemer
and McNutt (1997) observed a volume with high
b-value in a depth range of about 6.7-9.0 km.
They proposed that the main cause of the in-
creased b-value was likely the high thermal stress
gradients in the vicinity of a magma chamber.

3. Data collection and processing

Seismic data collected at Mount St. Helens
between 1995 and 1998 are analyzed in this
study. During this period, more than 4000 earth-
quakes have been located by the Pacific North-
west Seismograph Network (see fig. Ib for the
distribution of the closest seismic stations to
Mount St. Helens whereas for a detailed de-
scription of the network and routine data process-
ing procedures see Ludwin et al., 1994). Among
these earthquakes, 2089 events with more than
8 P-wave arrivals were selected and used as the
database for this study. Routine earthquake lo-
cations were obtained by using a modified ver-
sion of the single value decomposition algo-
rithm, «FASTHYPO» (Herrmann, 1979) in an eight
layer, one-dimensional velocity structure (Ma-
lone and Pavlis, 1983).

The data consist of P-wave arrivals includ-
ing first-motion polarities from earthquakes
located within an area defined by a rectangle
(fig. la) with coordinates 46.17-46.23 latitude
(N) and 122.14-122.23 longitude (W). The depth
of the events ranges from 0 to 10 km (fig. 2).
Below 10 km the data are sparse (just 14 events
were recorded in the period 1995-1998), and
therefore they were not considered in this study.

An important initial step in selecting the
earthquakes from the catalog was to remove
low-frequency events and surface events such
as rock-falls and avalanches which are com-
monly recorded at Mount St. Helens (Malone,
1983). It is noteworthy that only one low-{re-
quency event has occurred on the volcano since

1995 {on September [3, 1998). Seismograms of

promising events were reread by the authors to
check polarities. Fault Plane Solutions (FPS)
were determined vsing the FPFIT program by
Reasenberg and Oppenheimer (1985). In order
to obtain good azimuthal data coverage for each
focal mechanism solution, a minimum of 8 im-
pulsive P-wave first motions in different azi-
muth (12 on average) were required for each
selected event. The FPFIT program constrains
the mechanisms to be double-couple and per-
forms a grid search over the available solution
space. This assumption of double-couple solu-
tion appears not to be valid for some of the
earthquakes at Mount St. Helens. However, all
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Fig. d4a,b. a) Location of the 459 events selected for
the application of Gephart and Forsyth’s algorithm. It
can be noted that between 2-5.5 km they are con-
centrated beneath the lava dome (black open circles);
while between 5.5-10 km they spread vertically from
this area defining an aseismic zone to the west of the
lava dome (grey open circles). b) N-S cross section of
the 459 selected events, The reference for depth is an
elevation of 1.6 km, the average station elevation.

of the focal mechanisms used in this study are at
least consistent with a double-couple solution,
although other different solutions may not be
always precluded. Further criteria were used to

§93

200
180
120

[z}
=

N°® Focal Mechanisms

I
[ B o }
1

—

T

2-5.5 5.53-10

Depth (km)

O Normalfaults [ Reverse faults [ Strike-slip faults

Fig. 5. Number of focal mechanisms as a function
of depth. Strike-slip mechanisms are defined as
solutions in which both the P and T axes plunge at
angles less than 45°; normal and reverse mechanisms
as solutions in which P and T axes plunge at angles
greater than 45°, respectively.

select events: 1) a maximum station-azimuthal
gap of 100 degrees: 2) a maximum RMS travel-
time residual of 0.3 s; 3) horizontal location
errors less than 1.0 km and vertical errors less
than 2 km; 4) only location quality AA, AB, BA.

A total of 459 FPSs were considered suitable
for the application of Gephart and Forsyth’s
algorithm (1984). These events are concentrat-
ed in a volume directly beneath the crater, in
and around the inferred Mount St. Helens con-
duit system (fig. 4a). No events occurred in the
very shallow region 0-2 km below the dome
(fig. 4b). Events located below 5.5 km define
a somewhat circular aseismic zone (fig. 4a),
similar in location to ones observed after May
18, 1980 by Barker and Malone (1991) and
for the period 1987-1992 by Moran (1994),
This feature extends from ~35.5 km down
to ~ 10 km and widens slightly with depth
(fig. 4b). Since relative location errors for the
earthquakes shown are small (< | km horizontal
uncertainty), the aseismic zone is not an artifact
of data error.

