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Abstract in September 2004, Mount St. Helens volcano erupted after nearly 18years of quiescence.
However, it is unclear from the limited geophysical observations when or if the magma chamber replenished
following the 1980-1986 eruptions in the years before the 2004-2008 extrusive eruption. We use coda wave
interferometry with repeating earthquakes to measure small changes in the velocity structure of Mount St.
Helens volcano that might indicate magmatic intrusion. By combining observations of relative velocity changes
from many closely located earthquake sources, we solve for a continuous function of velocity changes with
time. We find that seasonal effects dominate the relative velocity changes. Seismicity rates and repeating
earthquake occurrence also vary seasonally; therefore, velocity changes and seismicity are likely modulated by
snow loading, fluid saturation, and/or changes in groundwater level. We estimate hydrologic effects impart
stress changes on the order of tens of kilopascals within the upper 4 km, resulting in annual velocity variations of
0.5 to 1%. The largest nonseasonal change is a decrease in velocity at the time of the deep M,, =6.8 Nisqually
earthquake. We find no systematic velocity changes during the most likely times of intrusions, consistent with a
lack of observable surface deformation. We conclude that if replenishing intrusions occurred, they did not alter
seismic velocities where this technique is sensitive due to either their small size or the finite compressibility of
the magma chamber. We interpret the observed velocity changes and shallow seasonal seismicity as a response
to small stress changes in a shallow, pressurized system.

1. Introduction

Mount St. Helens (MSH) is a dacite-andesite stratovolcano located in southwestern Washington State, famous
for its massive explosive eruption in 1980. When it erupted again in late 2004, it did so with less than 2 weeks
of warning, which took the form of vigorous shallow earthquake swarms [Moran et al., 2008; Thelen et al.,
2008], GPS-measured deflation [Dzurisin et al., 2008; Lisowski et al., 2008], and visible deformation of the crater
glacier [Dzurisin et al., 2008]. Petrologic studies of the eventually extruded magma found it was likely sourced
near the top of the chamber (~5 km depth), largely degased, and similar to but chemically distinct from
previous eruptions. This evidence can be interpreted as either due to tapping of a geochemically isolated
region of the chamber or mixing with a fresh supply of low-gas dacite from depth [Pallister et al., 2008]. It is
not clear whether this magma was introduced into the system before the end of the last eruption in 1986 or if
the magma chamber was replenished during the intereruptive period. Distinguishing which of these two
processes occurred is important for anticipating what MSH, and volcanoes like it, may do in the future.

There are limited geophysical data to constrain what occurred in the subsurface during the 18 years since the
end of the previous dome-building eruption in late 1986 (Figure 1). A permanent GPS station installed at
Johnston Ridge Observatory (JRO1, Figure 2) in 1997 and radar interferograms [Poland and Lu, 2008] recorded
no measurable deformation attributable to the volcano between at least 1992 and September 2004. Earlier
trilateration and campaign GPS further concur that although some measurable inflation occurred between
1982 and 1991, no measurable surface deformation occurred after [Dzurisin et al., 2008]. However, lack of
geodetic evidence does not exclude the possibility that finite compressibility of the magma chamber could
offset deformation due to an intrusion [Dzurisin et al., 2008; Mastin et al., 2008].

The most compelling evidence for magmatic intrusions during this time period is the occurrence of several
deep (6-10 km depth) swarms of earthquakes [Moran, 1994]. The first burst of deeper seismicity occurred
from 1987 to 1992. Focal mechanisms for these earthquakes were primarily strike slip, but with P axes
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Figure 1. (a) Depth-time plot of well-located seismicity within 3 km of the dome (traveltime residual < .15 s, eight or more
phases used, azimuthal gap <90°, and closest picked station within 5 km); coda wave interferometry was performed on all
earthquakes in the catalog regardless of magnitude or location quality. Times of observed deformation from line length
measurements (black bar), shallow explosions (arrows), and a gas emission (G) are also noted above the plot. Major swarms
of deeper seismicity are highlighted in gray and have been interpreted in other studies as a response to magmatic intru-
sions. (b) Depth cross section through seismicity from south to north, centered on the dome. Depths are relative to a datum
1.1 km above sea level, which is the average elevation of stations in the seismic network near MSH; surface elevation of MSH
is plotted above for reference. Hypocenters below 6 km surround an aseismic magma chamber, denoted by a black ellipse.
The geometry of this chamber is the same used to model strain in Figure 11 [from Lisowski, 2006].

inconsistent with the regional trend. Moran [1994] modeled these focal mechanisms as an increase in
pressure within a cylindrical magma chamber and interpreted the pressurization as being due to the sealing
of the shallow conduit system, trapping exsolved magmatic gases. During this time, there was also a series of
shallow gas explosions following rain and/or snow storms, interpreted as the explosive release of these
trapped gases when water penetrated a low-permeability cap [Mastin, 1994]. Two more bursts of deep
seismicity occurred from 1994 to 1995 and from 1997 to 1998. Several fixed-wing gas flights were flown
between June and September 1998, when seismicity was at its peak. The first flight recorded gas emissions of
1900t/d of CO,, but the subsequent flights recorded only trace amounts or 0 t/d [Gerlach et al., 2008]. Focal
mechanisms of the deeper seismicity suggested another increase in pressure within the magma chamber.
Hypocentral relocations of the seismicity by Musumeci et al. [2002] revealed that a large number of deeper
earthquakes occur on at least two NE-SW striking, steeply dipping faults rather than being distributed around
the chamber. They further suggested that the southeastern fault had slip consistent with magma being
periodically injected into a truncated dike on the northwest side of the fault (i.e., right-lateral motion to the
north of the chamber, left lateral to the
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kilopascal. Focal mechanisms of these shallow earthquakes further suggest a complex stress regime best
explained by localized increases in pore pressure from water and/or magmatic gases [Lehto et al., 2013].

