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Abstract.

We developed a new P-wave velocity model for Mount St. Helens using local earthquake
data recorded by the Pacific Northwest Seismograph Stations and Cascades Volcano Observatory
since the 18 May 1980 eruption. These data were augmented with records from a dense array of 19
temporary stations deployed during the second half of 2005. Because the distribution of earthquakes
in the study area is concentrated beneath the volcano and within two nearly linear trends, we used a
graded inversion scheme to compute a coarse-grid model that focused on the regional structure,
followed by a fine-grid inversion to improve spatial resolution directly beneath the volcanic edifice.
The coarse-grid model results are largely consistent with earlier geophysical studies of the area: we
find high-velocity anomalies NW and NE of the edifice that correspond with igneous intrusions and
a prominent low-velocity zone NNW of the edifice that corresponds with the linear zone of high
seismicity known as the St. Helens Seismic Zone. This low-velocity zone may continue past Mount
St. Helens to the south at depths below 5 km. Directly beneath the edifice, the fine-grid model
images a low-velocity zone between about 2 and 3.5 km below sea level that may correspond to a
shallow magma storage zone. And although the model resolution is poor below about 6 km, we
found low velocities that correspond with the aseismic zone between about 5.5 and 8 km that has

previously been modeled as the location of a large magma storage volume.
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1. Introduction

Mount St. Helens (MSH) is a stratovolcano located in southwestern Washington State within
the Cascades magmatic arc. The 300,000 year eruption history of MSH (Clynne et al., 2008)
includes the most recent eruptive cycle that began in spring 1980 and culminated in the 18 May
1980 explosive eruption. This was followed by 6 years of dome-building eruptions and, after an 18-
year pause, additional dome building in 2004-2008.

The unrest leading up to the 18 May 1980 eruption prompted detailed geological and
geophysical studies of the volcano, which included the installation of an improved earthquake-
monitoring network that continues operating today. Studies made using these earthquake data have
revealed details about the tectonic setting (e.g., Weaver et al., 1987), spatial and temporal variations
in the stress field (Barker and Malone, 1991; Moran, 1994), the structure of the magmatic plumbing
system (Musumeci et al., 2002) and the subsurface velocity structure (Lees, 1992; Moran et al.,
1999).

Regional seismic tomography studies (Lees and Crosson, 1989; Lees and Crosson, 1990;
Moran et al., 1999) have consistently imaged several large-scale features in the mid to upper crust
that correlate with geological structures and geophysical anomalies in the region surrounding MSH.
The most notable of these are: 1) a low-velocity zone that parallels a NNW trending zone of
earthquakes, the St. Helens Seismic Zone (SHZ); and 2) high velocities beneath the Spirit Lake and
Spud Mountain plutons north of MSH. Parsons et al. (1999) recorded active sources with a linear,
E-W array about 40 km north of MSH. They found a sharp velocity decrease from west to east at
depths below 10 km where the array crossed the SHZ. Lees (1992) imaged smaller-scale features
beneath MSH, including prominent low-velocity zones that were interpreted as elements of the

magmatic system. Lees (1992) also imaged a high-velocity anomaly between about 6 and 9 km
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depth beneath the volcano that was interpreted as a plug of solidified magma on top of the main
magma-rich volume.

In this study, we combined 25 years of network-recorded seismicity since the 18 May 1980
eruption with data from a temporary array of 19 broadband seismometers deployed from June 2005
through early 2006 to compute a new P-wave velocity model of the upper crust beneath MSH. The
additional data, different inversion method (SIMULPS (Thurber, 1983; Eberhart-Phillips, 1990;
Evans et al., 1994)) together with the 3-D ray shooting method (Haslinger and Kissling, 2001) that
we use, provide a somewhat different image of the velocity structure than was determined

previously by Lees (1992).

2. Earthquake Data

The Pacific Northwest Seismic Network (PNSN), based out of the University of
Washington, encompasses all of Oregon and Washington, including MSH. The network
configuration has changed somewhat since 1980, but has always included about 10 stations within
10 km of the center of the volcano (Figure 1). Until 2004, these stations were all vertical-
component, short-period stations. In June 2005 we augmented this network with a temporary 19-
station array of broadband stations within 6 km of the volcano, with stations removed by July 2006
(Waite et al., 2008).

