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ABSTRA CT

Volcanic activity in Mount St. Helensin 2004wasaccompaniedby highly similar
seismiceverts. The coda of recordedwaveformsslowly changeson a time-scaleof
a day. We analyzethesechangesusing coda wave interferometry. The absenceof
a systemic phaseshift rules out a velocity change.A comparisonof the changes
in the waveformsin di erent time windows rules out a changein the source-
time function. We show that the changesin the coda wavescan be explained
by a changein the sourceposition of about 100 m/day. This estimate depends
on the assumedsourcetype (double couple, explosion), and the velocity at the
sourcelocation. This givesan uncertainty of about a factor two in the inferred

temporal changein the sourcelocation.
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1 INTR ODUCTION

Mount St. Helens began erupting in October 2004 af-
ter having been dormant since 1986. The rejuvenated
activity has been manifested by a few vent clearing
phreatic/phreatomagmatic explosions and subsequen
extrusion of a new dacitic lava dome. As of January
2006 this new dome continuesto grow in the southern
moat betweenthe 1986 dome and the calderawall. The
calculated volume of the extruded dome in the rst 9
months of eruption was 60 million m?® (Schilling et al.,
2005).

Since October 2004 extrusion of the viscouslava has
often been accompanied by self-similar long-period or
hybrid (mixed-frequency) earthquakes, commonly ob-
sened at erupting volcanoes. These clones, or families
of events, occur as swarms and at times repeat at strik-
ingly regular intervals ranging in duration from 20 sec-
onds to tens of minutes (S. Moran, personal commu-
nication). A particularly regular and spectacular set of
these events occurred on October 8 through 10, 2004.
Although the source processof these events is a subject
of debate, most suspect that these events are assaiated
with brittle stick-slip motion of the lava asit is pushed

up through the feeding conduit (Harrington et al., 2005;
Iverson, 2005).

The highly repeatable nature of these numerous
clonessuggestsimilar source mechanisms and sourcelo-
cations occurring in a non-destructive medium. Slight
di erences in the waveform coda, which appears to
ewvolve gradually over time, are thus likely related to
slight variations in source parameters (location and/or
mechanism) and/or the media through which elastic
waves are propagating.

In this paper we proposethat the evolution of seis-
mic codas are a responseto variations in Green's func-
tion. We analyze a sequenceof stacked events occurring
during a 24-hour period on Oct. 8, 2004. Each stacked
trace is comprised of 15 to 35 traces recorded at verti-
cal componernt station STD (5 km from the dome) oc-
curring during an hour-long period (Fig. 1). Evolution
in waveform coda is evident when comparing stacked
traces from throughout the data. Systematic and incre-
mental di erences in coda is evident when comparing
stacked traces from hour 1 and stacked traces from later
agesduring the sameday (Fig. 2). Here we refer to the
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Figure 1. Hourly stacks of the vertical component ground
motion recorded at station STD due to repeat events in
Mount St. Helens on Oct. 8, 2004. The vertical axis denotes
the age, i.e., the lag time relativ e to the rst stacked trace.
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Figure 2. Enlarged superposition of the bottom trace of

gure 1 (thin lines), and the waves shown in the 13th and
24th trace of that gure (thic k lines).

di erence in recording time between traces as age in
order to separateit from the time within a seismogram.

2 THE REASON FOR THE CHANGE

What causesthe changein the waveforms with age?As
shown in the example of gure 2, there is no system-
atic phaseshift betweentrace 1, and traces recorded at
later ages.We determined the time shift betweentrace 1
and later traces by picking the peak of the time-shifted
cross-correlation using a moving time window with a
length of 2 s. The averagetime shift is 9 4 ms. This
is lessthan the sampling time. The time shift doesnot

change systematically with age, and it doesnot change
systematically with time. This indicates that the change
in the waveforms is not due to a changein velocity.