In this study, we use coda wave interferometry (CWI) of repeating earthquakes at MSH to measure small
changes in seismic wave speed in an attempt to better resolve the timing of magma injection and the
pressurization of the magmatic system, as well as the evolution of the shallow (<4 km) subsurface, including
the conduit. Small (<1%) changes in seismic velocity have been observed at a handful of other volcanoes
prior to eruptions [Ratdomopurbo and Poupinet, 1995; Wegler et al., 2006; Brenguier et al., 2008a], during
intrusive events [Ueno et al., 2012], in response to large earthquakes [Battaglia et al., 2012], and changes in
groundwater hydrology [Sens-Schénfelder and Wegler, 2006]. These observations and laboratory results [Grét
et al.,, 2006] suggest that seismic velocity, in particular S wave velocity [Snieder, 2002], is sensitive to
deformation and the opening/closing of cracks due to changes in stress, fluid saturation, and temperature.

2. Data

Figure 2 is a map of the local seismic network surrounding Mount St. Helens between January 1987 and
September 2004. We use earthquakes that have epicenters and horizontal location uncertainty within 3 km of
the volcano’s summit (i.e., a 3.4 km distant earthquake with 0.5 km horizontal uncertainty would be included)
and depths between 0 and 12 km relative to the datum of the local velocity model, approximately 1.1 km
above sea level (Figure 1b). This area comprises the majority of located seismicity in the MSH vicinity related
to the volcano. Seismicity beneath the volcano between 1 and 4 km depth is persistent across the nearly
18 year time span, whereas seismicity between 4 and 10 km mostly occurred in the three large swarms
(Figure 1a). The earthquakes that we use in this study are cataloged and located by the Pacific Northwest
Seismic Network (PNSN), using a network of Mark L4-C and Geotech S-13 single component, short-period,
analog instruments operated by the PNSN and Cascades Volcano Observatory. During this time, the network
configuration changed little, but instruments and VCO units were often replaced as part of normal station
maintenance. Data from these stations were telemetered by radio to the PNSN in Seattle, WA. Until January
2002, only triggered data were saved, limiting the ability to study this time period with continuous methods
such as ambient noise interferometry.

3. Application of Coda Wave Interferometry

Seismic velocities are dependent on the physical properties of the materials through which the seismic waves
travel so that changes in these properties will produce a change in wave speed. Recent advances in theory
and signal processing have allowed seismologists to observe small spatiotemporal changes in seismic
velocities on the order of less than 0.1% by capitalizing on signals ordinarily discarded as noise. One
technique for identifying velocity change is coda wave interferometry (CWI), wherein the codas of repeating
earthquakes (also called repeaters, families, doublets, or multiplets) are compared. CWI operates under the
theory that the seismic coda of two colocated earthquakes is a summation of multiply-scattered waves, and
small changes in either the source or medium will affect how the scattered waves sum at the station and
therefore alter the resulting waveform [e.g., Snieder, 2006]. The coda responds in distinct and predictable
ways to different kinds of changes in the medium. For example, consider a widespread and uniform decrease
in wave speed that occurs between the times of two colocated earthquakes with the same focal mechanism.
Coda waves from the second earthquake will arrive with increasing delay as the waves travel a longer
effective distance through the slower medium by multiple scattering [e.g., Grét et al., 2006]. CWI measures an
apparent velocity change, which is the average relative velocity change in the volume through which the
coda waves propagate. It provides a lower bound on the maximum change, especially if the change is
concentrated and compact. In the case of a localized change, coda waves are most sensitive to velocity
perturbations in an ellipse with foci at the source and receiver locations but then increasingly less sensitive
outside of that depending on the strength of scattering, frequency, and time lag [Pacheco and Snieder, 2005].

A change in seismic velocity is distinguishable from a change in source location, source mechanism, or
scatterer location in that these other types of changes do not produce increasing lag with time for coda
waves [Snieder, 2006]. For example, a change in location will alter coda wave paths, lengthening some and
shortening others, but on average, the traveltimes will be the same, and the slope of lag with time will be
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they still alter the waveform and
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CWI is ideally suited for use in volcanic
settings because repeating
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volcanoes [e.g., Thelen et al., 2011],
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Figure 3. (top) Example of two earthquakes recorded at HSR that correlate
well in the early waveform but decorrelate in the coda. S wave was not 18 year catalog of 1-10 Hz band-
picked on either earthquake, so expected arrival time to station is estimated  passed waveforms on individual
using the PNSN S3 velocity model. (bottom) Lag and similarity of black-to-gray  stations in a window 0.1 s before to
waveform within nonoverlapping, 0.5 s windows, plotted as circles at the
center of the time window and lag time to maximum correlation. Unshaded
region between dotted lines denotes time window used to calculate slope of