Earthquakes near MSH are generally confined to a near-vertical, cylindrical volume directly
beneath the edifice (Figure 2) and a band of epicenters that extends to the NNW and SSE of MSH
that is known as the St. Helens Seismic Zone (SHZ) (Weaver and Smith, 1983). Focal mechanisms
for events in this zone are consistent with right-lateral motion along the NNW trend of the SHZ
(Weaver et al., 1987). There are several concentrations of epicenters along a trend, which is

approximately perpendicular to the SHZ, but this trend is less well defined. Focal mechanisms of
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one event in each of the two clusters to the NE of MSH are the same style as those in the SHZ and
are interpreted by Weaver et al. (1987) to be related to sets of faults that strike nearly parallel to the
SHZ. The densest seismicity is directly beneath MSH to a depth of about 10 km. An earthquake-
free zone beneath the volcano beginning at a depth of about 6 km has previously been postulated as
the location of the main crustal magma body (e.g., Scandone and Malone, 1985).

Between June 1980 and the September 2004, 19,379 earthquakes were located by the PNSN
within a 50 km by 50 km area centered on MSH. Because the shape of the volcano changed
dramatically during the 18 May 1980 eruption, we only used data recorded following that event. An
additional 6916 events were located in this area between October 2004 and the end of 2005, which
represents a small fraction of the total number of events associated with the 2004-2008 eruption.
The large number of earthquakes in the catalog permits a careful selection of data for only the best-
quality events (Figure 2).

We restricted our dataset to include only well-located events according to the following
criteria: 1) azimuthal station gap < 180°; 2) root mean square (RMS) residual in one-dimensional
model less than or equal to 0.25 s; 3) at least 10 stations with O, 1, or 2 analyst-assigned weight
picks; and 4) a closest station with an epicentral distance less than or equal to the depth. Weights 0,
1, 2, 3, and 4 correspond to uncertainties <0.03, <0.06, <0.15, <0.30, and >0.30 s, respectively. The
quality criteria reduced the number of useable events to 7798. To reduce the bias of the over-
sampled region directly beneath the edifice, we initially imposed an additional restriction that no
two earthquakes are within 250 m of each other. Data were sorted according to RMS residual, then

selected so that this minimum spacing requirement was met.
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3. Minimum 1-Dimensional Model

We derived a starting 1-D model that included P-wave velocities and station delays using
the program Velest (Kissling et al., 1994). Multiple iterations beginning with a range of staring
velocity models were used to find a 1-D model that minimized the average rms residuals for all of
the earthquakes in a 500-event subset. This process was repeated with an independent data set and
the final, minimum 1-D model represents the best fit to both sets of earthquakes. The deepest layers
were constrained by the regional crustal model of Parsons ef al. (1999), which was derived from
active-source and local earthquake data. The starting mid- to upper-crustal velocities were based on
the 1-D model used for routine earthquake processing by the PNSN (UW-S3, Malone and Pavlis,
1983) and a modified version of UW-S3 (CVO?2) defined for earthquakes directly beneath MSH
(see Endo et al., 1990) that differs only in the slower shallowest layers. The layered starting models,
final minimum 1-D model, and interpolated 3-D starting model are shown in Figure 3.

The complexities of topography and very-low velocities in the volcanic edifice made
modeling the shallowest layers difficult. While we did account for topography in the ray tracing by
forcing rays to stay below the surface, we found that velocities in the upper 3-5 km (i.e., from just
below sea level to the highest elevations) were unstable and depended strongly on the data subset.
As aresult, we constrained our 1-D model to have higher velocities than the CVO2 model but lower
than the UW-S3 model in the shallowest layers. The resultant minimum 1-D starting model
(“velest” in Figure 3) has slightly lower velocities (~200 m/s) than the UW-S3 model nearly

everywhere.
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4. Coarse-Grid Inversion

4.1. Inversion procedure

All the earthquakes were relocated using the new 1-D model and station corrections, and
solutions were re-examined for quality. We expanded the dataset to include events with a closest
station up to 1.5 times the depth, but the other criteria were kept the same. Again, we sorted the data
by RMS and selected the best set such that no two events were within 250 m of each other. This left
1159 earthquakes with 18,942 P wave arrival times, just 10% of which were assigned the lowest
pick weight (corresponding to an uncertainty <0.3 s).

We modeled the 3-D velocity structure in two steps. First we conducted a coarse-grid
inversion, with grid nodes spaced 5 km apart horizontally and 2 km apart vertically in the well-
sampled parts of the model (layers of nodes were placed at -3.1 km -1.1, 0.9, 2.9, 4.9, 6.9, 9.9, 13.9,
18.9, and 32.9 km, with all depths relative to sea level). This model was then used as a starting
model for a fine-grid inversion that was focused on the volume directly beneath MSH. We used the
inversion code SIMULPS (Thurber, 1983; Eberhart-Phillips, 1990; Evans et al., 1994) extended for
full 3-D ray shooting (Haslinger and Kissling, 2001) to invert for velocity-model and hypocenter-
location changes simultaneously. We also inverted for station corrections, as the station spacing was
much smaller than the grid spacing in some areas of the model. We further modified the code to
include the complex topography, so that no rays or earthquakes could be above the ground (Figure
4).

