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ABSTRACT

Lees, .M., 1992 The magma system of Mount 5t. Helens: non-linear high-resolution P-wave tomography. J. Foleanol.
(reptherm. Res., 53: 103-116.

High-resclution, three-dimensional images of P-wave velocity anomalies below Mt 5t. Helens, Washington, were de-
rived using temegraphic inversion. The model is a 27.5x% 21 % 20 km target volume parameterized by blocks 1.5 km per
side. The area included 39 stations and 5454 local events leading 10 35,473 rays used in the inversion. To diminish the
effects of noisy data, the Laplacian was constrained to be small within horizontal layers, providing smoothing of the model.
Mon-linear effects were compensated for by iterating three-dimensional ray tracing (using pseudo-bending ) between in-
versions and relocating earthquakes relative to the updated three-dimensional model. The structural differences between
the linear and non-linear inversions appear 1o be insignificant, although the amplitudes of the anomalics are larger in the
non-linear models. Results indicate a low-velocity anomaly (= 7%), approximately 1 km in lateral extent, from 1.5 10 3
km depths. Between 3 and 6 km depth the anomaly appears to spread out. Below 6 km depth the low-velocity feature
changes to a higher-velocity perturbation with lower-velocity perturbations flanking around the perimeter of the volcano.
The higher-velocity material, which correlates with the higher seismicity at that depth, is interpreted as being a plug cap-

ping the low-velocity magma chamber which begins below 9 km depth.

Introduction

Seismic imaging of structures below volcan-
oes has become a standard tool for clarifying
the extent of magmatic bodies in areas where
dense seismic arrays allow us to apply the
methods of computed tomography. Local
earthquake data were used to illuminate fea-
tures below Kilauea { Thurber, 1984 ), Mt. St.
Helens (Lees and Crosson, 1989 ), Campi Fle-
grei, Italy (Aster and Meyer, 1988, and Long
Valley Caldera (Kissling, 1988 ). Teleseismic
seismic arrivals have also been used to deter-
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mine the extent of magmatic bodies below
quaternary volcanoes (Achauer et al.,, 1988;
Iver et al., 1990) and active seismic sources
have also been used at Newberry volcano (Ev-
ans and Zucca, 1988). In all of these studies
anomalously low-velocity zones were inter-
preted as imaging magma reservoirs at depth.
In general the spatial resolution of these pre-
vious analyses has been about 5-10 km at best
and often worse.

Geophysical investigations of the subsurface
structure of the Mt. St. Helens edifice include
primarily gravity modeling (Williams et al.,
1987), aeromagnetic modeling (Finn and
Williams, 1987), studies of the seismicity
{Weaver and Smith, 1983; Fehler, 1985; Scan-
done and Malone, 1985; Shemeta and Weaver,
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1986; Weaver et al., 1987; Endo et al., 1990)
and geochemical methods (Rutherford et al.,
1985; Rutherford and Devine, 1988). The
commonly accepted model for the magma sys-
tem below Mt. 5t. Helens (Scandone and Ma-
lone, 1985 ) proposes the existence of a magma
body at 7-9 km depth with 10-20 km? vol-
ume. A conduit, with a radius of approxi-
mately 50 m, was suggested to feed the crater
at the surface with no evidence of a shallow
magma chamber. This model was later con-
firmed by seismicity studies; however, a small
aseismic zone between 2 and 3 km depth indi-
cated the possible presence of a shallow magma
reservoir (Shemeta and Weaver, 1986). A lo-
calized, layered velocity model for the detailed
study of earthquake locations further con-
firmed the suggestion that the aseismic zone
indicated the presence of a magma reservoir at
3-4.5 km depth (Endo et al., 1990). Earth-
quake focal mechanisms have also been used
to model a 5-7 km® magma body between 7
and 11 km depth (Barker and Malone, 1991),
Modeling of the stress field supported the con-
clusion that the magma body was 0.6 km north
of the present dome and cylindrically shaped
with a radius of 0.75 km.

In this study [ have used an extensive set of
local earthquake data to derive a detailed
maodel of the subsurface structure of M1, St.
Helens which resolves features on the order of
1 km or less. This is probably an upper limit
on the spatial resolving power of this data set
due to the bandwidth limitations of the se-
ismic instrumentation and recording system.
The model differs significantly from previous
models of Mt. St, Helens in that a major low-
velocity anomaly is observed in the shallow re-
gion and a high-velocity anomaly is seen be-
tween 6 and 9 km depth in contrast to earlier
magma images that were found to start at 7 km
depth (Lees and Crosson, 1989).