2.4 after the analyst-picked P wave
arrival, or the expected P wave arrival

lags for velocity measurement; unfilled circles indicate windows where the based on the locations of the
CCC was below the 0.65 cutoff and were not used to determine slope. This earthquake and station in the absence
slope corresponds to a relative decrease in velocity of 0.68%. of a pick. For each individual station, if

the waveforms in this window
correlate above a normalized cross-correlation coefficient (CCC) of 0.8, we consider the two earthquakes to
be a possible repeating pair and realign the waveforms to the time of maximum correlation. Using these
parameters, we find that earthquakes with at least one matching event account for approximately 40% of the
catalog, with time gaps between some pairs of up to 10 years, but on average 1 year or less.

We then process each pair of repeating earthquakes using the doublet method of Snieder et al. [2002] to
determine velocity changes. For each pair of repeating events we divide the two waveforms into
nonoverlapping windows of 0.5 s length and calculate the CCC and lag for each window. We calculate

the expected S wave arrival based on the earthquakes’ location using the “S3” PNSN 1-D velocity model and
V,/Vs=1.78 and only consider windows after that arrival as being part of the coda. If there are at least five
windows in the coda that have CCC above 0.65, we fit a straight line to those lags (Figure 3). The slope of this
line defines the relative velocity change, under the assumption that the change occurs uniformly throughout
the entire contributing volume [Snieder, 2006]. This method is limited to velocity changes less than ~2 or 3%,
as greater lags will reduce more windows below our 0.65 CCC cutoff. Clipping may also reduce the CCC, but
only affects a small portion of our data set. We also attempt to account for slight differences in location of
scatters, hypocenter, focal mechanism, and/or magnitude between the two earthquakes [e.g., Kanu et al.,
2013] by only keeping pairs where the slope is well resolved and the standard deviation of the lags to the
linear regression is less than 0.01 s. Although in theory the technique is precise to 0.01 or 0.02%, we estimate
that our error for any given pair is closer to 0.1%. This is based on the standard deviation of velocity
changes for pairs less than 10 days apart, where we expect the change on this timescale to be close to zero.
This process is repeated for all possible earthquake pairs for each station out to 15 km distance from the
summit of MSH.

Using the above procedure, we calculated relative velocity changes for thousands of event pairs separated by
days to years. In reality, the relative velocity change is a function of both time and space, but at MSH we do
not have the network density to fully resolve the spatial extent of our observed velocity changes. Therefore,
in this paper we only solve at each station for the average velocity change with time within the volume

through which the coda waves travel. Because different families of earthquakes occur near each other (within
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Figure 4. Tests of how well our inversion is able to recover a known function of velocity change (gray line) in the presence
of Gaussian noise with standard deviation 0.1% dv/v and using the distribution of pairs at station HSR. The inverted solution
(black line) has the best trade-off between misfit and smoothness. (a) A slope of 0.01%/yr with no other changes, (b) a series
of small step functions, (c) a random spline function, and (d) the sum of two sinusoids (periods of 0.5 and 1 year) and a
different series of step functions function than Figure 4b. Raw data points are plotted around the solution in gray.

a few kilometers or less) and sample much of the same volume, we combine observations from many nearby
earthquakes into a single velocity-change chronology.

Relative velocity changes are often compared for pairs of doublets across an abrupt known geophysical
event, such as a large earthquake [Poupinet et al., 1984; Nakamura et al., 2002; Pandolfi et al., 2006; Li et al.,
2007; Rubenstein et al., 2007; Battaglia et al., 2012]. In this paper we instead assume that there is some
continuous function of velocity with time and that each pair of earthquakes is sampling the difference
between the velocities at those two times. We solve for the continuous function of velocity change that fits all
the pairs of observed differential changes by a simple linear least squares inversion. The forward problem for
any pair of earthquakes at times t; and t; is simply

dy = y(t) — (t:) U

in which dj is the observed relative velocity change and y(t) is the continuous function of relative velocity
change with time for which we intend to solve. We discretize the function y(t) evenly in time with a spacing of
once every 10 days, i.e., the shortest amount of time we allow velocity to change over and linearly interpolate
the function between each point. Therefore,

ti — by

) — t,

y(ti) = y(ti) + (r(t) — »(te)) @
where k and / are the indices of y on either side of t;. Solving for y is highly unstable because the problem is ill
conditioned, so we are forced to regularize the inversion. We have chosen a combination of first- and second-
order Tikhonov regularization (i.e.,, minimizing the first and second derivatives of the solution to favor a
solution that varies slowly and smoothly) with equal weight and choose the solution with the best trade-off
between roughness and misfit. Additionally, the mean is set to zero to further stabilize the inversion, as there
is no constraint on the absolute velocity.

