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SUMMARY

Microearthquake swarms occur frequently in volcanic environments, but do not always culmi-
nate in an eruption. Such non-eruptive swarms may be caused by stresses induced by magma
intrusion, hydrothermal fluid circulation or possibly other tectonic processes such as slow-slip
earthquakes. The Strandline Lake region of southcentral Alaska, located 30 km northeast of
Mt Spurr volcano, experienced an intense earthquake swarm between 1996 August and 1998
September. A total of 2507 earthquakes were recorded by the Alaska Volcano Observatory’s
permanent seismic network during the swarm period, with a maximum magnitude of My, 3.6.
The cumulative seismic moment of the swarm was 1.2 x 10'> N m, equivalent to that of a sin-
gle My, 4.0 earthquake. Because of the swarm’s distance from the nearest Holocene volcanic
vent, seismic monitoring was minimal and gas emission and GPS data do not exist for the
swarm period. However, combined waveforms from a dense seismic network on Mt Spurr and
from several regional seismic stations allow reanalysis of a representative set of swarm and
background earthquakes. Swarm hypocentres calculated using a newly formulated 1-D veloc-
ity model and station corrections indicate a roughly circular swarm volume with dimensions
of approximately 5 km, centred below 10 km below sea level (BSL). Composite fault-plane
solutions for swarm earthquakes indicate oblique strike-slip faulting with a northeast-trending
P-axis orientation. In contrast, a composite fault-plane solution for background earthquakes
indicates a fundamentally different, though poorly constrained, local stress field orientation.
Interferometric Synthetic Aperture Radar images spanning the swarm period unambiguously
show no evidence of surface deformation, but do not rule out subcentimetre-scale deformation
during the swarm. While a shallow (<10 km BSL) magma intrusion appears to be an unlikely
cause of the 19961998 Strandline Lake swarm based on the new earthquake depths and the
absence of strong surface deformation, it is possible that the swarm was driven by deep (>10
km BSL) magma intrusion representing an intrusive or protovolcanic segment of the Aleutian
arc.

Key words: Radar interferometry; Earthquake source observations; Seismicity and tectonics;
Volcano seismology; Volcanic arc processes; Dynamics and mechanics of faulting.

(Yamashita 1998). The largest earthquake in a swarm typically oc-

1 INTRODUCTION AND BACKGROUND

Intense swarms of low-magnitude earthquakes are a common
phenomenon in volcanically and tectonically active regions (e.g.
Vidale et al. 2006). Earthquake swarms are spatiotemporally clus-
tered sequences of earthquakes in which there is no principal
event, distinguishing them from main shock—aftershock sequences
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curs in the middle of the sequence and the spatial distribution of
swarm hypocentres may be random within a small cloud-like vol-
ume (e.g. Benoit & McNutt 1996). Some earthquake swarms are
clearly driven by magmatic processes, as they are followed by an
eruption (e.g. Umakoshi et al. 2001) or accompanied by other in-
dications of magma ascent such as increased gas emissions (e.g.
Roman et al. 2004) or surface deformation (e.g. Lu et al. 2000).
Other earthquake swarms, including those related to induced fluid
circulation (e.g. Ake et al. 2005; Héring et al. 2008; Dorbath ef al.
2010; Horalek et al. 2010) or followed by a main shock (e.g. Smith
et al. 2008) are clearly driven by tectonic stresses (with, in some
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cases, tectonic stresses exacerbated by circulation of geothermal
fluids). However, numerous examples exist of earthquake swarms
whose cause is not obvious even in hindsight. These swarms, which
occur in regions of recent or active volcanism in the upper ~20 km
of the crust, may be caused directly by intrusions of magma into
the shallow crust. Alternatively, they may result from increased cir-
culation of fluids above a deep intrusion of magma, perturbation of
a geothermal system by a large regional earthquake, or some other
process leading to intensification of tectonic stresses (e.g. ‘strain
transients’ along subduction zones, McNutt & Marzocchi 2004).

Detailed investigation of these enigmatic earthquake swarms is
critical for the development of a full understanding of the physical
processes that drive earthquake swarms. An understanding of the
process(es) which caused an earthquake swarm is, in turn, neces-
sary for an accurate assessment of the potential hazards indicated
by the swarm. Specifically, an accurate assessment of whether an
earthquake swarm represents a failed eruption or a failed main
shock is critical for understanding the level of volcanic and seismic
hazard in the region. Careful documentation and analysis of earth-
quake swarms thus form a framework for understanding the range
of processes that may drive earthquake swarms, and a context for
interpretation during future episodes of geophysical unrest.

