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Periodically Triggered Seismicity at Mount Wrangell,
Alaska, After the Sumatra Earthquake

Michael West,* John J. Sanchez, Stephen R. McNutt

As surface waves from the 26 December 2004 earthquake in Sumatra swept across
Alaska, they triggered an 11-minute swarm of 14 local earthquakes near Mount
Wrangell, almost 11,000 kilometers away. Earthquakes occurred at intervals of 20 to
30 seconds, in phase with the largest positive vertical ground displacements during
the Rayleigh surface waves. We were able to observe this correlation because of the
combination of unusually long surface waves and seismic stations near the local
earthquakes. This phase of Rayleigh wave motion was dominated by horizontal
extensional stresses reaching 25 kilopascals. These observations imply that local
events were triggered by simple shear failure on normal faults.

After the great earthquake in Sumatra (7), local
earthquakes spaced evenly in time occurred at
Mount Wrangell, one of the world’s largest
andesite shield volcanoes. Located in south-
central Alaska, Mount Wrangell anchors the
eastern end of the Aleutian-Alaska chain of arc
volcanoes (Fig. 1). Fumaroles, frequent seis-
micity, and historical steam plumes attest to
Wrangell’s active geothermal system (2).
Because of its volcanic and seismic activity, a
network of seismometers is jointly operated in
the Wrangell area by the Alaska Volcano Ob-
servatory and the Alaska Earthquake Informa-
tion Center. Surface waves from the moment
magnitude (M) 9.0 Sumatra earthquake on 26
December 2004 propagated across the regional
network and produced vertical trough-to-peak
ground displacements of 1.5 cm. A swarm of
14 earthquakes near Mount Wrangell occurred
during the passage of the Rayleigh waves (fig.
S1), about 1 hour after the initial rupture in
Indonesia (Fig. 2).

Six of the local events were large enough to
be located. All of these were within 10 km of
the summit caldera. The local signals were
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strongest near the summit at station WANC,
suggesting even tighter clustering. Determina-
tion of precise locations and focal mechanisms
was inhibited by the emergent waveforms and
the modest four-station local network. With one
exception, located events occurred at depths of
2 km or less. Magnitudes ranged up to local
magnitude 1.9. The variation in waveforms and
amplitudes, and the scatter in event locations,

160° 150°

indicate that the triggered events were not
coming from a single source but instead were
dispersed around the summit. Some of the wave-
forms may be composites of more than one
simultaneous event. Although 90% of the rou-
tinely located seismicity at Wrangell is of the
long-period type (3), the events in the triggered
cluster appear to have been high-frequency
tectonic events (except for event 3, Fig. 2B).

Small earthquakes are common at Wrangell.
A comparison to the two days before and after
the Sumatra earthquake, however, shows a less
than 1% probability of six randomly occurring
events of any type in any 10-min window. This
probability is further decreased by the require-
ment of magnitudes up to 1.9; high-frequency
tectonic origin; even spacing between events;
and coincident timing with teleseismic Ray-
leigh wave ground motion. Although these

Fig. 1. Map with great circle paths
from Sumatra to Mount Wrangell.
Surface waves arrived at Wrangell
from the west-northwest. Sta-
tion WANC is at the summit of
Wrangell. Three other short-period
stations, including one three-
component instrument (not
shown), are located within 10 km
of WANC. Stations PAX and HARP
are nearby broadband instruments
that are 115 and 72 km from
WANC, respectively.
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additional constraints are hard to quantify
formally, they remove any doubt about whether
the timing of the local swarm and the Sumatran
event could be coincidence.

Remotely triggered seismic swarms in
volcanic and geothermal regions have been
documented after numerous earthquakes. The
first well-documented example of widespread
triggering was the 1992 M 7.3 Landers

earthquake, which initiated swarms at several
locations in the western United States (4, J5).
The M, 7.9 Denali earthquake in 2002
triggered swarms at distances up to 4000 km
(6). The recent Wrangell episode demonstrates
that great earthquakes can perturb geothermal
and volcanic systems around the world.