4, Inversion Results

Before we apply the inversion to real data, we can test how well it can resolve known functions of velocity
change given the uneven sampling times from our real data. We have tested how well the inversion resolves
no change, a linear increase, a series of step functions, and a sinusoidal function in the presence of Gaussian
noise with standard deviation of 0.1%, our calculated error. Figure 4 shows what kinds of changes are
resolvable when sampling a known continuous function at the times of earthquake pairs at station HSR,
which has an average number of pairs but highly uneven sampling with time (i.e., repeating earthquakes
occur more commonly during autumn than spring, discussed later). The primary discrepancies between
the known input and the inversion result occur for times when the data are sparse, as expected. For this
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Figure 5. (a) Inversion results for shallow (<4 km; black line, dashed where solution ill constrained) earthquake pairs only.
Gray dots represent the times and relative velocity changes of individual pairs of observations. For a single earthquake pair,
one dot is plotted at the time of the first earthquake, the other at the time of the second, and their vertical separation is the
observed velocity change between them. Pairs are plotted around the final solution such that if one dot is above the
solution, the other is an equal distance below it. The dots serve to illustrate the temporal density of data, as well as
uncertainty in the continuous solution. (b) Comparison of inversion solution using shallow (same as in Figure 5a) and deep
(>4 km; gray line, not plotted where ill constrained) earthquake pairs separately for two representative stations. Solutions
for deep and shallow source earthquakes are similar in timing and amplitude, indicating that the coda waves from both
depth subsets are sampling similar, presumably shallow volumes. Vertical gray line in both plots corresponds to the date of
M6.8 Nisqually earthquake. Results for stations SEP, YEL, EDM, and SOS are not plotted because there were an insufficient
number of pairs to produce a stable inversion.

level of noise, the minimum resolvable step in velocity is ~0.2% and the minimum resolvable slope is
~0.01%/yr. Sinusoidal signals are well resolved where there are data and are not an artifact of uneven
earthquake repetition.

For the first inversion involving real data, we incorporate only pairs with depths less than 4 km, which is
where most seismicity occurs, and we can expect good temporal resolution. Figure 5 shows the result of the
inversion for the six most densely sampled and reliable stations. Although there are some time periods
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Figure 6. (a) Number of pairs of repeating earthquakes versus time between pairs in 1 week bins. Similar earthquakes
repeat on yearly timescales and are not randomly distributed with time. (b) Matrix of number of pairs of earthquakes
where one earthquake occurs in the month denoted by row, and the second occurs in the month by column. The matrix is
symmetric, does not take into account which earthquake occurred first, and only includes pairs of earthquakes with time
between earthquakes greater than 6 months. Although we have more pairs that occur each summer, pairs that occur in
winter repeat primarily in winter. For both plots, only repeating earthquakes of M0+ and depths <4 km are included to
reduce effects of biased sampling of smaller earthquakes during the summer and lack of sustained earthquakes at depth.

during which the solution is not well resolved, there is a strong annual cyclicity in the relative velocity change
for most of the stations. The Fourier transform of the velocity change on the nearest four stations has a strong
peak near 365 days, with a secondary peak around 183 days, indicating that the changes are seasonal. Since
we are more interested in velocity changes due to changes within the volcano itself, we have also inverted for
velocity change using a subset of earthquakes in the depth range 4 to 10 km, where we expected that
changes from the magma chamber could be more visible due to a deeper source and sampling volume.
Although the seismicity is more clustered in time, there are pairs of repeating earthquakes that span the gaps
between swarms. Figure 5b also shows the remarkable similarity between relative velocity changes for the
1 to 4km and 4 to 10 km depth ranges and demonstrates that seasonal velocity changes are stronger than
any other signal from within the volcano for the entire depth range we consider. The similarity in amplitude
of the annual velocity changes for both subsets further suggests that our coda waves are primarily composed
of surface waves sampling the shallow subsurface, consistent with our 1-10 Hz band pass.

5. Seismicity Rate and Seasonal Repeaters

We observe a greater rate of repeating earthquakes during summer than winter when we include the
entire catalog regardless of magnitude. Christiansen et al. [2005] found that M1.5+ earthquakes at MSH are
statistically more common between July and October than during the rest of the year. There is still a possibility
that this is in part an artifact of an incomplete catalog due to station health during the winter. Christiansen et al.
[2005] attribute the increased seismicity to reduced normal stress from snow unloading and/or increased pore
pressure of between 8 and 64 kPa from a rise in groundwater level by pore pressure diffusion.

Another observation is that the time between pairs of earthquakes is not randomly distributed but has
annual cyclicity and further suggests that seismicity and stress changes in the shallow subsurface are
seasonal in nature. Figure 6 illustrates that although most pairs of earthquakes have less than 6 months of
time between them, there are a significant number of pairs that recur on a nearly yearly basis. Pairs that occur
only in summer dominate the seasonal recurrence of repeating earthquakes, but other seasons show a similar
preference. If the shallow, heterogeneous stress field is changing throughout the year from hydrologic
changes, then the different families of earthquakes could be responses to those changes. That is, earthquakes
that happen in the winter might have different orientations than the earthquakes during the summer, and
although they may be located close to one another, they don't have similar waveforms.