Here we investigate an intense earthquake swarm that occurred at
Strandline Lake, Alaska, in 1996-1998. The cause of this swarm is
unknown, but the location of the swarm volume at the northeastern
edge of Aleutian arc indicates that it may be an intrusive or proto-
volcanic extension of the arc, possibly related to the complex triple-
junction tectonics centred on the area. Seismological analysis of the
swarm earthquakes is limited by the sparse seismic network around
Strandline Lake, and the limited availability of waveforms from key
seismic stations located to the north and east of Strandline Lake.
However, by combining waveform recordings from two permanent
seismic networks operating in the area, we are able to analyse 50
of the largest swarm earthquakes to provide a characterization of
the 1996-1998 swarm. We supplement this seismological analysis
with an analysis of synthetic aperture radar (SAR) images of the
Strandline Lake area. Although we are ultimately unable to deter-
mine the exact cause of the 1996—-1998 Strandline Lake swarm, we
document key details of the swarm and background earthquakes
including locations, depths and source mechanisms, along with
constraints on coseismic deformation. Based on this new infor-
mation, we assess and constrain the possible causes of the swarm.
Finally, our results are used to formulate guidelines for additional
work necessary to understand the specific cause of the 1996-1998
Strandline Lake swarm, and for geophysical monitoring during
future swarms at Strandline Lake and other earthquake swarms
worldwide.

1.1 Strandline Lake, Alaska

Strandline Lake is located approximately 30 km northeast of Mt
Spurr volcano and 110 km west of Anchorage, Alaska (Fig. 1). The
lake is the result of damming of the Beluga River by the Triumvirate
Glacier, and is subject to occasional outburst floods, or jokulhlaups,
during melting or collapse of the glacier (Sturm & Benson 1985).
The Strandline Lake region is underlain by Late-Cretaceous/Early
Jurassic low-grade metamorphosed slate and volcanics, Palacocene
plutonic rocks composed mostly of granite, quartz monzonite and
syenite, and older volcanic rocks (Wilson ef al. 2009).

Strandline Lake is located in a complex tectonic setting at the
northern end of the Aleutian volcanic arc, near the triple junction of
the North American and Pacific plates and the subducting Yakutat

block, and between the Denali and Castle Mountain fault systems
(fig. 2 of Eberhart-Phillips et al. 2006). Subduction of the Pacific
plate beneath the North American plate has given rise to the Aleu-
tian volcanic arc, one of the most active volcanic arcs in the world.
Additionally, the Yakutat block, an exotic terrane, is actively accret-
ing and subducting along the southern margin of Alaska (Brocher
et al. 1994). Dextral transpression of the entire Cook Inlet area ap-
pears to be driven by coupling between the North American and
Pacific plates, and by lateral escape of the Yakutat block (Haeussler
et al. 2000). The three tectonic plates/blocks appear to converge
somewhere near Strandline Lake. The Strandline Lake area is lo-
cated directly within the Denali volcanic gap (e.g. Rondenay et al.
2010), an ~400-km-long segment of anomalously low volcanic ac-
tivity extending from Mt Spurr to the 3000-yr-old Buzzard Creek
Maars near Healy, Alaska. Strandline Lake is also directly aligned
with the volcanic front formed by the active volcanoes in the Cook
Inlet region (Mt Spurr/Crater Peak, Redoubt, Iliamna, Augustine
and Fourpeaked, Fig. 1). The most recent eruption near Strand-
line Lake occurred at nearby Crater Peak (Mt Spurr) in 1992 (e.g.
Eichelberger et al. 1995).