The focal mechanisms show a variety of fault
plane solutions. More than 90% of the selected
carthquakes have «AA» location qualities and
consist of 56% strike slip faulting, 25% reverse
faulting, and 19% normal faulting mechanisms
(fig. 5). Some examples of focal mechanism
solutions are shown in fig. 6.
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projection is used, with open circles and asterisks, dilatations and compressions, respectively. Earthquake date
and time, depth and magnitude, are listed below cach solution.
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4. Stress tensor inversion

To determine stress directions from fault plane
solutions, we used the Focal Mechanism Stress
Inversion (FMSI) computer program developed
by Gephart and Forsyth (1984) and Gephart
(1990).

This method is based on the following basic
assumptions: 1) stress is uniform in the rock
volume of the seismic sample investigated; 2)
earthquakes are shear dislocations on pre-exist-
ing faults; 3) slip occurs in the direction of the
resolved shear stress on the fault plane. Four
stress parameters are calculated: three of them
define the orientations of the main stress axes
o, g, and o,, the other is a measure of relative
stress magnitude R = (o, — 0 ))/(0, — 0,). Moreo-
ver, a variable misfit (/) is introduced in order
to define discrepancies between the stress ten-
sor and the observed fault plane solutions. For a
given stress madel, the misfit of a single focal
mechanism is defined as the smallest rotation
around any arbitrary axis which brings one of
the nodal planes, its slip direction and the sense
of slip into an orientation that is consistent with
the stress model.

Each FPS receives two misfits, one for each
nodal plane. If an a priori choice of the fault
plane is not made, the nodal plane with the
smaller misfit is assumed as the fault plane. The
size of the average misfit provides a guide of
how well the assumption of stress homogeneity
is fulfilled in relation to the seismic sample
submitted to the inversion algorithm (Michael,
1987). In the light of the results from a series of
tests carried out by Wyss er al. (1992), Gillard
et al. (19906), Cocina er al., (1997) for identify-
ing the relationship between FPS uncertainties
and average misfit in the case of uniform stress,
we assume that the condition of a homogeneous
stress distribution is fulfilled if the misfit, F,
is smaller than 6° and that it is not fulfilled if
F > 9° For F values between 6° and 9° the
solution is considered acceptable, but may re-
flect some heterogeneity. The statistical confi-
dence limits established for possible stress ori-
entations that are consistent with the observed
focal mechanisms may give an additional con-
tribution because they generally tend to enlarge
for increasing stress heterogeneity (Cocina et af.,

395

1997). We computed the 90% confidence level
using the statistical procedure described by Park-
er and McNutt (1980) and Gephart and Forsyth
(1984). The size of the 90% confidence limits
will not be a criterion for preferring an inversion
result, because it does not measure the quality
of the result but rather the degree to which it is
constrained.

5. Stress tensor analysis

Previous analyses of focal mechanisms have
been carried out in the U.S. Northwest region by
Ma et al. (1991) and Giampiccolo er al. (1999).
Ma et al. (1991) used crustal earthquakes (less
than 30 km depth) in the North America plate
between the Puget Sound and the Mount St.
Helens region. A uniform roughly north-south
compressive tectonic stress in the crust ade-
quately explains all of the observed focal mech-
anisms in Western Washington. Giampiccolo
et al. (1999) used crustal earthquakes in the Cen-
tral Washington Cascade Mountains. Similarly,
the maximum compressive stress axis, g,, is
nearly horizontal and trending N-S to NNE-
SSW. In the present study, the inversion algo-
rithm ol Gephart and Forsyth (1984) is applied
to 459 fault-plane solutions. If they are pro-
duced by a single stress tensor, then the variety
among the fault plane solutions may be the
result of the presence of planes of weakness
with different orientations to accommodate the
slip. On the other hand, the variation could
reflect the inhomogeneity of stress within the
crust.