6. Interpretation

6.1. Seasonal Variation as Climatological Loading

Comparing the relative velocity change as a function of time within each year reveals that the largest changes
in velocity do not occur with the same pattern on every station (Figure 7). Stations on the volcano (HSR and
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Figure 7. Velocity as a function of month of year, demeaned raw solu-
tions in light gray and average in thicker black. Dashed line corresponds
to average yearly snow load at SNOTEL station 748 in Sheep Canyon.
Dotted line corresponds to average lake elevation at Spirit Lake, plotted
with an inverted y axis to better illustrate the anticorrelation. Shaded area
denotes months of the year with increased shallow seismicity from
Christiansen et al. [2005].

SHW) have the highest relative
velocity changes in the spring months
(March through May), while stations
off the volcano (STD and JUN) have
highest changes in the late summer
and early autumn (August through
October). Although less obvious, the
timing of the secondary peak for
stations on the volcano aligns with the
primary peak for stations off the
volcano, and vice versa. To test how
well the differences between stations
are actually resolved by the inversion,
we can compare the reduced chi-
square misfit (x24) for the data at each
station with various velocity change
models, y(t). For example, a y2, value
calculated for the data from HSR and
model from JUN of close to 1 would
indicate that the model fits the data
within the measurement uncertainties
and accounts for the number of degrees
of freedom. Table 1 summarizes the
values of y2, for data from the six best
stations and models with no velocity
change, the best model for that station,
HSR's best model, JUN’s best model,
and a model using data from all stations
in the same inversion. Perhaps
unsurprisingly, using the model of JUN
with the data from HSR (and vice versa)
results in a significant increase in the
misfit, even more than the assumption
of zero change. We conclude that the
models of velocity change are unique
and resolvable from each other.

Given that the difference in
amplitudes between stations is
resolvable, the differences most likely
represent different processes to which
stations have varying sensitivity with
an ~6 month offset and recurrence
interval of 1 year. The high relative
velocity in March corresponds to the
peak annual snowpack, which we
have verified using four SNOTEL
stations in the Mount St. Helens
vicinity (Figure 2) and would act to
increase the velocity by closing cracks
due to increased surface loading. The
general shape of the snowpack curve
(Figure 7) corresponds to the velocities
at stations nearest the volcano (HSR
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Table 1. Comparison of x%, Misfit of Data to Different Models

Zero Change Best Fit HSR Model JUN Model Hybrid Model
HSR 6.26 225 225 8.00 4.78
SHW 5.15 1.84 3.73 5.99 3.53
STD 4.09 1.86 6.26 3.19 293
JUN 5.64 1.86 8.11 1.86 2.73
CDF 2.16 1.51 6.81 3.84 2.08
FL2 1.90 1.51 11.07 5.65 239

and SHW) with nearly zero lag. Also, HSR and SHW would receive more snow than JUN and STD due to their
elevation, and the relatively slower velocities in spring 1996 that occurred during a year with lower snowpack
further suggest a causal relationship (Figure 8a).

The later peak in relative velocity in September corresponds to times when earthquakes occur more
frequently. It seems to us an unlikely coincidence that increased velocity and earthquakes occur during the
same time of year. One possibility is that an increase in the height of the groundwater table increases pore
pressures and reduces local effective normal forces, resulting in more frequent earthquakes. In addition, an
increase in the height of the groundwater table could increase velocities by closing cracks due to the weight
of the water, similar to snow pack, or through poroelastic effects. Although no direct measures of the
groundwater table are available in the area, lake elevation data from Spirit Lake may be used as a proxy and
constraint on groundwater models. Simple hydrologic modeling by Christiansen et al. [2005] indicates that
the groundwater level change is on the order of 1 to 9 m. The timing of the maximum highs in modeled
groundwater levels qualitatively coincides with the onset of increased seismicity rate and relative velocity
increases. A complication of this interpretation is that the depth of the water table is unknown but could
potentially be several kilometers deep [Hurwitz et al., 2003] or only a few tens of meters deep if there is a
perched aquifer [Bedrosian et al., 2008].

Lake level data serve as a proxy for groundwater changes. When lake elevation is compared to velocity
(Figures 7 and 8b), we find that the two are anticorrelated. The September peak in velocity increases at STD,
and JUN corresponds to lower lake elevations, suggesting that shallow water loading is likely not affecting

20 T T T T T T T T T
a)
i WWVJW\/\AI
0.0 = f /\"/\
Solution at HSR
Snow Load at Sheep Canyon
| | |

987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
2.0
T T T T T T T T T T T T T T T T T

Solution at JUN
Spirit Lake Elevation

% Relative Velocity Change (%5 v/v)

=)

0.0

| | | | | | | | | | | 1 |
1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Year

Figure 8. (a) Comparison of full velocity record at HSR with snow load. Note that lower velocities in 1996 correspond to a
winter with lower snow loading. (b) Comparison of full velocity record at JUN with elevation of Spirit Lake, which we use as a
proxy for shallow fluid saturation. Lake elevation is plotted with an inverted y axis to emphasize anticorrelation of satura-
tion with velocity.
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\ the velocity. We propose instead that at
HSR the lower elevations of STD and JUN,
05k . velocities reflect fluid saturation in the
shallow subsurface, such that decreased
water saturation (indicated by low lake

0 7 level) increases the velocity, and vice
versa [e.g., Grét et al., 2006]. At higher