Data selection and reference model

The arrival times used in this study were se-
lected from the earthquake catalogue of the
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University of Washington. The bounding tar-
get area spanned 27.5 km east—west
(122°1.67'-122°23") and 21 km in the north-
south direction from 46°5" to 46°17.7" and
earthquakes were chosen ranging in date from
1980 to 1990 (Fig. 1). Among the 10,942
earthquakes in the catalogue 5454 were deemed
of high enough quality factor (root mean
square travel time residual <0.3 s, horizontal
error < 2.5 km, vertical error <35.0 km, seis-
mic gap <135° and minimum distance <
maximum of either twice the hvpocentral depth
or 5 km) to be used. After relocation and de-
termination of station corrections by itera-
tively adjusting event locations and station de-
lays until residual distributions for each station
appeared to have approximately zero mean,
5156 events remaining in the target volume
provided 35,475 ravpaths for use in the inver-
sion. It may seem reasonable to divide the data
according to observed changes in seismicity, or
other observable phenomena, to attempt to
monitor changes in the magma structures over
time. My few attempts at this, however, did not
provide any discernible differences during this
time period.

The initial one-dimensional model was de-
rived using the method of progressive multiple
event location (Malone and Pavlis, 1983; Pav-
lis and Booker, 1983). This layered model,
called SH3, is the standard one-dimensional
model used for routine earthquake locations in
the Mt. 5t. Helens region, which spans approx-
imately an &0 km square centered on the vol-
cano. An alternative one-dimensional model
derived by Endo et al. (1990) differs from the
SH3 model primarily in the top 3 km where
the velocities were considerably slower than the
SH3 model. This model, however, would be
appropriate only for events and stations that
are very near the volcano itself, as the data used
in its determination were entirely local. As will
be seen below, the three-dimensional model
derived in this study, which is a perturbation
of the SH3 model, also exhibits a shallow low-
velocity zone relative to the SH3 model, but as
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Fig. 1. Plan view of the Mount $t. Helens target area, The 1000 m contours are plotied for reference where the outermost
contour is the tree line prior to the 1980 eruption. Triangles are locations of seismic recording stations and small circles
are epicenters of the data used in this study, Cross-section A-4" is shown in Figure 4.

a three-dimensional model it localizes the per-
turbation to a narrow zone below the crater.

Methodology

The target volume was divided into a 55x 42
grid region using 0.5 km-square blocks of vary-
ing thickness following the 1-dimensional ref-
erence velocity models, resulting in a maxi-
mum of 24,000 model parameters. Rays were
initially traced through the I-dimensional
models and perturbations of slowness were
calculated within each block of the three-di-
mensional model such that the sum of the
squared travel time residuals {observed minus
predicted ) is minimized. This initial step rep-
resents a first-order linear adjustment (Aki et
al., 1977; Humphreys and Clavton, 1988)
which reduced the weighted root mean square
misfit by 20%. The data in the inversion were

weighted according to estimates of the reading
error (Jt in seconds) determined by the se-
ismic analyst who recorded the original arrival
time measurement, (These same weights are
used in the hypocenter location phase of the
non-linear analysis.) In addition, the poten-
tially biasing effects of large clusters of rays
were removed by down-weighting heavily
traveled paths inversely according to the num-
ber of ravs along such paths. Ray clusters were
determined by counting the number of rays
from each block to each station. The ray clus-
ters that had counts greater than 10 were down-
weighted.

Non-linear inversions—hypocentral relocation
and smoothing

Mon-linear inversion is achieved by iterat-
ing over linear inversions after raypaths and
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earthquake hvpocenters are updated to in-
clude the most current three-dimensional
model available. Perturbations from the cur-
rent model are computed by applying linear
inversion at each successive step as described
above. The iterative process should converge
to the non-linear result where the model does
not change significantly. Inversions using
earthquake data are especially non-linear be-
cause earthquake hypocenters are also func-
tions of the current model.