We smoothed the model using an offset-and-average approach (Evans and Zucca, 1988;
Castafio, 2002; Waite et al., 2006) so that the final coarse-grid model is the average of 25 (5 X5 x 2
km) models computed on distinct grid nodes. We refer to these 5 X 5 X 2 km grids as “inversion
grids” and the 1 X 1 X 2 km grid that is used to compute the average model as the “averaging grid”.

The center of each of the 25 individual inversion grids was shifted by 1 km laterally (east-west
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and/or north-south) so that each averaging grid node was occupied by exactly one inversion grid
node. Each model was then linearly interpolated to the averaging grid before averaging. In this way,
each point in the average was covered by one inversion grid node and 24 interpolated points from
the other models. This procedure damped the strongest anomalies somewhat, but made it possible to
resolve features smaller than the 5 km inversion grid-node spacing. It also reduced the potential for
artifacts related to grid node positions and provided a smooth starting 3-D model for the fine-grid
inversion.

We evaluated the model quality using the diagonal and spread of the model resolution
matrix as well as inversions of synthetic anomalies. Checkerboard type tests and tests of synthetic
anomalies with realistic shapes and sizes were also evaluated. Examples of one checkerboard test
are shown in supplemental figure SO1. The grid nodes plotted in Figure SO1 are representative of a
single model used in the inversions. In this example the starting anomalies had lateral extents of 6
km, slightly larger than the grid spacing. In addition, each anomaly was separated by 2 km laterally
and in depth to highlight areas where tradeoff between neighboring anomalies is a problem. These
gaps between anomalies were recovered in most cases. In the shallowest layers (-1.1 km and 0.9
km) the input anomalies were only recovered close to the edifice. The resolution improved below
0.9 km to ~6.9 km depth over an area ~10 km west and east of MSH, 10 km south and 15 km north.
The diagonal elements of the resolution matrix and their spread confirmed the results of the
synthetic inversions. At 9.9 km depth and below, the resolution is poor.

We assessed the trade-off between model and data variance to find an appropriate damping
value. With a conservative damping value, we could recover up to 80% of the peak synthetic
anomalies without excessive smearing between adjacent anomalies. Using damping of 200 s> for the

velocity model and 400 for the station correction terms, the data variances of the 25 models were
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reduced between 71.4% and 72.8% after 3 iterations and the RMS residuals were reduced from
0.122-0.125 s to 0.065-0.066 s.

We used the 25 individual models to estimate the uncertainty related to model
parameterization. We computed the range of velocities at each point in the averaging grid and
derived additional statistics from the ranges. A table of the maximum range and standard deviations
of the ranges in each layer is given in supplementary Table 1. There are a small number of very
large ranges in most layers, but the standard deviation of the ranges in each layer is low. The
maximum range of 0.64 km/s (10.78%) is at 2.9 km depth, 7 km north and 10 km west of the center
of the model at the edge of the high-velocity anomaly we interpret as the Spud Mountain Pluton
(see the discussion below). The other points with large range values are near the Spud Mountain
Pluton and the low-velocity zone that parallels the SHZ. The large values are a result of the
interpolation between inversion grid nodes that lie within different anomalies. This layer has the
largest standard deviation of ranges, 0.13 km/s (2.10%). The sharp contrast between these two
anomalies also causes the largest range and standard deviation values in other layers. Only a small
number of the averaging grid nodes have such large ranges in the 25 models. In the layer with the
largest standard deviation (2.9 km), fewer than 25% of the points in a 40 km by 40 km area centered
on the volcano have a range of values that exceeds 0.05 km/s; fewer than 3% of the points have
ranges that exceed 0.10 km/s. The existence of the large velocity ranges adjacent to the sharp
velocity contrasts highlights the utility of the offset-and-average procedure for resolving the edges
of these anomalies.

4.2. Discussion of the coarse-grid inversion results

The key features of the coarse-grid model are high-velocity anomalies NW and NE of MSH

and a low-velocity zone that extends to the NNW of MSH. These seismic velocity anomalies were

imaged by previous seismic studies (Lees, 1992; Moran et al., 1999), and the high-velocity
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anomalies correspond with positive aeromagnetic anomalies (Finn and Williams, 1987). The Spirit
Lake Pluton anomaly extends from near the surface to at least 4.9 km. It may extend deeper, but we
could not resolve it in the deeper layers. This seismic anomaly extends farther to the south than the
mapped extent of the Sprit Lake Pluton at the surface (Walsh et al., 1987), but this was not
unexpected given the widespread occurrence of contact metamorphic rocks in the area (Evarts et al.,
1987). The velocity of this anomaly at 4-6 km below the surface (~6.2 km/s) is consistent with
granite at 5 km depth (e.g., Christensen and Mooney, 1995).