é” o5k | elevations, velocity changes are smaller
8 during this time of year, so fluid saturation
2, may not change much seasonally. We
'§ -1.0 L+ 1t 1 1 1 1 1 1 note that lake level was abnormally
E 1.0 J |F|M|A|M|J|J IAISIOINID high in early 1996 and 1997 compared
.'12’ STD with other years, but this does not
® correspond to extraordinary decreases in
€ 05F 1 the velocity change record. We presume
e during most years that complete

0 saturation was achieved, and during those

2 years, lake level increased beyond the
level corresponding to full saturation and
—05k _ had no extra effect. Changes in saturation
are likely very shallow (on the order of
perhaps a few meters) and should not
affect seismicity at depth. Therefore, the
simplest explanation of correlation
between seismicity and velocity is that
seismicity is more related to snow

Figure 9. Velocity as a function of month of year in two different unloading and anticorrelated with the
frequency bands (1-5 Hz and 5-10 Hz) at stations HSR and STD. The higher velocities in winter.

difference between the 1-5 and 5-10 Hz bands suggests that the velocity
changes in spring are deeper than the changes in autumn, due to the
frequency-dependent depth sampling of surface waves in the coda.

J FM A M J J A S O N D
Month of Year

Band pass: 1-5Hz 5-10Hz

Let us also briefly consider other possible
candidates for seasonal changes in
velocity. Thermoelastic strain (i.e.,
deformation related to spatiotemporal variations of temperature) could also produce seasonal velocity
changes through seasonal changes in temperature [Ben-Zion and Leary, 1986; Meier et al., 2010] but does not
readily explain the generation of seasonal earthquakes or the discrepancy in sensitivity between stations.
Daily to weekly variations in barometric pressure of a few kilopascals have been shown to alter velocities in
wells [e.g., Silver et al., 2007], and barometric pressure also varies seasonally. Barometric pressure is not
measured at SNOTEL stations near Mount St. Helens, and the nearest comparable station (approximately
100 km north) at Burnt Mountain (SNOTEL site 942) measured seasonal variations of <1 kPa with higher
pressures during the summer. The amplitude of the barometric pressure variations is significantly less than
that due to snow loading and is likely insufficient to explain the velocities at STD and JUN. Weekly variations
in barometric pressure there are on the order of 3-4 kPa, which could contribute to some of the misfit in our
inversions, as we do not allow velocities to change on timescales shorter than 2 weeks.

One way to discriminate between possible sources is if we filter the coda in separate frequency bands (1-5
and 5-10 Hz; Figure 9). The higher frequency velocity changes are greater than the lower frequency changes
in September, and the reverse is observed in March. If we assume the 1-5 Hz energy is sampling deeper than
5-10 Hz due to the frequency-dependent depth sampling of surface waves in the coda, this result suggests
that the peak velocities in September are located shallower than in March, which is most consistent with
shallow fluid saturation variations.

6.2. Response to Nisqually Earthquake

Decreases in seismic velocity are commonly observed following earthquakes, particularly on soft soils, and
have been interpreted by other authors as nonlinear response to shaking, which heals on the timescale of
seconds to years [Dodge and Beroza, 1997; Li et al., 2007; Rubenstein et al., 2007; Brenguier et al., 2008b;
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1.5 T T T T T T T T
' ' ' ' ' ' ' ' ' Sawazaki et al., 2009; Wegler et al., 2009;
HSR Yamada et al., 2010; Tatagi et al., 2012].
10 F - One clear nonannual signal is a sharp
° decrease in velocity in early 2001 of 0.2%
2 SHW _____———— — | atCDFandFL2,0.5% at SHW, and 0.7% at
5 05~ 7 HSR (it is unresolved at STD due to a low
2 JUN number of pairs crossing the date of the
§ oE | earthquake, and difficult to objectively
2 quantify at JUN). The timing of this
S STD decrease corresponds exactly with the
S -05 [ - 28 February 2001, M6.8 Nisqually
o« earthquake, which occurred 113 km to
* CDF
— = ——— —~__— the NNW of MSH at 52km depth.
-1.0 [ -
FL2 The Nisqually earthquake is unique in that
T—— itistheonlylarge or local earthquake that
1. N S S T [ R S S R S - — coincides with an observable change in
1988 1990 1992 1994 1996 1998 2000 2002 2004

velocity in our data. There are no obvious
changes during the times of the M5.8
Figure 10. Inversion solution with greater weight of smoothing regular- Satsop earthquake‘in 1999, the M5.4
ization, mostly damping the annual signal with the exception of 1989  Duvall earthquake in 1996, a nearby

and 1998 on stations JUN and STD due to the large amount of pairs. M4.9 in 1989, or the more distant M7.9

Vertical line corresponds to time of Nisqually earthquake; the step-like  penali earthquake in Alaska in 2002. The
decrease in velocity has also been smoothed as a result of the increased Nisqually earthquake imparted peak

regularization. Times of increased deep seismicity and deformation are .
ground acceleration (PGA) on the order of

highlighted in gray, at the same times as in Figure 1.