1.2 The 1996-1998 Strandline Lake earthquake swarm

In late 1996 August, an intense seismic swarm began beneath
Strandline Lake (Fig. 2). The Alaska Volcano Observatory (AVO)
earthquake catalogue (Jolly et al. 2001; Dixon & Stihler 2009)
indicates that a total of 2507 earthquakes were recorded in the im-
mediate vicinity of Strandline Lake between 1996 August 1 and
1998 September 30, in comparison to only 11 earthquakes from
1994 January 1 to 1995 December 31 and 184 earthquakes from
1999 January 1 to 2000 December 31. The higher post-swarm level
of seismicity is most likely due to the presence of a local seismic
station (STLK) installed in 1997. Seismic activity reached its peak
rate on 1996 October 8, with 38 earthquakes recorded during one
24-h period (Figs 2a and d). All swarm earthquakes had wave-
forms similar to ‘tectonic’ earthquakes and indicative of brittle
failure, with high-frequency codas and clear P- and S-wave arrivals
(i.e. no long-period events or low-frequency tremor accompanied
the swarm). The largest earthquake recorded during the Strandline
Lake swarm was an M 3.6 on 1996 December 26, several months
after the onset of the swarm (Figs 2b and e). Swarm and back-
ground earthquakes typically have catalogue magnitudes of less
than M 2.0, and there does not appear to have been a significant
change in earthquake magnitudes between the swarm and back-
ground periods (Fig. 2b). Using M magnitudes given in the AVO
and Alaska Earthquake Information Center (AEIC) catalogues, we
calculate a b-value of 1.01 (based on an My 0.5 magnitude of com-
pleteness) for the 1996-1998 swarm (Fig. 3a). We find a similar
b-value of 1.12 (based on an M 0.5 magnitude of completeness)
for background earthquakes at Strandline Lake (Fig. 3b), indicat-
ing that no significant increase in the b-value occurred between
background and swarm periods. The cumulative seismic moment
released during the swarm (assuming equivalence between M| and
My, in continental Alaska, e.g. Ruppert & Hansen 2010) was ap-
proximately 1.2 x 10'> N m (Fig. 2¢), equivalent to a single M,
4.0 earthquake. While an earthquake with a magnitude of M, 4.0
would not be expected to cause significant surface deformation, seis-
mic swarms are frequently associated with magmatic intrusions, in
which case the geodetically determined moment can be many times
larger than the seismic moment, resulting in significant surface de-
formation (e.g. Biggs et al. 2009; Wright et al. 2006). Neither gas
nor GPS monitoring was carried out at Strandline Lake during the
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Figure 1. Map of the Cook Inlet region of Alaska showing the location of Strandl
volcanoes (grey triangles). Black diamonds represent seismic stations used for anal

ine Lake (grey star) and its proximity to and alignment with the Cook Inlet
ysis in this study (names of stations are given in italics except for the Spurr,

Redoubt and Iliamna networks), and black dots represent population centres. Black box indicates the bounds of the study area as described in the text.

swarm, and AVO did not receive any reports of anomalous activ-
ity (e.g. fumaroles, changes in lake water colour and increased
glacial/snow melting) in the area during the period of seismic
unrest.

2 SEISMIC OBSERVATIONS AND
ANALYSIS

In this section, we present analyses of earthquakes recorded in

the vicinity of Strandline Lake, Alaska. Our study area is de-
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fined by a bounding box with coordinates 61°24'N, 61°42'N,
151°30'W and 152°15’ (Fig. 1). We analyse earthquakes recorded
between 1989 December 1 and 2009 September 30, and define
the swarm period as 1996 August 1-1998 September 1. Seis-
mological analysis is focused on 50 earthquakes occurring at
Strandline Lake during swarm and background periods. These
earthquakes were recorded clearly on seismic stations throughout
the Cook Inlet region (Fig. 1), resulting in sufficient azimuthal cov-
erage for the calculation of earthquake locations and fault-plane
solutions.
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Figure 2. Rate, magnitude and cumulative seismic moment of earthquakes recorded at Strandline Lake between 1990 and 2009. Only earthquakes with
magnitudes above the approximate magnitude of completeness (0.5M, see Fig. 3) are included in the plots. (a) Number of events recorded per day from 1990
to 2009. (b) Catalogue magnitudes (M) of earthquakes from 1990 to 2009. (c) Cumulative seismic moment (based on AVO catalogue magnitudes) from 1990
to 2009. (d) Number of events recorded per day during the swarm period (1996 August 1-1998 September 1). (¢) Catalogue magnitudes (M1 ) of earthquakes
during the swarm period. (f) Cumulative seismic moment during the swarm period. The grey vertical lines indicate the date of installation of AVO seismic
station STLK, and grey shaded areas in (a)—(c) indicate the time period plotted in Figs 2(d)—(f).