The hydrothermal system at Wrangell has a
history of being disturbed by earthquakes (7).
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Fig. 2. Seismic records of the Sumatra earthquake and local events at Mount Wrangell. (A) Vertical
component displacement record from short-period station WANC, plotted against universal time
on 26 December 2004. Large-amplitude Rayleigh phases arrived in Alaska 1 hour after the Sumatra
earthquake. (B) Expanded view of surface wave displacement at WANC. The upper record is
filtered on 0.5 to 20 Hz to highlight high-frequency local earthquakes (indicated by numbers 1 to
14). The lower record is filtered instead on 0.01 to 0.1 Hz to show teleseismic ground motion.
Large-amplitude vertical excursions of the teleseismic signal are correlated with the occurrence of
local events. Estimates of true ground motion are unreliable at long periods for this short-period
instrument. (C) Spectrogram showing frequency content of local events, obtained by applying a
Fourier transform to 5-s windows of the WANC record. db, decibels. (D) Comparison of WANC
displacement records to those from nearby broadband stations. Distances given are the distance to
the station from the Sumatra earthquake epicenter. Dashed lines mark a time axis that has been
skewed to adjust HARP and PAX records to appear as if they were recorded at WANC. HARP and
PAX records are shifted by 24 and 37 s, respectively, corresponding to a velocity of 3.1 km/s. Scale
bars mark the amplitude of displacement recorded at HARP and PAX. All three records show
excellent phase correlation, affirming the reliability of short-period station WANC. The sensors at
WANC, HARP, and PAX are a Mark Products L-4, a Giiralp CMG-3T, and a Streckeisen STS-2,
respectively.
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The seismicity rate at Mount Wrangell dropped
by 50% in the five months after the Denali
earthquake (3). In the Denali case, static stress
changes due to motion on the fault, less than
100 km away, present a plausible control on
seismicity that cannot be invoked in the recent
episode. No change in the seismicity rate has
been observed since the Sumatra earthquake.
Although different mechanisms may be at work
in each period, the post-Denali changes indi-
cate that the open hydrothermal system at
Wrangell exists in a tenuous equilibrium.

The events at Mount Wrangell are distin-
guished from other remotely triggered swarms
by the one-to-one correspondence between
local earthquakes and cycles within the tele-
seismic wave train. All of the 14 Wrangell
earthquakes that occurred during the passage of
large-amplitude Rayleigh waves occurred dur-
ing the same phase of the teleseismic waveform
(Fig. 2B and fig. S2). The best comparison
between local and teleseismic records was pro-
vided by station WANC (Fig. 2B). The 30-s
surface waves were clearly recorded despite the
1-Hz natural frequency of the vertical short-
period sensor. A formal instrument response cor-
rection was applied to the data. Conceptually,
this correction consists of an amplification of
several orders of magnitude and a phase shift of
180° for relatively long periods such as those
described here (8). Because short-period instru-
ments are not designed for interpreting teleseis-
mic surface waves, we compared the corrected
traces to nearby broadband instruments, each
corrected for individual response. The broadband
sensors were too far away to record the local
swarm. They were essential, however, in verify-
ing the short-period instrument response correc-
tion and providing more reliable ground motion
amplitudes. This comparison demonstrates that
the short-period instruments accurately captured
the phase of the surface wave signal (Fig. 2D),
despite a relative gain of less than 0.001 for
30-s periods relative to 1-s periods.

We compared the local events with the
Sumatra earthquake by investigating the arriv-
als recorded at station WANC, with the caveat
that event origin times may be 2 to 3 s earlier
than their arrival times. A shift of 2 to 3 s will
have a negligible effect on correlation with 20-
to 30-s surface waves. We integrated the
original velocity records to displacement for
ease of visualization. All local events correlated
with periods of positive vertical ground dis-
placement. In addition, there is a correspon-
dence between the amplitude of displacement
and whether or not local events were triggered.
Phases with amplitudes below 0.25 cm did not
trigger events. Given the derivation described
below, this corresponds to a threshold transient
stress of ~8 kPa. An M 8.1 earthquake near
the Macquarie Islands 3 days earlier produced
stresses an order of magnitude lower and was
not accompanied by anomalous earthquakes at
Mount Wrangell.
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The key to understanding these events
was provided by nearby broadband, three-
component seismometers that linked the events
to teleseismic radial retrograde motion indicat-
ing Rayleigh waves (fig. S1). Shear and normal
stresses work in tandem to promote faulting.
Shear stresses alter the forces acting along fault
planes, whereas normal stresses alter the con-
fining pressure and friction across the faults.
Alhough we do not know the orientation of
faults deep within Mount Wrangell, analysis of
the Rayleigh wave stress field can give insights
into the faulting mechanism. We used a two-
dimensional half-space model to estimate
normal and shear stresses in the vertical and
radial directions (9). We started with equations
for particle displacement for a 30-s Rayleigh
wave traveling with a phase velocity of 3.7 km/s.
We calculated spatial derivatives to obtain
strain and stress values across horizontal and
vertical planes, using constitutive laws that
assume a Poisson ratio of 0.25 and a shear
modulus of 35 GPa (Z0) (figs. S1 to S3). The
horizontal and vertical normal stresses, 6, and
G,,, vary in phase with one another and are in
phase with vertical ground displacement.
Shear stresses ¢, and G, are out of phase
by a quarter cycle and peak when the vertical
displacement is 0. The exact stresses and
depths vary greatly as a function of Rayleigh
wave frequency and velocity structure. How-
ever, a few trends are clear. Near the surface,
o, is necessarily the only nonzero stress com-
ponent (fig. S3). ¢ diminishes with depth,
whereas 6, increases until the two are equal in
the mid-crust. The shear stresses, 6 and o,
are zero at the surface and increase with depth.
In a realistic Earth structure, stress concentra-
tions will occur near subsurface boundaries;
however, these basic trends remain. The events
at Mount Wrangell occurred in the top few
kilometers, suggesting that failure was con-
trolled primarily by changes in the horizontal
normal stress, 6, which varied by up to
125 kPa. Specifically, the events occurred dur-
ing periods of extensional horizontal stress.