Each of the FPS wus assigned a weight (1 =
sufficiently constrained; 2 = well constrained)
based on a qualitative evaluation of the polarity
distribution and score. Fault parameter uncer-
taintics range between 5 and 20 degrees, with
the great majority of cases between 10 and 15
degree. The initial inversion consisted of a search
of the entire range of possible stress orientations
on a 10-degree grid using the approximate meth-
od. The regions of possible solutions suggested
by the approximate method were then searched
more thoroughly using the exact method on a
5-degree grid. The ratio R was searched at inter-
vals of 0.1.
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First, the entire set of events was inverted
and a nearly W-E direction for g, was obtained
(data set 1 in table I). Although the 90% confi-
dence areas for the maximum (¢,) and for the
minimum stresses (o) are rather small (fig. 7)
and the R parameter is well constrained, the
mistit value F'=11.5 is too large to be accepted
as representative of a homogeneous stress field
on the basis of our criteria. Below we will exam-
ine whether subsets of the data, corresponding
to space sub volumes and/or time subintervals,
will provide a smaller average misfit. If so, the
subsets would represent regions of more homo-
geneous stress field than the total set.

Seeking reduction of average misfit and con-
fidence limits (reduction of heterogeneity), two
methods were followed. First, it was hypothe-
sized that the directions of the stress field could
be changed with depth. To test this hypothesis
the data set of focal mechanisms was subjec-
tively divided into two subsets (data sets 2a-b
in table I) as a function of depth based on an

apparent change at 6 km depth seen in the seis-
micity distribution (fig. 4b). Then the best con-
strained FPSs of each subset were inverted. Sec-
ond, we used a technique for estimating chang-
es of stress directions from changes in the slope
of the cumulative misfit graph (Wyss and Lu,
1995).

For each set several tests were performed
by using different grid steps and a large variety
of starting values for the stress parameters in
order (o check the reliability of the results. For
the first investigated sub volume (2-6 km depth,
data set 2a in table I), we inverted 204 focal
mechanisms obtaining a fairly large value of
misfit. Then the subset 6-10 km depth (data set
2b in table I) was investigated. In both cases the
F values (15.2 and 8.4, respectively) suggested
that an uniform stress configuration is not able
to explain the experimental data.

Since the attempt to divide subjectively the
data set as a function of space did not produce
significant reduction of the average misfit, and

Table I. Stress tensor results from the inversions of the fault plane solutions. & indicates the number of events;
Fis the average misfit angle; o, o,, and &, indicate the greatest principal stress, the intermediate principal stress,
and the least principal stress, respectively; Az is the azimuth; Plis the plunge; R is the magnitude ratio of principal
stresses (sce text). Data sets: | = all events considered suitable for the inversion: 2a = events with focal depth
2 < 6 km; 2b = events with focal depth 2 = 6 kni; 3a = events with focal depth 2 < 5.5 km; 3b = events with focal
depth z 2 5.5 kmy; 4a = all events located within the NW ellipsoidal region indicated in fig. 12; 4b = all events
located within the NE ellipsoidal region indicated in fig. 12; 4c¢ = all events located within the soUTH ellipsoidal
region indicated in fig. 12; 5a = events located within the Nw ellipsoidal region indicated in fig. 12; 5b = events
located within the NE ellipsoidal region indicated in fig. 12; Sc = events located within the SOUTH ellipsoidal

region indicated in fig. 12 (see text for more details).

a, o,

Data set N F(?) & — — R
Az(®)  PI) Az PIC)  Az(®)  PIC)
| 459 115 262 58 7 9 103 30 0.6
2a 204 152 256 49 32 32 137 23 0.7
2h 255 8.4 270 60 5 97 30 0.6
3a 186 150 322 31 213 29 90 45 0.9
3b 273 83 266 59 6 6 99 30 0.6
4a 16 3.5 184 27 71 37 300 0.7
ab 92 6.4 231 32 109 40 345 3; 0.7
de 165 6.1 328 35 85 33 205 38 0.5
5a 15 25 322 5 223 61 55 28 0.9
5b 89 i 231 32 108 41 344 32 0.7
5¢ 161 5.7 328 35 83 31 203 40 0.5
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Fig. 7. Directions of principal stresses, 7. ¢.. and &, (stars) for data set |, The bar graph shows the 90% confidence
limits of the R-parameter in terms of [requency distributions hetween the extreme values 0 and 1.

considering the problems encountered in trying
to identify subintervals characterized by uni-
form stress over the whole period of investiga-
tion, we tried a more quantitative method, intro-
duced by Wyss and Lu (1995), to find temporal
or spatial distributions of stress which might
reduce the misfit.