Effects of noise in the data can result in
models that have very high variance. To damp
out these effects the two-dimensional Lapla-
cian of the model in horizontal layers is re-
quired to be small while in the vertical direc-
tion there are no additional constraints (Lees
and Crosson, 1989). This approach is taken,
in part, because the dimensions of the model
are small in the vertical dimension as com-
pared to the horizontal, so models tend to be
over-smoothed vertically if we use the same
smoothing parameters in both dimensions, We
may, of course, impose different smoothing
constraints for the vertical dimension. In this
study I have avoided this additional compli-
cation by choosing no smoothing for the verti-
cal direction. For the linear analysis the matrix
equation that must then be inverted is:

WA Wr
[).L] 55:[0 } (1)

where ds is a vector of slowness perturbations,
t is a vector of travel time residuals, A is the
matrix describing the raypaths (the partial de-
rivative of time with respect to slowness pa-
rameters), W is the (diagonal) covariance
matrix of the data, L is the two-dimensional
Laplacian and 4 is the damping parameter
(Lees and Crosson, 1989). When proceeding
to the non-linear inversions, we search for per-
turbations from the previous (most current)
inversion result. To insure that the full slow-
ness models we derive have small Laplacian
(and not just the most recent perturbations)
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equation (1) is modified by adding a non-zero
part to the lower right-hand side:

WA Wi

[AL ]é’—[-ﬁuu} (2)
where 5; represents the previous model de-
rived (Shaw and Orcutt, 1985; VanDecar,

1991). This leads to minimization of the fol-
lowing desired functional:

min{|WAds—We| >+ i |L{ds+s,) % (3)

As there is currently no good a pripri method
for determining the best smoothing, the damp-
ing parameter, 4, is chosen, at least for now, by
trial and error. A word of caution is in order,
As the non-linear inversions explain more and
more of the data residual, eventually the noise
level of the data is reached, although we cur-
rently do not know where that level is pre-
cisely. (While we have a fairly good estimate
for the variance of individual arrival-time
picks, there are other sources of error that are
not well constrained, such as parameterization
error and hypocenter mislocation error.) The
smoothing, or other, @ priori constraints we
place on the data may change. For example, for
the non-linear inversions the damping param-
eter may be increased (more damping) with
successive iterations as the residuals get smaller
and approach the noise level. In this study the
damping parameter was fixed for all iterations.
The final overall data misfit was 47% less than
the misfit associated with the starting refer-
ence model. The differences between the first-
order linear inversions and the non-linear
analysis in this study are not significant, at least
in so far as the interpretation of the structural
features is concerned. The two models differ
primarily in the amplitude of the anomalies
observed. As the amplitudes are heavily influ-
enced by the smoothing, or damping, imposed
on the inversion, and this a priori constraint is
chosen rather arbitrarily, I am reluctant to as-
sign particular significance to the absolute
magnitude of velocities derived here. Rather, [
am more confident in the relative perturba-
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tions and how they are distributed spatially in
the model. The geologic interpretations are
thus a combination of the structural features
observed here and assumptions regarding the
nature of volcanoes in general (e.g. that some-
where at depth there exists a body of anoma-
lously hot, perhaps molten, material.)

Ray-tracing

Ray-tracing in three-dimensional media is
achieved through the pseudo-ray-bending
method of Um and Thurber (1987). For the
block parameterization used in this study I
have had to make an approximation because
the gradient of the slowness field is zero inside
a block of constant slowness. To accommodate
this difficulty a linear interpolation of slow-
nesses using the centers of each block as nodes,
was used for calculating gradients along ray-
paths. The actual predicted travel times, how-
ever, were calculated using the block velocities
as in the original inversion program. This was
necessary because a small additional travel
time is nearly always added when the averaged
slownesses are used for integrating along the
raypath. This small extra time will bias the
travel time residuals enough to cause artifacts
in the final result. The linear interpolation
scheme was therefore only used in calculation
of the bending of raypaths.

A major difficulty with the ray-bending
technique is the possibility that the raypath
may converge to a local minimum travel time
rather than the actual global minimum travel
time path. This is because this method relies
on an initial path from which small perturba-
tions are calculated based on the local gradient
of the slowness field. I have found examples of
raypaths which remained in local minima both
for initial paths that included only two starting
nodes (source and receiver points in the
model) and those starting with many nodes
along one-dimensional model raypaths. The
ray-bending method therefore does not pro-
vide any inherent guarantee that the final path
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is the shortest. For the block inversions, I found
that a reliable scheme was to use two starting
nodes when the raypath was determined to be
a direct path, relative to the one-dimensional
model and a path of 17 equally spaced, points
along the sampled, one-dimensional refraction
raypath. This requirement insured that refrac-
tions as determined by the one-dimensional
model predominantly remained so in the three-
dimensional model because the final raypaths
were only slightly perturbed from the initial
raypaths. For the inversions derived in this
study, where the slowness perturbations and
their gradients are relatively small, this is not
an unreasonable approach, as we would expect
the three-dimensional raypaths to be fairly
close to the starting raypaths. The maximum
number of nodes allowed in the raypath deter-
mination was 64. We are currently examining
alternative raypath determination techniques
which do guarantee the global minimum travel
time path (Moser, 1991).