2.1 Geophysical monitoring

Seismic activity in the Strandline Lake area has been monitored
continuously since the early 1990s by the AVO and AEIC. Seismic
monitoring is the only method of continuous geophysical moni-
toring currently being conducted at Strandline Lake. The majority
of the effective seismic network consists of seismometers installed
and operated by AVO on Mt Spurr and Crater Peak, a vertical
short-period seismic station (STLK) installed by AVO near Stran-
dline Lake in 1997, midway during the swarm, and AEIC vertical
short-period seismic stations SKN and SSN (Fig. 1). However, for
larger Strandline Lake earthquakes, arrivals are also clearly recorded
by the AVO seismic networks on Redoubt and Iliamna volcano,
~125 km and ~175 km to the south—southwest, respectively
(Fig. 1), and on AEIC seismic stations to the east, northeast and

southeast of Strandline Lake (Fig. 1). Thus, for larger magnitude
earthquakes, limited but adequate azimuthal coverage allows de-
termination of earthquake locations and fault-plane solutions in the
Strandline Lake area. Detailed specifications for all seismic stations
used for analysis in this study are given in Table 1.

2.2 Velocity model and station corrections

Prior to this study, a 1-D velocity model developed for Mt Spurr
(Jolly & Page 1994) was used by AVO to locate events at Strandline
Lake. However, this model results in high average rms values and
location errors, and may be inappropriate for the Strandline Lake
area as it represents crust hosting a volcanic plumbing system. A
second 1-D velocity model has been developed for southern Alaska

© 2011 The Authors, GJI, 186, 1365-1379
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Figure 2. (Continued.)

(Fogleman et al. 1993) but also results in large average rms values
and location errors for Strandline Lake earthquakes and thus may
not be appropriate for our study area.

2.2.1 Vp/Vs ratio computation

To improve hypocentre depth estimates, an average Vp/V ratio was
determined for the Strandline Lake area using a modified Wadati
method (e.g. Chatelain 1978; Pontoise & Monfret 2004). A brief
summary of the method is as follows: The differences in body wave
arrival times P; and P; and S; and S; for an event & recorded by two
stations (i, j) at hypocentral distances x; and x; are, respectively,

DTp =P —P;=(x; —x;)/Vp 1)
and

DTs =S — 8, = (x; —x;)/ Vs. )
Thus,

DTs/DTp = Vp/ Vs, 3)

© 2011 The Authors, GJI, 186, 1365-1379
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and a plot of DTy versus DT, (Fig. 4) for 120 station-pair mea-
surements indicates a Vp/Vs ratio of 1.73 for the Strandline Lake
region. This value corresponds to a linear correlation coefficient of
0.99 and rms error of 0.51, and is similar to V»/Vs values given by
Eberhart-Phillips et al. (2006) of approximately 1.70-1.75 for the
upper (<15 km below sea level, BSL) crust in the region between
Mt Spurr and Denali.

2.2.2 1-D P-wave velocity model

To improve the accuracy of locations and fault-plane solutions for
Strandline Lake earthquakes, we developed a new 1-D P-wave ve-
locity model (Table 2) and associated station corrections (Table 3)
for the Strandline Lake area using the joint inversion code VE-
LEST (Kissling et al. 1994). VELEST inverts phase arrival time
data for a set of input earthquakes using a joint hypocentre deter-
mination technique, and iterates to identify the 1-D model which
results in locations with the lowest average rms for the input
earthquakes.
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Figure 3. Frequency-magnitude distributions for (a) earthquakes occurring from 1996 September 1 to 1998 August 31 (the swarm period) and (b) background
periods from 1995-1996 to 1998-2008. Black lines denote the best linear fit to the data above the magnitudes of completeness (M, 0.5 for both periods). The

slopes of these lines give the b-value for each period.

We sought a velocity model that minimized the average rms ar-
rival time error for a set of 28 large Strandline Lake earthquakes
by systematically perturbing the initial conditions for inversion of
these events in VELEST. We repicked P-wave arrival times on the
39 stations listed in Table 1 for 28 large-magnitude (M 1.7-3.1)
Strandline Lake earthquakes with clear and impulsive body wave
arrivals to minimize rms due to picking error. To ensure that input
earthquakes had an azimuthal gap <180°, we required a clear P-
wave pick on stations SKN and SSN for all earthquakes, and a clear
P-wave pick on local station STLK beginning in mid-1997. Fur-
thermore, all 28 earthquakes had clear P-wave picks on the stations
comprising the Spurr subnet (Table 1) as well as on a subset of the
remaining 28 stations. S-wave picks were also included whenever
the timing of the S-wave arrival could be identified precisely. The
1-D southern Alaska velocity model of Fogleman et al. (1993) was
used as the starting model for the inversion. Starting with this ini-

tial velocity model and locations for the 28 input earthquakes, we
ran VELEST to determine the best-fit locations and 1-D velocity
model. If the resulting best-fit model had a large (> 1 km s!) differ-
ence in Vp between adjacent model layers, we inserted an additional
layer and repeated the inversion. If the resulting best-fit model had a
small (<0.15 km s~) difference in ¥ between adjacent layers, we
deleted an additional layer and repeated the inversion. This process
was repeated until a stable solution was obtained. As the Strand-
line Lake area is located in a mountainous region with significant
topography, the top of the calculated 1-D velocity model extends to
an elevation of 3 km above sea level (ASL).