Does the source-time function change? The
recorded waves u are the convolution of the Green's
function G and the source-time function S, so that in
the frequency domain

u(!)= G(1)s(): )

This expressionalso applies to the waveforms that have
beentime-windowed. The data recorded in a time win-
dow for two di eren t agessatisfy

(agel) agel)

wmdow l(| ) = wmdow l(| ) S(aQEl)(! ) . (2)
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where the subscript indicates the time window applied
to the recorded waves and the Green's functions.

Note that we tacitly assumethat the windowing
doesnot a ect the source-time function. This is the case
when the employed window length (5 s) is much larger
than the duration of the source-time function. For the
weak events that we analyze the source-time function
has a typical duration that is much smaller than the
used window length.

Supposethat the Green's function doesnot change
with age. In that caseexpression(2) reducesto

1
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The same reasoning can be applied to a dierent time
window that does not overlap with the rst time win-
dow:

1
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This meansthat if the Green's function doesnot depend
on age

(agel) (agel)

wmdow 2(| ) - wmdow l(! ) . (5)
(3992) (age2) ’

wmdow 2(| ) uWindow l(! )

The spectral ratios in this expressioncorrespond, in the
time domain, to the decorvolution of the time-windo wed
data at two dierent ages.

Figure 3 shows the decorvolution of the waveforms
of gure 1 with the rst trace. The decorvolved waves
are basedon the waveforms in window 1 that extends
from between 0 and 5 s (thick line), and on the wave-
forms in window 2 between5 and 10 s (thin line). Be-
causeof attenuation, the spectral content changeswith
time. We rst low-passed ltered the data at 5 Hz, so
that the spectral content in both windows is similar.
We used a water-level regularization in the decorvolu-
tion, i.e., we replaced the spectral ratio uy(! )=ux(!) by
ur(M)ua (M) =(juz2(! )j>+ "), with " equal to 1% of the av-
erage spectral power. The decorvolved waves are dom-
inated by a peak neart = 0 s. This peak re ects the
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Figure 3. Deconvolution of the waveforms of gure 1 with
the wave of the bottom trace (age=0 h). The deconvolution is
applied to data low-passed Itered at 5 Hz. The thick line de-
notes waveforms obtained from a decornvolution of the waves
between 0 and 5 s, while the thin line denotes the waveforms
time-windo wed between 5 and 10 s.
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Figure 4. Zoom of the deconvolved waves of gure 3.

similarity of the waveforms recorded at dierent ages.
There are slight variations in the location of this peak
that are due to small changesin the origin time of the
traces in gure 1; this is an artifact that doesnot rep-
resert systematic variations in source phenomena. The
uctuations in the decorvolved wavesin gure 3 grow as
a function of age. These uctuations re ect the changes
in the recorded waves with age. Figure 4 shows these
uctuations in detail for later ages.The uctuations in
the decorvolved wavesinferred from the data windowed
between 0 and 5 s (thick lines) and from the data win-
dowed between5 and 10 s (thin lines), are uncorrelated.
This meansthat expression(5) doesnot hold; hencethe
assumption that the changesin the waveforms are due
to changesin the source-time function doesnot hold. We
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show in section 3 that the frequency-dependenceof the
correlation coe cien t of time-windowed and bandpass-
Itered tracesof gure 1lis not compatible with a change
in source mechanism.

The Green's function thus changeswith age. For a
xed receiver position, the Green's function can change
becauseof two reasons: (i) the medium may change,
and/or (ii) the location of the sourcechanges.A change
in the wave propagation in the volcano would be re-
ected in a change in the phase of the arriving waves
with age(Roberts et al., 1992; Snieder et al., 2002; Grét
et al., 2006). Since the data do not show a signicant
phasechangewith age,we rule out that the wave propa-
gation changessigni cantly. This leavesthe secondop-
tion, a moving source, as the most likely cause of the
changesin the waveforms of gure 1 with age.