The fast velocity anomaly NW of MSH is likely due to an igneous intrusion as well. This
feature was not mapped at the surface as a pluton, but has been inferred based on small isolated
intrusions and contact metamorphism (Evarts and Ashley, 1990) near Spud Mountain. The positive
aeromagnetic anomaly associated with this pluton extends north of the study area. Again, the
velocities of this anomaly are consistent with a silicic intrusive body.

A low-velocity anomaly north and NNW of MSH correlates with the SHZ and a negative
aeromagnetic anomaly (Finn and Williams, 1987). This negative acromagnetic anomaly continues
NNW and SSE of MSH parallel to the trend of prominent mapped contacts. This NNW trend also
corresponds to the western extent of a conductive anomaly that encompasses the region between
Mount Rainier, Mount Adams, and MSH (Stanley et al., 1987). Previous studies have interpreted
these features as a regional structural trend, such as a fault (e.g., Evarts et al., 1987; Weaver et al.,
1987); the coincident velocity anomaly in our tomography results supports this idea.

South of MSH, our model resolution is limited to shallow depths and distances less than 5-
10 km from MSH. A low-velocity anomaly to the SE is consistent with the same aeromagnetic and
conductivity anomaly as the low-velocity anomaly NNW of MSH, and is likely part of the same
regional structural feature. A weak high-velocity anomaly SW of MSH does not clearly correspond

to surface features, but is consistent with a positive aecromagnetic anomaly that extends from MSH
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to about 5 km SW (Finn and Williams, 1987). However, there is a strong trade-off between adjacent
nodes that are SW of MSH due to a lack of crossing rays there, so this anomaly is not well resolved.
We note that unlike the region north of MSH, the SHZ not well defined to the south. If a regional
fault is responsible for the SHZ and velocity structure to the north, a wider fault zone may explain

the more diffuse seismicity and less-well defined seismic velocity anomalies to the south of MSH.

5. Fine-grid Inversion

5.1. Inversion procedure

We used the smoothed coarse-grid results as a starting model for a fine (2 X 2 X 1 km) grid
inversion that focused on the volume directly beneath MSH. The aim of this fine-grid modeling was
to identify kilometer-scale elements of the MSH magmatic plumbing system. The inversion
procedure we used was similar to that used for the coarse-grid modeling; we solved the coupled
hypocenter-velocity model problem in the same way, but use more data. We again used an offset
and averaging procedure, but the averaging grid had nodes spaced 500 m apart. We needed 16
models so that an inversion grid node occupied each node of the averaging grid. The 16 offset
starting models were interpolated from the smoothed coarse-grid model with nodes at depths from -
3.1 km by 1 km to 7.9 km, then 9.9, 13.9, 18.9, and 32.9 km.

We expanded the dataset for the fine-grid inversion by allowing events to be as close as 100
m. The other criteria were the same as in the coarse-grid modeling. Relaxing the event- spacing
criterion created a dataset with 2973 earthquakes and 46,566 P-wave arrival times. Seventy-two
percent of the arrivals were assigned a quality of either O or 1, corresponding to estimated
uncertainties of < 60 ms. The data were relocated with the coarse-grid model and station corrections

prior to the fine-grid inversions.
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We reevaluated the damping parameter because of the increased number of model
parameters (2672 compared with 1185) and data compared with the coarse-grid inversion, and
found the optimal damping value was 20 s°. The station correction damping was similarly re-
evaluated and reduced to 100. While we inverted for station correction terms for each station, only
the station correction parameters from stations at distances > 5 km from the volcano were carried
over from the coarse inversion. All of the station correction terms within 5 km of the crater were
reset to zero initially, but were free to vary during the inversions, so that more residual information
could be mapped into the structure. The distance of 5 km was chosen because the densest seismicity
was within this distance from the volcano and we expected to achieve the best resolution in the
shallow part of the model in this region. Hypocenter locations were fixed for the first iteration.
Resetting some station correction terms to zero and fixing the hypocenter locations had the effect of
increasing the average RMS residual from ~0.066 s at the end of the coarse-grid inversions to
~0.078 s. After 3 iterations of fine-grid inversions, the RMS residual for the 16 models was reduced
to values of 0.0568-0.572 s and the data variance reductions ranged from 46-47%.