The preferred velocity model, given in Table 2, has seven layers
spanning a depth of 3 km ASL to 25 km BSL. Due to the paucity
of three-component stations in the Strandline Lake area (limiting
the availability of high-quality S-wave picks), VELEST was used to
determine values for P-wave velocities only, and a constant V,/V

© 2011 The Authors, GJI, 186, 1365-1379
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Table 1. Description of seismic stations used for analysis in this study.

Station Network Subnet Latitude Longitude Elev (m) Sensor?
PDB AVO 59° N47.27 154° W11.55 305 L4
ILI AVO Iliamna 60° N04.88' 152° W57.50 771 L4
ILS AVO Iliamna 59° N57.45' 153° W04.08 1125 L4
LW AVO Iliamna 60° N03.59 153° W08.22 1646 L4
INE AVO Iliamna 60° N03.65 153° W03.75 1585 L4
IVE AVO Iliamna 60° N01.01" 153° W00.98 1173 L22-3C
WA AVO Iliamna 60° N00.55" 153° W04.85 2332 L4
DFR AVO Redoubt 60° N35.51" 152° W41.16 1090 L4
NCT AVO Redoubt 60° N33.73' 152° W55.76 1120 L4
RDN AVO Redoubt 60° N31.38' 152° W44.27 1400 L4
RDT AVO Redoubt 60° N34.39 152° W24.32 930 L4
RDW AVO Redoubt 60° N28.96 152° W48.57 1813 L4
RED AVO Redoubt 60° N25.19 152° W46.31 1064 L4
REF AVO Redoubt 60° N29.36 152° W41.50 1641 L22-3C
RSO AVO Redoubt 60° N27.73' 152° W45.23 1921 L4
BGR AVO 60° N45.45' 152° W25.06 985 L4
BGL AVO Spurr 61°N16.01" 152° W23.34 1127 L4
BKG AVO Spurr 61° N04.21" 152° W15.76 1009 L4
CGL AVO Spurr 61° N18.46 152° W00.40 1082 L4
CKL AVO Spurr 61° W11.78 152° W20.27 1281 L4
CKN AVO Spurr 61° N13.44 152° W10.89 735 L4
CKT AVO Spurr 61° N 12.05 152° W12.37 975 L4
CP2 AVO Spurr 61° N15.85' 152° W14.51 1981 L4
CRP AVO Spurr 61° N16.02 152° W09.33 1622 L4-3C
NCG AVO Spurr 61°N24.22/ 152° W09.40 1244 L4
SPU AVO Spurr 61° N10.90 152° W03.26 800 L4
STLK AVO 61° N29.93' 151° W49.96 945 L4
BRLK AEIC 59° N45.83' 150° W53.38 622 L4
CNP AEIC 59° N31.55’ 151° W14.16 564 L4
CUT AEIC 62° N24.28' 150° W16.17 168 L4
GHO AEIC 61° N46.33' 148° W55.45 1021 L4
MSP AEIC 60° N29.35' 149° W21.63 160 L4
PLR AEIC 61° N35.53' 149° W07.85 100 L4
PMS AEIC 61° N14.68 149° W33.63 716 L4
PRG AEIC 60° N51.87 149° W01.21 55 L4
PWA AEIC 61° N39.05' 149° W52.72 137 L4
SKN AEIC 61° N58.82' 151°W31.78 564 L4-3C
SLK AEIC 60° N30.74 150° W13.26 655 L4
SSN AEIC 61° N27.83' 150° W44.60 1297 L4

2Mark Products L-4 sensors have a natural frequency of 1 Hz, and Mark Products L-22 sensors have a
natural frequency of 2 Hz. All sensors except CRP, REF, IVE and SKN are short-period, vertical
instruments; CRP, REF, IVE and SKN are three-component short-period instruments. All AVO
sensors are sampled at 100 Hz in both continuous and triggered modes; AEIC sensors are sampled at
120 Hz. For additional details on data acquisition and telemetry, please see, for example, Jolly et al.
2001 and Fogleman et al. 1993.