The apparent instantaneous initiation of
earthquakes during periods of positive ground
displacement constrains the possible mecha-
nisms for triggered seismicity. The correlation
suggests that triggering is not due to a cumu-
lative stress effect over many cycles. Rather,

Fig. 3. Schematic showing the maximum

the triggered events are the result of deforma-
tion over the preceding several seconds only.
This is further confirmed by the observation
that local events began immediately after the
onset of large-amplitude Rayleigh wave dis-
placements. Our favored explanation is simple
shear failure. The correlation with extensional
horizontal stress implies that the most favor-
able fault mechanisms are normal faults
striking perpendicular to the direction of wave
propagation (/7). We do not have fault mech-
anism information to verify this possibility.
However, the analysis of individual stress com-
ponents provides a powerful tool for future
studies in which fault mechanisms are known.
Many different behaviors are encompassed
under the broad label of triggering, and more
than one mechanism is likely at work. In this
case, however, the immediate failure of normal
faults as a result of transient stresses can ex-
plain the features we observed.

An additional attraction to shear failure is
its simplicity. In the case of Mount Wrangell,
secondary effects involving fluid movement,
bubbles, or crack weakening are not required.
The events at Mount Wrangell occurred during
phases of reduced confining pressure when
faults were shifted closer toward failure. This
does not explain how such minute stress
changes are capable of stressing a fault to
failure. After more than a decade of docu-
mented remote triggering episodes, it is clear
that most occur in geothermal or volcanic sys-
tems, suggesting that high pore fluid pressures
already maintain faults close to failure (12—15).
The recent earthquakes are similar to prior
triggering episodes in that high existing pore
pressure may have primed fractures for failure
in response to small transient stresses. The
geothermal system at Mount Wrangell has a
50-year history of responding to large regional
earthquakes and has demonstrated that small
stress perturbations can drive substantial
changes in fumarolic discharge (7).

Although the Mount Wrangell episode does
not explicitly require the movement of pore
fluids, a fluid pumping model may be compat-
ible with our observations. In this model, a
pressure increase squeezes fluids from inter-
connected pore space into nearby fault zones
(16, 17). The assumption of an extensive hy-
drothermal system is reasonable in light of

influence of trigger mechanisms
relative to short- and long-period
displacement records. The maxi-

stresses,
Oyx and 6,

. —_—
extensional

short-
period

mum extensional stresses are
reached at the time of maximum
vertical ground displacement. The
secondary effect of high pore

pressure due to fluid pumping into \ .......
the fault zone may occur a quarter | possible
phase earlier. Alhough the flow p?es‘éu,e

in fault

long-
period

into the fault zone peaks at the
point of minimum displacement,

the total volume of fluids in the fault would lag by roughly a quarter phase.
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persistent steam emissions from the summit of
Mount Wrangell. Although increased pressure
pumps the fluids according to Darcy’s law, it is
the total volume of fluid in the fault zone that
would influence fault friction. The total fluid
volume in the ensemble of fault zones is the
integral of the flow. Thus, the maximum fluid
content should lag roughly one-quarter phase
behind the maximum pressure (Fig. 3). It is
possible that such a fluid mechanism primes
the fault zone, followed several seconds later
by extensional stresses that trigger shear
failure. The nonaligned phase relationship with
triggered events, however, indicates that the
fluid effect is a secondary factor, if it exists,
and cannot solely explain the triggering.

The observations at Mount Wrangell are an
especially clear case of what we suspect is a
more general occurrence. The correlation was
made clear by the unusually long-period
surface waves and the close proximity of seis-
mic stations. Analysis of existing data sets in
light of this pattern may reveal phase correla-
tion to be a powerful tool for identifying the
mechanisms that control earthquake triggering.
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