5.1, Estimate of stress direction changes by
cumulative misfit as a function of time

The method of Wyss and Lu (1995) is broad-
ly used to investigate stress homogeneity. It is
based on the cumulative misfit of individual
fault plane solutions, calculated using an as-
sumed stress tensor. Using this method, subin-
tervals and/or sub volumes can be defined with-
out the time-consuming inversions for stress
directions. We assume that the misfits are rela-
tively constant within segments of uniform stress
orientation. The extent of segments with homo-
geneous stress-directions is determined from
changes in slope of the cumulative misfit, ¥, f{x),
calculated on the basis of a reference-stress-
lensor which can be an assumed one, approxi-
mately fitting the tectonic setting, or it can be

897

the stress-tensor fitting any individual segment.
Ends of segments will be considered as defined
if their relatively constant slopes of ¥ f(x) is
different from that of the neighboring segment
above the 95% confidence level, as judged by
the standard deviate Z-test (Davis, 1986). Final-
ly, the stress directions can be estimated for
each segment separately by inversion from fault
plane solutions within a limited crustal volume.
The segmentation analysis will be considered
successful if the inversions for the stress-direc-
tions in the individual segments yield F, < 6°
and F, < F (over all), where 7 is the scgment
number.

Therefore, the stress field time evolution was
investigated by plotting the cumulative misfit

fIN) as

SN f,

as a function of the event order number N (where
| £ N <459), / being the misfit of the i-th FPS
with respect to a test stress tensor. The standard
deviate Z-test (Davis, 1986) was used to inves-
tigate whether the mean misfits for two periods
are equal to each other and., if not, to determine
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the event numbers of greatest change and the
statistical significance of the change. For two
periods, | and 2, Z is given by

Z=(Ff ﬁF:)/\[sf fn, +s5 /n,)

where F is the mean mislit, s its standard devia-
tion, and n the number of samples (Slejko et al.,
1999). The two means F, and F, will be different
at a level of significance of 99% if Z > 2.3. By
using the overall average stress direction as a
test tensor and applying the Z-test to the data set
ordered in time, no significant difference in misfit
was found (fig. 8, curve a). Similarly, the cumu-
lative misfit curve based on the test tensor best
fitting the intense period of seismicity (May-
July 1998) does not show any clear temporal
change (fig. 8, curve b). As shown in fig. 8 the
cumulative misfit curves have a rather constant
slope, this means that it is not possible to find
subintervals with significant improvements in
terms of stress uniformity.

5.2. Estimate of stress direction changes by
cumulative misfit as a function of depth

Using the overall average stress directions as
a test tensor the cumulative misfit as a function
ol depth is shown in fig. 9 (see curve a). The
most significant change of the slope of the
cumulative misfit takes place at event no, 189
which corresponds to a depth of 5.3 km (dashed
line). Within the two segments the stress direc-
tions are uniform with a relatively constant mis-
fit for all earthquakes. The different slope of the
two segments allows us to state with confidence
levels above 99% that differences in stress di-
rections exist at different depths. Repeating the
same routine starting from sample 189 (after
exclusion of samples 1-188) does not lead to
identification of other important slope changes.
A series of tests of this procedure on synthetic
data sets is reported in Lu er af. (1997). To ver-
ify the apparent segmentation in fig. 9, curve a,
and to possibly detect further segmentations, we
calculated the cumulative misfit curve using the
test tensor best fitting the sub volume in the depth
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Fig. 9. Cumulative misfit 3, f(N) as a function of
earthquake numbers ordered in depth. Individual
misfits have been computed: a) with respect 1o the
stress direction of data set I; by with respect to the
stress direction of data set 3b. The b curve has been
shifted upward for clarity.

range 5.3-10 km (fig. 9, curve b). Again, the
cumulative misfit curve shows a significant slope
change in correspondence of the sample 189.
By using the quantitative method, we intro-
duced a refinement in finding, in a meaningful
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way, a depth boundary between different stress
populations. This slightly changed our qualita-
tive boundary of 6 km to a shallower one of 5.5
km. Then we selected the two subsets of events
(data set 3a,b in table I) that have approximately
uniform misfits (constant slope). Inversions of
the data led to average misfits of F = 15.0 and
F = 8.3 for the two depth-volumes, respectively
(fig. 10a.b). Although the two solutions in the
new segments have F values too large, the dif-

[erence 1s significant at the 99% level in the
cumulative misfit curves (fig. 9). We then as-
sumed that the stress in these volumes is heter-
ogeneous (F > 6°), considering that the FPSs in
the study area are of high quality. An invalid
stress tensor may be obtained if the data are
composed of sets from more than one volume
with significantly different stress orientations.
Our purpose is to define accurately these sub
volumes.