6 to 7% g to the entire network at MSH,

based on the PNSN ShakeMap. This was
likely the strongest shaking during the 18 year study period; all other earthquakes cited above had estimated
PGA less than 2% g at MSH. However, this acceleration is low compared to the level of shaking considered in
the literature, where the largest changes also occur near the rupture. Additionally, the velocity does not
recover in at least the next 3 years as one might expect for a nonlinear soil-related response, and there is no
appreciable difference between the amplitude in different frequency bands, further suggesting that the
velocity change is not concentrated at the surface. Given the distance from the earthquake and that the
observed changes are concentrated nearest the volcano’s summit, the most likely explanation is a dynamic
yet permanent response to shaking. Battaglia et al. [2012] studied the response of Yasur volcano to a nearby
M7.3 earthquake and also found the maximum change that occurred near the summit. PGA and velocity
changes at Yasur are comparable, though slightly higher, than MSH for Nisqually (0.5-3.5% velocity change
and ~15% g). Battaglia et al. [2012] proposed opening of cracks near the volcanic conduit due to permeability
enhancement [Rojstaczer et al., 1995] or exsolution of magmatic gases as possible explanations for decreased
velocity at Yasur, which may also be appropriate to apply at MSH.

Year

6.3. Long-Term Trends

By increasing the weight of the regularization in the inversion, we can damp out the annual signal to more
clearly compare long-term trends without introducing unnecessary artifacts from filtering the best fit. One

by-product is smoothing of steps in velocity, such as due to the Nisqually earthquake or any smaller steps

that might be present but obscured by the large annual signal. Figure 10 shows the result of damping the

inversion just enough to eliminate the seasonal signal. The velocities increase and decrease in roughly

the same way for most of the stations, though with different amplitudes. This similarity leads us to believe

that the signal is real and not a station-specific artifact. Also, it is small or nonexistent on stations far away

from the volcano (CDF, FL2) and slightly smaller for stations near the summit (SHW, HSR) than further from
the summit (STD, JUN).

We do not see a relationship between the times of deep swarms and the sense of velocity change. Velocities
generally increase during the 1989-1992 and 1998 swarms and perhaps decrease around 1995, but such
changes are not unique to just these time periods. There is no convincing evidence of magma injection that
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Table 2. Parameters for Estimating Surface Strain Due to a Pressure  \would presumably change velocities

e o Dggitn during the other periods, indicating the

majority of the long-term signal is

5MPa 0.25 1.0e10 Pa 6500 m 11500 m 500 m persistent and likely not directly related
to magmatic injection. Although we find
no conclusive evidence for a change in
velocity during the times of proposed intrusions, it is still possible that some changes are volcanic in origin or
potentially related to accumulation of exsolved gases from depth. We also note that, as mentioned before,
1996 was a dry year and may be partially to blame for the relative decrease in velocity. If that is the case, an
alternative explanation for the long-term trend is that it is related to variability in the water table over the
course of several years. Again, without well data we cannot independently verify whether this is the case.
Other possibilities for increasing velocity are the growth of Crater Glacier or settling of the dome, but the
large signal at more distant stations suggests a distributed source.

AP v u (@] C a

7. Discussion

For the 1987-2004 time period at MSH the subsurface velocity structure appears to respond to small stress
changes, such as those due to the loads imparted by seasonal precipitation and shaking from a distant large
earthquake. However, we do not see any correlations between velocity changes and the time when injections
of magma have been proposed to occur beneath MSH. A possible explanation for why we do not see any
evidence of magma injection is that velocity changes caused by intrusions were small and/or localized where
we have little sensitivity with this method, which is limited to the providing information only about the
volume sampled by coda waves. As we have seen from the similarity of velocity changes for shallow and deep
earthquakes, coda waves may not sample the deeper part of the magmatic system, where magma likely was
accumulating in 1987-2004, as much as the shallower subsurface. Successful detection of deeper changes in
velocity associated with small injections of new magma may depend on favorable occurrence of well-
distributed deeper earthquakes and dense scattering. However, we expect that a velocity change due to an
intrusion would not be limited to the chamber alone and would be distributed around the chamber and to
the surface as the host rock deforms due to the increased pressure in the system.

Let us consider the amplitude of a velocity change at the surface due to increased pressure in the magma
chamber. We know from Moran [1994] that focal mechanisms of deep earthquakes corresponded to pressure
changes within an approximately cylindrical magma chamber, which increased from below lithostatic
pressure during 1980 to above lithostatic pressure in 1987-1992. Although there is a large trade-off between
parameters, especially chamber radius and pressure, misfits decreased significantly for pressures more than
5 MPa above lithostatic pressure. We solve for near-surface deformation and strain for this pressure increase
within the magma chamber by approximating it as an oblate spheroid following Bonaccorso and Davis [1999]
and Lisowski [2006]

ur =

_ a’AP (ﬁ 2¢i(—3 4 5v) N 56(1 —2v) — 2¢r* (=3 + 5V))

4ur \R? Rq R3
Us = 0 (4)
2AP (2 2(=2+4+5v) (3 —-10v) —2r2(=3 +5v
= D22 (4 2290 =100 a3 s 5
4,ul' R1 R1 RZ
ou
& = 87,’ (6)
u
&t = — (7)
r
v
&2z = 1-v (e + €xt) (8)

where u is displacement in the radial, tangential, and up directions; ¢ is strain; AP is change in pressure; a is
the radius of the chamber; ¢; is the depth of the top of the chamber; ¢, is the depth to the bottom of the
chamber; r is horizontal distance from the center of the chamber; Ry = \/r> + ¢ and Ry = /r2 + c% are the
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Table 3. Parameters for Estimating Murnaghan Constant m

v E 10) p dv/v m/u
Snow load 0.25 1.0e10 Pa 12 10 to 20 kPa +0.7% —6e3 to —1e4
Water table 0.2 10 to 90 kPa +1.0% —9e3 to —8e4

@Assumes water exists only as snow above the surface.

distances from a point on the surface to the top and bottom of the chamber, respectively; v is Poisson’s ratio;
and u is the elastic modulus. For Mount St. Helens we assume values listed in Table 2.