The modified checkerboard tests in supplemental figure S2 and model resolution parameters
in supplemental figure S3 demonstrate the inversion procedure’s ability to resolve small-scale
features directly beneath the volcano to a depth of ~7 km below sea level (bsl). Note that while
there is significant smearing between adjacent nodes, the smeared anomalies typically represent
only about 1% difference from the background velocity compared with +/-10% for the synthetic
anomalies. The synthetic anomalies shown in Figure S2 are 4 X 4 X 1 km. As with the coarse-grid
inversion, the anomalies are separated both horizontally and in depth to highlight areas with
substantial tradeoff between neighboring anomalies. Figures S2 and S3 also illustrate the poor

resolution at depths below 8 km and distances more than ~5 km from the volcano. In the inversions
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using real data, the velocities in the poorly-resolved model space did not change significantly from
the starting model velocities.

We interpolated the 16 2 X 2 X 1 km models to the 500 m spacing of the averaging grid and
examined the statistics at the averaging grid nodes as we did for the coarse-grid models. As with the
coarse-grid models, the largest ranges and standard deviations occurred at the boundaries of high-
velocity Spud Mountain Pluton and low-velocity zone associated with the SHZ. Because of the finer
inversion grid, the maximum ranges and standard deviations of the ranges at each node are typically
lower than those of the corresponding locations in the coarse-grid models (supplementary table T2).
The maximum range of 0.41 km/s (6.89%) is for a node at a depth of 2.9 km and the largest
standard deviation of 0.06 km/s (1.29%) is in the layer at depth -0.1 km.

Because of the abundance of data, we were also able to examine models created with two
independent data sets. Using the same procedure outlined above, apart from the offset-and-
averaging, we computed fine-grid model A from 1541 earthquakes with 24,191 observations and
fine-grid model B from 1526 earthquakes with 23,506 observations. The differences in the resulting
models give an estimate of the absolute uncertainty in the velocities of the final model. The largest
differences, as a percentage of the background velocity are 2.7% in layers at depths of -0.1 km and
7.9 km and 3.0% in the 9.9 km layer (supplementary table T3). The standard deviations are much
smaller, less than or equal to 0.52% in all layers.

The differences between the individual fine-grid models calculated with identical data, but
shifted grid locations, are much larger than the differences between the two models computed with
identical parameterizations, but independent data. In the shallower layers (-1.1 to 5.9 km bsl) the
maximum range of values in the shifted-grid models is 2 to 5 times larger than the difference
between the two models derived from independent data. In this region, the parameterization has a

larger impact on the model than the data.
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5.2. Discussion of the fine-grid inversion results

The key features of the coarse-grid model are preserved in the fine-grid model. In addition,
we imaged low velocities associated within the edifice, a low-velocity volume that lies beneath the
crater at 1-3 km depth (3-5 km below the crater floor), and a prominent high-velocity volume at 3.5-
6.5 km depth (5.5-7.5 km below the crater floor) just east of the zone of dense seismicity directly
beneath the volcano (Figure 6).

We infer that the relatively low velocities in the edifice are related to poorly consolidated
assemblages of debris, ash and lava flows. Resetting the station correction terms to O for stations on
the edifice resulted in slightly lower velocities in the edifice than for inversions with initial
correction terms derived from the coarse-grid inversion, but did not affect velocities below about O
km depth. Directly beneath the edifice at ~0 km there is a thin region of high velocities. This feature
may simply be due to the relatively greater depth that these rocks are found compared with rocks at
sea level away from the edifice. The ~2 km of rock that overlies this zone is not found in areas
where the topography is less than 1000 m above sea level and results in greater compaction, larger
moduli, and higher seismic velocities.

The low-velocity volume at 1-3 km depth coincides with a similar feature found by Lees
(1992) and may be related to a shallow magma storage volume, as proposed by Lees (1992). There
is some evidence for a shallow magma reservoir (0 to 1 km bsl) from finite-element modeling of
deformation data (Chadwick et al., 1988). Bonaccorso and Davis (1999) modeled the same data
using an analytical model of a thin, pressurized, vertical, prolate ellipsoid within a half-space,
suggesting the deformation could have been due simply to pressurization in the conduit and not
pressurization in a larger-scale magma chamber. Gas emission data can be explained by intrusion
of a shallow magma reservoir (e.g., Casadevall ef al., 1983) prior to the 1980 eruption, but are not

conclusive (Pallister et al., 1992). Endo et al. (1990) also infer the existence of a shallow magma
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chamber from about 500 m asl to 2.5 km bsl based on the distribution of earthquakes; a relatively
aseismic zone between 1 and 2.5 km is interpreted as a magma-rich volume.