(a) 2-5.5km

® 5.5-10 km

00 01 02 0.3 04 05 0.6 0.7 0.8 0.9 1.0

T T T T T T )
00 01 02 03 04 05 06 07 08 08 10

Fig. 10a,b. Directions of principal stresses, . ¢,, and &, (stars) for data set 3a,b. The bar graph shows the 90%
confidence limits of the R-parameter in terms of frequency distributions between the extreme values 0 and 1.
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5.3. Estimate of stress direction changes by
cumulative misfit as a function of areal
distribution

Since the stress does not seem homogeneous
for any data set, subsets corresponding to spa-
tial sub volumes were inverted. Looking at fig.
11a, no single P axis trend dominates in the
range 2-3.5 km. Conversely, the compressional
axes, in the range 5.5-10 km (fig. 11b), point
radially away from the center of the 1995-1998
aseismic zone. These patterns are considered to
be the result of the ambient stress field over
some volume. It is interesting to observe the
similar distribution of P-axes between the ana-
lyzed period (1995-1998) and that one of 1987-
1992 (as reported in Moran, 1994). In both cas-
es the P-axes point radially away from the cent-
er of the aseismic zones (fig. [2).

Using the P-axis distribution, the data set in
the range 5.5-10 km was subdivided into three
subsets corresponding to the ellipsoidal regions
indicated infig. [2 and labeled Nw, NE and SOUTH.
These subsets (4a-c in table 1) include all earth-
quakes located within the ellipses shown in fig.
12. We have found that the stress directions of
each subset are significantly different from each
other and the average misfits in these volumes
are very small. The reduction of the average mis-

fit from 8.3° for the whole data set to values in
the range 3.5° < F£6.4° in subsets (data set 4a-c,
table I) suggests that the stress directions are
heterogeneous in the studied area, while they are
uniform in the Nw sub volume and such a condi-
tion is close to being fulfilled in the NE and SOUTH
sub volumes even though some heterogeneity
seems to be present. Although these misfits are
small enough to satisly our criterion for accepta-
bly homogeneous data sets, the technique of
estimating changes of stress directions from
changes in the slope of the cumulative misfit
graph was used to confirm this subdivision.

On the basis of preliminary exploration we
decided to consider three profiles as a function
of the P-axes distribution. The earthquakes were
ordered from south to north for growing lati-
tude, including the events located within the
ellipses SOUTH and NE (profile A). In the profile
B the earthquakes were ordered from east to
west for growing longitude, including the events
located within the ellipses NE and Nw. In the
final step of the search we ordered the events
from south to northwest for growing latitude,
including the events located within the ellipses
S0UTH and Nw (profile C). Analysis with differ-
ent reference stress models helped to define the
stress segmentation boundaries. The constancy
of slope in individual segments (fig. 13a-c) is

Fig. 11a,b. Horizontal projections of P-axes in the depth range: a) 2-5.5 km; b) 5.5-10 km.
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Fig. 12. Horizontal projections of P-axes in the depth range 5.5-10 km (black line) and 1987-1992 period as
reported in Moran (1994) (grey line). The grey solid circle corresponds to the best chamber location determined
from modeling by Moran (1994). A, B, and C represent the three profiles used to investigate the change in stress
direction using the cumulative misfit graphs. Directions of principal stresses, 0|, @,, and o, (stars) for the three
subsets 5a-c are also shown. The inset shows the regional stress field directions (from Ma et al., 1991).

remarkable, and so is the contrast between seg-
ments. As an example, in the profile A (fig. 13a)
we can observe that approximately half of the
individual misfits (see curve 1) are due to a mis-
match between the test stress tensor used and
the best-fitting tensor for all events after the
dashed line. We conclude that the stress direc-
tions have changed as a function of areal distri-
bution and the changes of the slopes in the
cumulative plots are interpreted as boundaries
in the stress directions.