ratio of 1.73 is assumed based on the analysis presented in Section
2.2.1. Corresponding S-wave velocities for the preferred P-wave
velocity model are given in Table 2. Seismic velocities in the upper
crust at Strandline Lake increase with depth (Fig. 5) and range from
4.89 to 6.81 km s~! for P-waves and from 2.83 to 3.94 km s~! for
S-waves. These velocities are slower than those in the Mt Spurr
and Generic Alaska velocity models, but are similar to the veloci-
ties in a 1-D model obtained by Eberhart-Phillips et al. (2006) for
southcentral Alaska. Compared the Generic Alaska velocity model,
our new velocity model reduces the average rms of the 28 input
earthquakes from 0.53 s to 0.14 s, and the average horizontal and
vertical locations errors from 4.65 to 1.24 km and 6.90 to 2.29 km,
respectively, indicating a significant improvement in location accu-
racy and quality. To further test the stability of this inversion, we
performed a simple jackknife test by removing one station at a time
from the inversion for the 28 stations contributing picks for some,
but not all, of the 28 earthquakes. The resulting set of velocity mod-
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els (shown as dashed lines in Fig. 5) shows an approximate range
in P-wave velocity of 0.5 km s™! or less in all layers.

To further test the accuracy and stability of our new velocity
model, we inverted a second set of 22 Strandline Lake earthquakes
following the same procedure outlined earlier. These earthquakes
were smaller in magnitude than the first set, but still had impulsive
body wave arrivals that could be repicked with a high degree of
accuracy. Again, we required clear P-wave picks on stations SKN
and SSN for all earthquakes, and on local station STLK beginning
in mid-1997. The resulting best-fit model reduced the average rms
for the 22 input earthquakes from 0.42 s to 0.10 s, and the average
horizontal and vertical locations errors from 4.41 to 1.38 km and
6.48 to 2.47 km, respectively, in comparison to those obtained using
the Generic Alaska model. The second velocity model differs the
preferred velocity model given in Table 2, with velocities again
increasing with depth but ranging from 3.95 to 6.28 km s~! for P
waves (Fig. 5), and from 2.28 to 3.63 km s™! for S waves.
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Figure 4. DTg versus DTp for Strandline Lake earthquakes. Linear fit gives the Vp/Vs ratio for the area (see text for details).

Table 2. New 1-D velocity model for the Strandline Lake
area.

Depth to top of layer (km) ~ Vp (kms™!) Vg (kms™')
-3 4.89 2.83
—1 5.21 3.01
2 5.7 3.29
4 6.04 3.49
9 6.47 3.74
15 6.63 3.83
25 6.81 3.94

2.3 Earthquake locations

Best-fit earthquake locations from the VELEST joint inversions are
plotted in map view and cross-section in Fig. 6. For comparison, we
show all 50 earthquakes located with the preferred velocity model
in Figs 6(a) and (b), and with the second velocity model in Figs
6(c) and (d). In both cases the epicentres form a small (~5 km
radius), roughly circular cluster centred on the ‘peninsula’ of land
between Strandline Lake and the Triumvirate glacier (Figs 6a and
c¢). However, while the epicentral differences in locations obtained
using preferred and second velocity models are minor (Figs 6a and
¢), hypocentre depths calculated using the second velocity model
are considerably greater (~17-30 km BSL) and more scattered
than those obtained with the preferred velocity model (~12-17
km BSL, Figs 6b and d). Therefore, while both models indicate
that the swarm earthquakes are located below ~10 km BSL, the
precise depths are not well constrained (and because STLK is a
one-component seismometer, we cannot examine S—P arrival times
to assess earthquake depth). While the absence of a local seismic
station prior to 1997 is no doubt a major contributing factor, we note
that the depths of earthquakes located before and after 1997 (i.e.
with and without arrival time picks from local station STLK) are
similar. Because we have higher confidence in the pick accuracy for
the first set of earthquakes, we use the velocity model obtained with
the 28 larger earthquakes, and given in Table 2 for the remainder
of our analysis. However, given the depth differences apparent in

Table 3. Station corrections for the 1-D Strandline Lake velocity
model presented in Table 2.