In this work we infer the change in the source lo-
cation with agethat explains the changesin the wave-
forms of gure 1. Our analysis is based on the theory
of Snieder and Vrijlandt (2005) who relate the correla-
tion of the coda wavesrecorded at di eren t ages,to the
spatial displacemert of the seismic source.

3 THE DECORRELA TION OF THE WAVES

As shown in gure 2, the waveforms are highly repeat-
able, but they do change slowly with age. We quan-
tify this change by computing the correlation coe cien t
of earliest trace in gure 1 with later traces. Since the
correlation coe cien t depends, in general, on the em-
ployed time window and on frequency, we used various
time windows (0-5 s, 5-10 s, 10-15 s, and 15-20 s) and
bandpass- ltered the data with a 5th-order Butterw orth
Iter over seweral frequency bands (2-4 Hz, 4-6 Hz, and
6-10 Hz). Sincethe data do not show a signi cant phase
shift with age,we did not compute the time-shifted cor-
relation coe cien t. Becauseof attenuation, the signal
to noise ratio is poor in the latest time window (15-20
s) for the frequency band with the highest frequencies
(6-10 Hz). For this reasonwe do not include the correla-
tion coe cien t in this time window and frequency band
in the analysis.

Random noise in the data leads to a bias in the
correlation coe cien t becauseit makes the waveforms
more dissimilar. One can correct for this bias if the av-
eragesignal to noiseratio is known (Douma & Snieder,
2006). Under the assumption of stationarit y, the statis-
tical properties of the noise do not depend on time, and
the noise level can be estimated from the energy in the
traces beforethe rst-arriv al. In this work we correct for
the bias due to random noise by division with a scale
factor that is given by the maximum of the correlation
coe cien t for all nonzero ages. For all employed time
windows and frequency bands this maximum is attained
for the 4th trace (age= 3 h). The idea behind this scale
factor is that for small ages,the waveforms are virtually
identical. In that case,the only reasonfor a reduction
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Figure 5. Correlation coe cien t between the waveforms of gure 1 with the waveforms at age=0 h, for data band-passed
between 2-4 Hz (left panel), 4-6 Hz (middle panel), and 6-10 Hz. The correlation coe cien t is computed for time windows from
0-5 s (solid lines), 5-10 s (dashed lines), 10-15 s (dash-dotted lines), and 15-20 s (dotted lines).

of the correlation coe cien t from its maximum value
R = 1is due to the presenceof random noise.

Figure 5 shows the correlation coe cien ts of the
traces of gure 1 computed for various time windows
and frequency bands. The correlation coe cien t steadily
decreaseswith age. The dip at age= 8 his dueto a
noisy trace. The waves at higher frequencies decrease
more rapidly with agethan do the waveforms at lower
frequencies.According to expression(6) of ref. (Snieder
& Vrijlandt, 2005), the correlation coe cien t is related
to the variance of the travel time 2 by

— 12 2.
R=1 312 7%, (6)
with 12 given by
R 2dt
— u
12=R=—"_-
' u2dt ’ )

where the dot denotes the time derivative. This fre-
quency, and the correlation coe cien t, can be directly
computed from the data.

The sourcedisplacemert determines . For agiven
value of , expression(6) predicts that higher frequen-
cies give a lower correlation coe cien t than lower fre-
guenciesdo. The correlation coe cien ts of gure 5 re-
ect this frequency-dependenceof the correlation coef-
cient. Note that for all frequency bands, the correla-
tion coe cien t for the earliest time window (solid lines)
is slightly higher than for later time windows. For the
later time windows the correlation coe cien t does not
depend systematically on the center time of the time
window. The higher correlation coe cien t of the ear-
liest time window can be explained by the dierence
in the paths taken by the waves arriving in early and
later time windows. For later times, the wavestake o
from the sourcein all possible directions, and the coda
results from the interference of these waves. For early

times, the wave preferertially travel along a direct path
from the source to the receiver. This implies that the
waves recorded in an early time window have a di er-
ent sensitivity to changesin the sourcelocation than the
later arriving coda wavesdo. Sincethe theory of Snieder
and Vrijlandt (2005) is applicable to the coda waves,we
do not further analyze the correlation coe cien t for the
earliest time window (0-5 s).