It is interesting to observe that all three bound-
aries, that we chose subjectively, were also de-
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fined by the quantitative method. We also no-
ticed that misfits from earthquakes located at
the periphery of the volumes were often large.
Therefore, we excluded some of the events lo-
cated near the segmentation boundaries from
the final inversions of both neighboring seg-
ments because these events did not fit either of
the stress tensors of the neighboring segments.
The average misfit decreases to F=2.5, F=5.7
and £ = 5.7 in the northwestern, northeastern
and south volumes, respectively (data set 5a-c
in table T and fig. 12), when the data are inverted
separately for the three sub volumes. For the
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Fig. 13a-c. Cumulative misfit  f(N) as a function
of earthquake numbers ordered in space. Individual
mistits have been computed: a) for profile A; b) for
profile B, and ¢) for profile C. The reference stress
tensors used to calculate the misfit of individual
earthquakes are shown in the upper left corner. These
stress tensors are represented by plunge and azimuth
of g, 0, 0, and R (see text). Each segment (labeled
nw, ne, and south) includes the earthquakes located
within the ellipses shown in fig. 12. The curves 2, 4
and 6 have been shifted upward for clarity.

NW subset the maximum compressive siress
axis, ¢, is nearly horizontal and trending NNW-
SSE. In the NE volume, g, points toward SW. In
the southern volume the direction of g, is NNW-
SSE. In the fig. 12 it can be observed that for the
three subsets, well constrained values of R were
found. Note that the resolved stress field sup-
ports a ¢ approximately radial to the aseismic
zone (fig. 12). The great stability of the stress
directions in subsets of the data gives confi-
dence in the reliability of the solutions obtained.

In contrast, the stress orientations revealed
by the shallower earthquakes (2-5.5 km) exhib-
ited a great deal of heterogeneity as a function
of space. We believe that this is due to a highly
fractured medium, making the sub volumes het-
erogeneous.

6. Discussion and conclusions

The method of plotting the cumulative misfit
as a function of earthquake numbers, ordered in
time, depth and space, was used for investigat-
ing the stress homogeneity at Mount St. Helens.
The focal mechanisms data in the stress-homo-
geneous segments were then used to invert the
principal stress orientation using FMST compu-
ter code of Gephart (1990),

The results of the spatial stress tensor analy-
sis in the Mount St. Helens area yielded a stress
field consistent with a center of pressure in the
aseismic zone. This increased pressure in the
whole system gives as results: i) an inhomoge-
neous stress field due to the response of a high-
Iy fractured medium to increased gas pressure
between 2 and 5.5 km, and ii) a radial compres-
sive stress field at depth 5.5-10 km. A variation
in stress field radial to the dome, with the max-
imum compressional axes rotated towards the
dome, is expected if the stress from a magma
chamber has a strong influence on the occur-
rence of the earthquakes. Therefore, the events
located between 2 and 5.5 km can be interpret-
ed as surrounding a narrow conduit connecting
the surface with the deeper magma system be-
low 5.5 km. This result is in agreement with
findings from previous investigations carried out
using different data and different methodolo-
gies (see also Section 2). Scandone and Malone
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(1985), using the distribution of earthquake in
the crust below Mount St. Helens, hypothesized
a deep reservoir (7-9 km) connected to the sur-
face by a conduit with a radius of approximate-
ly 50 m. Earthquake focal mechanisms have
also been used to model a 5-7 kim” magma body
between 7 and 11 km depth (Barker and Malone,
1991). Modeling of the stress field supported
the conclusion that the magma body was cylin-
drically shaped with a radius of (.75 km. Mo-
ran (1994) confirmed the previously accepted
models (Scandone and Malone, 1985; Barker
and Malone, 1991) and the hypothesis that the
aseismic zone, between 6.5-10 km, may repre-
sent a roughly cylindrical magma chamber with-
in which the pressure changed from a decrease
immediately following the explosive eruptions
of 1980 to an increasing pressure starting in the
late 1980s.

In contrast, the stress tensor inversion as a
function of time did not reveal any significant
change of the stress field with time over the four
year period of this study. In view of the fact that
there were no changes since 1995, we may hy-
pothesize that the geometry of the magmatic
system did not evolve with time. On the other
hand, although airborne surveys of volcanic
gases revealed, between May and July 1998,
high levels of CO,, probably reflecting degus-
sing of a replenishing magma reservoir, ground
deformation studies did not detect any move-
ment in response to the increased level of seis-
micity occurring between May and July 1998
(Dzurisin, personal communication, 1998).

In the light of these results, the processes
controlling the mechanics of the seismicity at
Mount St. Helens seem to be related to the re-
sponse of a brittle crustal rock to a pressure in-
crease in the magma chamber. However further
detailed analyses on a longer time period of data
and different approaches may be useful to add
constrains on the time-dependent changes of the
magma conduit system.,
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