Station name  Correction (s)  Station name  Correction (s)

BGL —0.41 IVS —0.02
BGR —0.38 MSP 0.47
BKG —0.42 NCG —0.67
BRLK —0.05 NCT —0.01
CGL —0.81 PDB 0.11
CKL —0.59 PLR 0.72
CKN —0.21 PMS 0.66
CKT —0.47 PRG 0.63
CNP —0.45 PWA 1.05
CP2 -0.77 RDN —0.15
CRP —0.65 RDT —0.33
CUT 1.71 RDW —0.09
DFR —0.19 RED —0.32
GHO 0.77 REF —0.14
ILI —0.15 RSO —0.11
ILS 0.06 SKN 1.37
ILW 0.04 SLK 0.24
INE —0.09 SPU —0.54
IVE —0.01 SSN 0.25

Fig. 6, we note that the formal errors for subsequent analyses are
likely underestimated as they do not take into account any errors in
the velocity model.

2.4 Composite fault-plane solutions

Analysis of double-couple fault-plane solutions for swarm and back-
ground earthquakes may be useful in constraining the cause of an
earthquake swarm. However, due to the paucity of seismic stations to
the northwest, southeast and immediate vicinity of Strandline Lake
(Fig. 1), it is difficult to produce well-constrained fault-plane solu-
tions for Strandline Lake earthquakes. In such cases, it may still be
possible to determine some of the characteristics of both swarm and
background earthquake focal mechanisms through the construction
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Figure 5. P-wave velocity models obtained with VELEST. Heavy black line shows the preferred velocity model obtained from inversion of 28 large-magnitude
earthquakes, and fine dashed lines show the results of a jackknife test of the stability of the preferred velocity model (see text for details). Heavy grey line
shows a second velocity model obtained from inversion of 22 additional Strandline Lake earthquakes.

of composite fault-plane solutions. Using FPFIT (Reasenberg &
Oppenheimer 1985) we produced two composite double-couple
fault-plane solutions, one for background earthquakes and another
for swarm earthquakes. Both composite solutions are based only
on earthquakes with well-constrained locations (six or more P-
wave arrival picks, azimuthal gap <180°, rms <0.20 s, and ver-
tical and horizontal location error <3 km) and six or more clear
first-motion polarities. Following these criteria, we identified six
background earthquakes with a total of 60 clear first-motion polar-
ity picks to constrain a background composite fault-plane solution,
and 20 swarm earthquakes with a total of 263 clear first-motion po-
larity picks to constrain a swarm composite focal mechanism. The
resulting best-fit fault-plane solutions are shown graphically, along
with 95 per cent confidence regions for P- and T-axis positions, in
Fig. 7, and their parameters are listed in Table 4.

The best-fit composite solutions for background and swarm pe-
riods differ significantly in their orientations (Fig. 7). Only one
possible fault-plane solution was obtained for the six background
earthquakes (Fig. 7a). This solution indicates oblique thrust mo-
tion on an east—west or northeast—southwest trending fault with a
significant component of strike-slip motion. The P-axis is oriented
NW and is almost horizontal, and the 7-axis is oriented WSW, with
a dip of 49° (Table 4). There are three possible solutions for the
swarm earthquake polarities (Figs 7b and d). One of the three pos-
sible swarm solutions shows oblique slip on a near-vertical or near-
horizontal fault, with a small component of strike-slip motion. The
other two solutions show oblique thrust faulting on an east—west
or northwest—southeast trending fault with a small component of
strike-slip motion. The P- and 7T-axis azimuths are similar (NNE to
NE; NW to WNW) in all three possible solutions. However, the P-
and T-axis dips are more variable and thus less well constrained.
The apparent difference in the orientation of the best-fit compos-
ite solutions suggests that the swarm earthquakes were driven by
a different mechanism than background earthquakes at Strandline
Lake.

The percentage of misfit first-motion polarities in the best-fit
composite solution also differs between the swarm and background
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earthquakes; The misfit between the polarity data and the best-fit so-
lution is much lower for the swarm composite solution (9 per cent, or
23 first-motion polarities out 0f 263) than for background composite
solution (20 per cent, or 12 polarities out of 60). Potential sources of
misfit polarities in a composite fault-plane solution include picking
errors [e.g. picking an up first-motion rather than a (correct) down
first-motion], failure to correct for stations with reversed polarities
(stations that record true up first-motions as down first-motions on
the seismogram), errors in the earthquake location and/or velocity
model resulting in incorrect placement of a first-motion polarity
on the focal sphere, and heterogeneity in the orientations of the
fault-plane solutions for the earthquakes used to create the compos-
ite solution. While it is possible that some component of picking
error and reversed-station-polarity error may account for the mis-
fit polarities (we only picked clear first-motions and corrected for
all known stations with reversed polarities), it is most likely that
the misfit polarities are due to a combination of location/velocity
model error (background fault-plane solution (FPS) earthquake lo-
cations are more dispersed than those for swarm earthquakes) and
true heterogeneity in individual earthquake fault-plane solutions.