A changein the sourcemecdhanism leadsto a change
a in the correlation coecient that is independert
of frequency (Robinson et al., 2006). The frequency-
dependenceof the correlation coe cien t shown in gure
5 supports the hypothesisthat the changesin the wave-
form are due to a change in the source position rather
than in the source mechanism.

4 THE INFERRED
DISPLA CEMENT

SOUR CE

Expressions (6) and (7) relate the data to the variance
on the travel-time perturbation through the correlation
coe cien t R and the squared frequency! 2. Sniederand
Vrijlandt (2005) show in their expression(53) that, for a
sourcedisplacemert along the fault, the sourcedisplace-

ment and the variance in the travel time are related by

2 3 _ 6 7 '
+ +

==faut = 7 E E _E E ; (8)
where vp and vs are P- and S-wave velocities, respec-
tively. In this expression  denotesthe variance of the
travel time assaiated with the spatial displacemert of
the source position averaged over all the waves that
leave the source (Snieder & Vrijlandt, 2005; Snieder,
2006). Using expression (6), can be retrieved from
the correlation coe cien t of the waveforms for the un-

perturb ed and perturb ed source positions.
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Figure 6. The distance between the event at age=0 h and the event at later times inferred from data band-passed between
2-4 Hz (left panel), 4-6 Hz (middle panel), and 6-10 Hz. The correlation coe cien t is computed for time windows from 5-10 s
(dashed lines), 10-15 s (dash-dotted lines), and 15-20 s (dotted lines).

Figure 6 shows the source displacemert inferred
from the correlation coe cien ts of gure 5, assuming
a double-couple source that moves within the fault
plane. In this calculation we used vs = 2000 m/s and
vp = 3vs. Note that, apart from the source displace-
ment inferred from the earliest time window (0.5 s),
there is a good agreemert in the source displacemerts
inferred from the di erent frequency bands and the dif-
ferent time windows. This agreemern provides a consis-
tency ched on the assumed model for the change in
the waveforms that is basedon the assumption that the
change in the waveforms is causedby a change in the
source position.

The di erent time windows and frequency band of-
fer redundant estimates of the change in the source lo-
cation. This redundancy can be used to estimate the
uncertainty in the source displacemert. Figure 7 shows
the average source displacemernt, and its variance, ob-
tained by averaging the source displacemert of gure
6. The sourcedisplacemert is about 100m/day, and the
standard deviation in this estimate is about 10m/day.

The standard deviation in gure 7 doesnot accourt
for errors that are due to the employed model for the
change in the waveforms. The source displacemert in
gure 7 is based on the assumption that the source
moves parallel to the fault plane. This is a natural as-
sumption for aftershocks, but it is not obvious that this
is the appropriate model for the events in Mount St. He-
lens. If the sourcewould be displaced perpendicular to
the fault zone, the sourcedisplacemert follows from the
secondterm of expression(52) of Snieder and Vrijlandt
(2005); in that casethe source displacemert would be
1.33 aslarge asthe sourcedisplacemert showvn in gure
6. If the source would be explosive, expression (49) of
Snieder and Vrijlandt (2005) is applicable; this would
lead to a source displacemert that is 1.72 as large as
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Figure 7. The mean and variance of the event separation
as a function of age, computed by averaging the event sepa-
ration of the dieren t time windows and frequency bands of
gure 6.

the source displacemert shown in gure 6. Expression
(8) is basedon body waves only.

The lack of precise knowledge in the direction of
the sourcedisplacemert leadsto errors in the estimated
source displacemert that are larger than the standard
deviation shown in gure 7.We concludethat the source
displacemert on this particular day is of the order of 100
m/day, but errors in the assumedmodel for the source
displacemert, and errors in the wave velocities near the
source, give an error of about a factor of two.
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