Event relocation is achieved by application
of a damped least squares inversion for pertur-
bations of earthquake hypocentral parameters
(Geiger’s method). By separating the slow-
ness inversion and the hypocenter re-location
I have assumed at each stage that the model/
hypocenters used are exactly correct, at least
until the next update when they are modified.
This assumption entails a bias in the results for
which I do not have an estimate. An alterna-
tive to this approach, which decouples the sep-
arate problems of hypocenter determination
and velocity inversion by matrix projection
(Pavlis and Booker, 1980; Thurber, 1983) was
not attempted because of prohibitive com-
puter storage and time required for such a large
data set and model space. I note here, though,
that these alternative, unbiased methods in-
volve other assumptions which may be equally
objectionable, such as hypocenter locations
lving outside the earth, but this issue is beyond
the scope of the present paper. The earthquake
relocation program is thus simply the one-di-
mensional location program modified to cal-
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Fig. 2. A selection of earthquake epicenters plotted before and after relocation with the three-dimensional model. Circles
represent the final location relative to the three-dimensional model and the lines point 1o the original locations relative to

the 5H3 model.

culate travel times relative to the three-dimen-
sional model as described above. Only P-wave
arrival times are used in this scheme as no
three-dimensional S-wave model was derived.
(Only P-wave arrival times were used as 5-
wave arrival time measurements from vertical
sensors are widely known to be subject to large
errors.) All 5454 of the earthquakes were re-
located between each iteration and earth-
quakes which did not fit the original selection
criteria were excluded. Generally the misloca-
tions were small, about 0.5 km or less, al-
though some of the events experienced hypo-
central adjustments considerably larger. Figure
2 shows 277 (a small random subset of the full
data set) representative events with their ini-
tial and final locations projected onto the hor-
izontal plane.

Resolution and error

To determine the influence of data variabil-
ity on the model, a jackknife error analysis was
performed (Lees and Crosson, 1989). For the
linear inversion this is straight forward and
provides an estimate of the variability of the
model, over regions that are well sampled,
given the variability of the data. For a well-
sampled model the jackknife estimates of error
have been found to be conservative (Lees,
1989). It should be noted that the jackknife es-
timates do not always provide reasonable esti-
mates for poorly sampled parts of the model.
The slowness estimates for the poorly sampled
parts of the model, typically on the perimeters
of the dense concentrations of the rays, should
be correspondingly adjusted for the associated
poor spatial resolution. The jackknife esti-
mates for succeeding iterations of the non-lin-
ear inversion were added to the estimates for
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Fig. 3. Vertical cross-section of an example resolution kernel estimated by calculating the impulse response of the system
to a spike located at the high-velocity feature at 8 km depth. The greyshades are the slowness perturbations discussed in
Figure 5 and the contours are the normalized (to 100%)) resolution kernel. The contour interval is 10 and bold contours
are highlighted at 10, 50 and 80 unit levels. The inset is a perspective plot of the resolution kernel which emphasizes the

high resolution for this region.

the linear inversion. Although there were a few
places where the errors were higher, most of the
error estimates were in the range of 5% slow-
ness perturbation. For example, in layer 7
(3.5-4.8 km depth ) there is an isolated, 1.5 km
radius spot southeast of the volcano summit
where the error estimates are as high as 10%
perturbation. The same place, however, has a
slowness perturbation of 22%.

Resolution was estimated by calculating im-
pulse responses for different parts of the model
{Humphreys and Clayton, 1988; Lees and
Crosson, 1989). The resolution kernels, how-
ever, are typically not symmetric, due to het-
erogeneity of ray coverage. Since the ray cov-
erage is very dense near the center of the model,
the resolution below the edifice of Mount St.
Helens is nearly one block (slightly over 0.5
km ) both in the horizontal and the vertical di-
rections. This estimate includes the effect of ray
density and the effect of smoothing by the La-

placian. An example resolution kernel located
at 8 km depth is provided in Figure 3. On the
edges of the ray coverage and near the bottom
of the model the resolution degrades consider-
ably and smearing of the images is inevitable.
For this reason I restrict the interpretation only
to anomalies located near the center of the
model where spatial resolution is reliable.

Results

The results of the inversion are displayed as
12 horizontal layers, partitioned according to
the initial reference model (Fig. 4), and an
east—west vertical cross-section in Figure 5. The
horizontal cross-sections are displaved as per-
turbations from the reference model where the
range of perturbations and actual velocities are
indicated for each layer. The cross-sections
show the same slowness perturbations sliced
along the line 4-4" indicated in Figure 1, along
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Fig. 3. Cross-section of the slowness perturbations along 4-4" (Fig. 1 ). Contours of the absolute velocities { background

plus perturbation ) are provided for reference.

with contoured velocities for comparison. Re-
gions of higher velocity are delineated by blue
hues and those of lower velocity are red.