Strain can then be related to change in shear velocity by using a simplified form of Hughes and Kelly [1953,

equation (11)]
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Figure 11. (top) Estimations of displacement, (middle) strain, and (bottom)
velocity change at the surface assuming a 5 MPa increase in pressure
within the MSH magma chamber. Distances to GPS and seismic stations
are noted by vertical lines and labeled. The displacements are at or below
the level of detection for GPS motion, consistent with the lack of observed
motion. Although SH velocity is above the noise level for velocity change,
coda waves are likely much more sensitive to SV velocity, which is below
the noise level.

dV12 _ 2mé + ness

9)
Vi2 4,u

where m and n are two of the three
Murnaghan third-order elastic
constants, u is the shear modulus, 9 is
dilatation or volumetric strain, and ¢33
is strain perpendicular to the direction
of travel and polarization of the wave
(e.g., &,, for vertically polarized shear
wave (SV) velocity). The Murnaghan
constants, m, n, and /, account for
nonlinear elastic deformation, including
opening and closing of cracks. We can
estimate the Murnaghan constants using
equations proposed in Tsai [2011], which
relate strain from hydrologic loading to
change in velocity. We can combine
equations (10) and (17) of Tsai [2011] to
estimate the magnitude of m/u at the
surface as follows:

m dv E
WV ((1 I fzv>¢p) 1o

where u is the shear modulus, v is
Poisson’s ratio, E is Young’'s modulus, ¢
is porosity, p is pressure from the
height of a column of water (or snow
water equivalent), and dv/v is change
in velocity. Using the values in Table 3
under the assumption that the spring
velocity changes are a response to
direct loading due to the weight

of snowpack and the possibility

that autumn changes are due to
groundwater level, the ratio m/u is
close to —1 x 10% at the high end of
observed values in laboratory
experiments for highly cracked
samples [Tsai, 2011]. Without further
constraint on the value of n, we assume
it is close to m. Therefore, the
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maximum value of change in SV velocity for our theoretical magmatic intrusion is approximately —0.05%
(Figure 11). Although strain and velocity increase with depth, this change is still near or below the level of
noise with our method, so it is possible that a 5 MPa pressure increase could have escaped detection even
without consideration of finite compressibility of a zone around the chamber [Mastin et al., 2008; Dzurisin
et al., 2008]. Ueno et al. [2012] observed decreases in velocity of 0.2-0.8% during several intrusion-related
swarms with estimated volumes on the order of a few thousand cubic meter; however, these intrusions were
also accompanied by measurable surface deformation and volumetric strain of more than 1076, Our
predicted strain is roughly an order of magnitude less than this, consistent with our lack of observable
velocity change. The choice of pressure increase is somewhat arbitrary but allows us to estimate an upper
bound on the change in pressure in the chamber given our lack of detection to as much as 10 MPa for a
chamber of 500 m radius.

8. Conclusions

We used CWI to create a continuous record of seismic velocity change using triggered earthquake data
spanning nearly two decades to investigate the history of magma injection and pressurization of the MSH
magmatic system. This method is complementary to other studies of velocity change using continuous data,
such as ambient noise interferometry, but can be applied to older data sets where continuous data are
unavailable and only a triggered record exists. Temporal resolution of velocity change is dependent on the
rate of repeating seismicity and could also be applied to more frequent swarms of earthquakes, like those
during volcanic eruptions, to produce a record of velocity change on a significantly shorter timescale than
presented here.

In this study, we did not resolve a velocity change due to magmatic intrusion(s), though the lack of velocity
change directly attributable to the volcano between the 1980-1986 and 2004-2008 eruptions is consistent
with a lack of precursory deformation. We concede that it is possible that intrusions occurred but did not
pressurize the chamber enough to alter the shallow velocity structure to which this technique is most
sensitive. We estimate the maximum pressure change that could have escaped our detection to be on the
order of 10 MPa, which is within the previously estimated bounds of pressure changes determined by deep
earthquake focal mechanisms. We found well-resolved seismic velocity changes that are dominated by
seasonal variability, likely caused by climatic forcing such as snow loading and shallow water table
fluctuations. In addition, the increased rate of seismicity is anticorrelated with the higher velocities in late
winter, and we believe this is most likely due to snow unloading. The most significant nonseasonal signal is a
decrease in velocity at the time of the Nisqually earthquake, during which shaking dynamically likely caused a
permanent alteration of the velocity structure. We suggest that the shallow seismicity and observed velocity
changes are indications that the volcano was pressurized and sensitive to relatively small pressure changes of
a few kilopascals well before the 2004 eruption.
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