The low-velocity (-5.5%) volume at 1-3 km depth is consistent with the interpretation of
Endo et al. (1990). While the true velocity anomaly may be lower than the modeled velocity, due to
the effects of damping and infinite frequency approximation, laboratory (e.g., Murase and
McBirney, 1973; Sato et al., 1988) and analytical (e.g., Mavko, 1980; Hammond and Humphreys,
2000) work on the seismic velocities show that the percent compressional-wave velocity reduction
is generally greater than or equal to the percent of partial melt. The relationship between seismic
velocities and melt fraction is highly dependent on the geometry of the distributed melt (e.g.,
Hammond and Humphreys, 2000), but we might expect a small ~5% amount of melt to be
responsible for the observed anomaly. Analyses of lavas from the eruption that began in 2004
indicate that magma could have been stored at depth of 2-3 km bsl for a relatively prolonged time
(Rutherford and Devine, 2008), consistent with the depth of this shallow low-velocity body.
Wiemer and McNutt (1997), who mapped b-values under MSH, found two anomalously high (~1.5)
volumes at about 1-2 and 5.5 km bsl (Wiemer and McNutt (1997) reported depths relative to the
crater floor, which is about 1.9 km asl). They interpret these regions as magma vesiculation and
magma-rich zones, respectively, an analysis that is consistent with our tomographic model.

A significant difference between the model of Lees (1992) and our model is in the position
of the high-velocity anomaly at 3.5-6.5 km depth. This anomaly is shifted about 1 km east and 1 km
shallower in our model compared with the model of Lees (1992). Instead of lying within the zone of
dense seismicity directly under the crater as it does in the model of Lees (1992), the high velocity
anomaly is east of this zone of earthquakes. This is an important difference, because of the
implications for interpreting the extent of magmatic system. Lees (1992) suggested that the anomaly

is due to a plug of solidified magma at the top of a magma body, but this depth for the top of the
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magma body is deeper than other models by 2-3 km (e.g., Scandone and Malone, 1985; Pallister e?
al., 1992; Moran, 1994, Pallister et al., 2008).

There are several possible explanations for the differences between the model of Lees
(1992) and our model that relate, in part, to advances in tomographic imaging techniques during the
15 years that separate the two studies. We used different model parameterizations (2 X 2 X 1 km
node spacing versus constant velocity blocks 0.5 km on a side) and different ray tracing techniques.
We also used three-dimensional station locations plus a digital elevation model to ensure that rays
stayed below the surface, while Lees (1992) did not take elevation into account except through
station delays. This difference in datum might explain any discrepancy between the vertical
positions of anomalies. Finally, we also used different data, although our test with a dataset that was
similar to that used by Lees (1992) showed that the use of different data alone was not responsible
for the differences between our two models.

A disadvantage of using the offset-and-average smoothing technique is that it moderates
small anomalies that may represent important structural elements. In particular, the fine-grid model
with nodes centered on the crater has a distinct low-velocity anomaly within the earthquake-free
zone from 5-7 km bsl. This may represent a wide part of the magmatic conduit where magma was
stored, but the strength of this low-velocity anomaly is reduced by the multimodel-smoothing
procedure. The depth and position of the low velocity anomaly within the earthquake-free zone are
consistent the location of a magma-storage volume suggested by previous seismic and petrologic
studies (e.g., Scandone and Malone, 1985; Pallister et al., 1992; Moran, 1994; Pallister et al., 2008).

In order to highlight the low-velocity anomalies thought to be related to the magmatic
system, we present an interpretive model based on a single fine-grid inversion in Figure 7. Grid
nodes positioned directly beneath the volcano highlight the major features of the model: a shallow

low-velocity zone that may be a shallow magma storage zone; the deeper low-velocity zone that
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corresponds with the aseismic zone at about 5.5 km bsl; and relatively high-velocity material to the
east of the magmatic conduit that may represent igneous intrusive rocks, such as gabbroic

metamorphic inclusions found in the 1980-1986 and 2004-2006 lavas (Pallister et al., 2008).

6. Conclusions

The well-resolved velocity anomalies below MSH are generally consistent with previous
studies that have found two igneous intrusive bodies NE and NW of the edifice, and a structural
boundary that parallels the SHZ. North of MSH, the SHZ is bounded by a low-velocity anomaly to
the west and the Spirit Lake Pluton to the east. The coincidence of the velocity anomalies and the
trend of earthquakes strengthens the argument that MSH sits along a significant NNW-trending
structural anomaly (e.g., Parsons et al., 1999).