Near the surface we observe a high-velocity
region extending to about 1.5 km depth below
the crater floor. At about 1.5 km depth, di-
rectly below the crater, a small low-velocity
perturbation, approximately 1-2 km in diam-
eter, is seen surrounded by higher-velocity ma-
terial. This localized low velocity extends to a
depth of 3.5 km depth where it then appears to
broaden (4-5 km diameter) and continues to
a depth of 7.5 km. Between 6 and 9 km depth
a higher-velocity zone is observed below the
summit which becomes lower-velocity at 9 to
16 km depth, although the data coverage at this
depth is too sparse to make reliable estimates.

Discussion

The high-velocity region below the summit
to a depth of 1.5 km has been observed previ-

ously (Fehler, 1985} and perhaps represents a
zone of solidified magma which has cooled
since the most recent eruptions. At 1.5 km
depth the apparent high-velocity plug trans-
forms into a low-velocity conduit, or pipe, ex-
tending to at least 3.5 km depth. The narrow
conduit has been proposed from observations
of the spatial distribution of seismicity below
the volcano edifice (Shemeta and Weaver,
1986; Endo et al., 1990). In this study I have
provided further physical evidence supporting
the narrow conduit observation based on the
distribution of seismic velocities. At 3.5 km
depth the broadening of this anomaly suggests
either an accumulation of magma, a shallow
magma chamber, or alternatively, a system of
conduits and dikes which, because of extensive
faulting, or the presence of melt, extends over
a 3 km area to a depth of 6 km. At 6 km depth
the model departs from previous conceptions
of the magma system at Mt. 5t. Helens. Here a
higher-velocity body is observed to a depth of
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Fig. 6. Schematic interpretation of the model. Low-velocity magma bodies lie above an below a higher-velocity plug where
the intense seismicity occurs. Circles represent earthquake locations relative to the SH3 model and x's are locations
relative 1o the new three-dimensional model. The overall pattern of seismicity does not appear to have changed significantly.

9 km. Previously accepted models (Scandone
and Malone, 1985; Rutherford and Devine,
1988; Lees and Crosson, 1989) suggested a
magma body starting at an approximate depth
of 7 km. This new model suggests that perhaps
there is a high-velocity plug between 6 and 9
km depth at the top of a deeper magma accu-
mulation which is faintly observed starting at
9-16 km. The plug represents a zone of solidi-
fied material which sustains stresses associ-
ated with the observed high levels of seismicity
in this depth range. This places the magma
chamber deeper than previous models by 2-3
km. Below the higher-velocity plug, the low ve-
locity of the magma chamber can be seen in
this study, although the resolution of the inver-
sion is poor at this depth due to the low density
of data coverage.

A schematic model is summarized in Figure
6 where seismicity prior to three-dimensional

relocation and the new event locations are both
indicated (450 events, selected after the May
18 eruption ). The seismicity patterns, used in
the previous interpretations of the magma sys-
tem (Scandone and Malone, 1985; Shemeta
and Weaver, 1986) are evident in this figure.
The new locations do not significantly alter the
previous interpretations, although scattering is
evident. For either set of locations the high
correlation of seismicity and velocity anoma-
lies strengthens the conclusions of this study.

Conclusion

In this study [ have presented a full non-lin-
ear, smoothed inversion of the P-wave velocity
structure below Mt. 5t. Helens at spatial reso-
lutions down to 1-2 km. The non-linear inver-
sions, including three-dimensional ray-tracing
and hypocenter relocation, did not appear to
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differ appreciably from the linear resolutions,
at least regarding the interpreted structures.
The magma system presented in this study
agrees, at least in part, with earlier observa-
tions based on seismic, geodetic., gravity,
aeromagnetic and geochemical observations.
There appears to be a shallow magma reservoir
between 3.5 and 6 km depth. A narrow conduit
connects this magma accumulation with the
surface where higher than normal velocities
apparently reflect the solidified edifice of Mt.
St. Helens. Below the shallow magma zone
there is a high-velocity anomaly (6-9 km
depth) which suggests a plug of solidified ma-
terial where extensive seismicity occurs, Below
9 km depth the data are sparse, and therefore
reliable estimates are not available, but a low-
velocity anomaly suggests the presence of the
magma chamber suggested by seismic, geo-
chemical and geodetic modeling.
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