Small-scale features of the magmatic system were less well resolved, but a significant low-
velocity zone from 1-3 km bsl may be due to a shallow magma-storage reservoir. A strong high-
velocity anomaly, previously interpreted as a magma plug (Lees, 1992) was found to be east of the
vertical zone of earthquakes directly beneath MSH instead of within the earthquake zone. This
anomaly may be attributed to crystallized magma, but we do not interpret it as a plug within the
conduit. The deeper low-velocity anomaly that we interpret as part of the magma storage system is
poorly resolved due to the lack of deep earthquakes, but is consistent with earlier suggestions that

the earthquake-free region is likely to be magma rich.
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3. Figure captions

Figure 1. Station location map shows the temporary broadband stations (dark diamonds) and a
subset of the permanent network stations (light circles and diamond) plotted on topography
contoured at 200 m intervals. Station STD was the only permanent broadband station running
during the temporary deployment. Inset in the upper left corner shows the location of Mount St.
Helens in southern Washington. Inset in the lower right corner shows a close up of the crater
stations plotted on topography contoured at 40 m intervals. Spirit Lake, the St Helens Seismic Zone
(SHZ) and the approximate locations of the Spud Mountain and Spirit Lake Plutons are also shown.

Figure 2. The open circles indicate all 12,454 earthquakes in the PNSN catalog from March 1980
through June 2004, plus selected events from July 2005 to January 2006 recorded in the Mount St.
Helens region. Black circles show only the 7,798 best-located events. These earthquakes have a gap
< 180° 10 or more picks, nearest station within 1 focal depth, and RMS < 0.25 s. There is no
vertical exaggeration.

Figure 3. The lines represent one-dimensional velocity models from which the 3-D models were
derived. See the text for a description of the models.

Figure 4. Ray tracing for a shallow earthquake recorded on the flanks of MSH using our modified
version of SIMULPS14 that uses topographic data to ensure rays stay in the Earth. The ray shooting
(dotted) method typically finds less arcuate, shorter traveltime paths than the pseudo-bending
(dashed) ray tracing method. Note that in the cross-sections some rays appear to be in the air; this is
because all the ray paths are plotted, and the topography varies widely with azimuth. There is no
vertical exaggeration.

Figure 5. Horizontal and vertical sliced through the multimodel average coarse-grid model are
plotted as percent deviations from the starting model (color) and contoured with the absolute
velocity. The plots are faded where resolution is poor (diagonal element of the resolution matrix
less than 0.15). White lines outline regions with minimal trade-off between adjacent nodes, which
are plotted as red plus signs (spread value less than 1). There is no vertical exaggeration.

Figure 6. Horizontal and vertical sliced through the multimodel average fine-grid model are plotted
as percent deviations from the starting model (color) and contoured with the absolute velocity. The
plots are faded where resolution is poor (diagonal element of the resolution matrix less than 0.15).
White lines outline regions with minimal trade-off between adjacent nodes, which are plotted as red
plus signs (spread value less than 1.15). There is no vertical exaggeration.

Figure 7. A west-east cross section through a single fine-grid model highlights the low velocity
anomaly directly beneath the volcano. There is no vertical exaggeration.
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Supplementary Material

Supplementary figures and tables are provided to offer the reader additional information about the
details of tomographic models. The figures and tables are discussed in the text.

Figure S1. Horizontal slices through the coarse-grid synthetic checkerboard model derived from the
average of 25 offset models are plotted in (a) and horizontal slices through the resolution matrix of
one of the models are plotted in (b), as described in the text. In (a) the input synthetic anomalies are
outlined with red and blue boxes. In both (a) and (b), the node positions from one of the 25 models
are plotted as black squares, stations are plotted as triangles, the 1500 and 2000 m elevation
contours around Mount St. Helens are plotted in black, the outline of Spirit Lake is shown in blue,
and earthquakes are plotted as pink circles. In (b) the background color corresponds to the spread
value of the given node and the size and color of the circle corresponds to the value of the diagonal
element of the resolution matrix. The red lines represent the extent of significant smearing by
poorly resolved nodes. This was quantified by examining the off-diagonal components of the
resolution matrix; if one or more off-diagonal elements had a value greater than or equal to 70% of
the diagonal component, it was considered to trade-off with the node significantly. The red lines
contour the 70% of the value of the diagonal component, after interpolating to 1 km.

Figure S2. The 12 sections are horizontal slices through the fine-grid synthetic checkerboard model
derived from the average of 16 offset models as described in the text. The input synthetic anomalies
are outlined with red and blue boxes. The node positions from one of the 16 models are plotted as
black squares, stations are plotted as triangles, the 1500 and 2000 m elevation contours around
Mount St. Helens are plotted in black, the outline of Spirit Lake is shown in blue, and earthquakes
are plotted as pink circles.

Figure S3. The 12 sections are horizontal slices through the fine-grid resolution matrix as described
in the text. The background color corresponds to the spread value of the given node and the size and
color of the circle corresponds to the value of the diagonal element of the resolution matrix. The red
lines represent the extent of significant smearing by poorly resolved nodes. This was quantified by
examining the off-diagonal components of the resolution matrix; if one or more off-diagonal
elements had a value greater than or equal to 70% of the diagonal component, it was considered to
trade-off with the node significantly. The red lines contour the 70% of the value of the diagonal
component, after interpolating to 0.1 km. Stations are plotted as triangles, the 1500 and 2000 m
elevation contours around Mount St. Helens are plotted in black, the outline of Spirit Lake is shown
in blue, and earthquakes are plotted as pink circles.

Supplementary Table 1. Differences between 25 coarse-grid models calculated with shifted grids.
The maximum difference represents the largest range of modeled velocities at any one point in the
averaging grid. The standard deviation statistics for each layer are based on these ranges. Only the
best-resolved nodes were used in this statistic to avoid artificially lowering the standard deviations.

Supplementary Table 2. Differences between 16 fine-grid models calculated with shifted grids. The
data are presented as in Table 1.

Supplementary Table 3. Differences between two fine-grid models computed from independent data
sets. The data are presented as in supplementary Tables 1 and 2
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Table T1. Differences between 25 coarse-grid models calculated with shifted grids

Layer

-3.10
-1.10
0.90
2.90
4.90
6.90
9.90
13.90

Table T2. Differences between 16 fine-grid models calculated with shifted grids
Reference Maximum Maximum Standard Standard

deviation deviation
[km/s]

Layer

depth [km] Velocity
[km/s]

-3.1
-2.1
-1.1
-0.1
0.9
1.9
2.9
3.9
4.9
5.9
6.9
7.9
9.9
13.9

Waite and Moran, Mount St. Helens V, Tomography

Reference Maximum Maximum Standard Standard
depth [km] Velocity
[km/s]

3.29
4.05
5.44
5.98
6.05
6.21
6.36
6.51

3.29
3.67
4.05
4.75
5.44
5.71
5.98
6.01
6.05
6.13
6.21
6.26
6.36
6.51

range
[km/s]

0.09
0.37
0.30
0.54
0.27
0.44
0.23
0.21

range
[km/s]

0.01
0.17
0.26
0.29
0.27
0.38
0.41
0.34
0.29
0.36
0.19
0.17
0.20
0.14

range
[%]

2.75%
9.11%
5.60%
9.02%
4.47%
7.08%
3.59%
3.19%

range
[%]

0.38%
4.57%
6.30%
6.05%
4.96%
6.70%
6.89%
5.58%
4.72%
5.95%
2.98%
2.79%
3.07%
2.19%

deviation
[km/s]

0.01
0.08
0.06
0.11
0.05
0.09
0.04
0.03

0.00
0.02
0.04
0.06
0.05
0.05
0.05
0.04
0.04
0.04
0.03
0.03
0.03
0.02

deviation
[%]

0.37%
1.90%
1.09%
1.76%
0.79%
1.41%
0.58%
0.53%

[%]

0.09%
0.54%
1.08%
1.29%
0.93%
0.86%
0.92%
0.70%
0.65%
0.71%
0.47%
0.41%
0.42%
0.34%
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Table T3. Differences between two fine-grid models calculated with independent data sets

Layer

depth [km] Velocity
[km/s]

-3.1
-2.1
-1.1
-0.1
0.9
1.9
2.9
3.9
4.9
5.9
6.9
7.9
9.9
13.9
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Reference Maximum Maximum Standard Standard
deviation deviation
[km/s]

3.29
3.67
4.05
4.75
5.44
5.71
5.98
6.01
6.05
6.13
6.21
6.26
6.36
6.51

range
[km/s]

0.00
0.03
0.05
0.13
0.13
0.13
0.10
0.14
0.13
0.11
0.11
0.17
0.19
0.13

range
[%]

0.00%
0.82%
1.24%
2.74%
2.39%
2.28%
1.67%
2.33%
2.15%
1.79%
1.77%
2.72%
2.99%
2.00%

0.00
0.00
0.01
0.02
0.02
0.03
0.02
0.02
0.03
0.03
0.02
0.03
0.03
0.02

[%]

0.00%
0.10%
0.24%
0.38%
0.42%
0.44%
0.31%
0.40%
0.49%
0.45%
0.38%
0.51%
0.52%
0.35%
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