3 InSAR ANALYSIS AND
OBSERVATIONS

A continuous GPS (cGPS) monitoring network did not exist in the
remote regions surrounding the Cook Inlet in Alaska in 1996-1998.
To supplement the seismic data analysis presented in Section 2,
we produced interferograms using images acquired by the SAR
instrument on board the ERS-2 satellite. Image pairs from before,
during and after the swarm period were analysed to detect any
temporal changes in ground elevation that may have accompanied
the swarm.

The ERS-2 satellite was launched in 1995 April and frequently
made passes over the southern Alaska region. A search of ERS-2’s
archives yielded 49 images along descending track 229 which cap-
tured the Strandline Lake area. Of the 49 images, 18 were selected
based upon time-of-capture (1995-1999) relative to the swarm. Four
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Figure 6. Map and N-S cross-sections showing the locations of 50 large-magnitude earthquakes relocated with (a,b) the preferred velocity model resulting
from inversion of 28 earthquakes and (c,d) a second velocity model resulting from inversion of 22 additional earthquakes. Black symbols indicate earthquakes
used to determine the preferred model; grey symbols indicate earthquakes used to determine the second model.

of the selected images were taken prior to the swarm (1995-1996),
six during the swarm (1996-1998) and the remaining eight were
taken post-swarm (1998-1999). Interferograms were then processed
using the Repeat Orbit Imagery Package (roi_pac) software (Cal-
Tech/JPL). For successful interferogram processing, the two images
to be compared needed to have a small perpendicular baseline and
to cover a short time span. Limits of 250 m and 3 yr were chosen as
the boundaries of these parameters and a total of 56 interferograms
(event pairs) met these conditions. Of these 56 event pairs, only
those with highly coherent signals were used in further analysis.

This reduced the final number of event pairs to 18. Topographic ef-
fects in the interferograms were removed during the interface with
a National Elevation Dataset (NED) 2-arc-second Digital Elevation
Map (DEM) obtained from the U.S. Geological Survey National
Map Seamless Server. Each colour cycle (fringe) on the interfero-
gram represents 2.8 cm of deformation, and error associated with
atmospheric properties is typically <1 cm.

A total of 13 InSAR image pairs (Table 5) were found to have
coherence in the Strandline Lake area. The 13 image pairs were
examined individually for any indication of surface deformation
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associated with the Strandline Lake swarm. Particular attention
is given to image pairs which have dates pre- and during swarm
and during and post-swarm. One such InSAR image is shown in
Fig. 8. Only five of the 13 images yielded high-quality results while
the rest exhibited abundant background noise which appears pixel-
lated and provides little insight into surface deformation. Factors
such as the considerable topographic relief of the adjacent Tordrillo
Mountains, the abundant snow cover in the area and the presence
of a moving glacier possibly attributed to the low quality of the
other eight InSAR images. Fringes in the high-quality InSAR im-
ages of the Strandline Lake area have long distances between them
and appear broad. Slight (<2 cm) changes in surface elevation may
have occurred, however, any deformation exhibited in the InSAR
images of Strandline Lake likely falls outside the margin of error
associated with the instruments onboard the ERS-2 satellite. The
Triumvirate glacier is adjacent to Strandline Lake and any changes
in elevation found within its area can be attributed to the mechanics
of the glacier. While each InSAR image of Strandline Lake has its
own unique characteristics, none show the typical ‘bullseye’ pat-
terns indicative of inflation of a spherical chamber or double lobes
indicative of dyke intrusion (e.g. Lu et al. 2000, 2007).

4 DISCUSSION

Several possible causes of the 1996-1998 Strandline Lake swarm
may be ruled out on the basis of existing evidence. There was no
obvious main shock located in the immediate vicinity of the swarm
volume. However, to rule out the possibility that the Strandline Lake
swarm may have been an aftershock sequence related to a non-local
main shock, we searched the AEIC catalogue for shallow (<50 km
deep) earthquakes with M > 4.0 located in the vicinity of Stran-
dline Lake. Three earthquakes met these criteria, but preceded the
onset of the Strandline Lake swarm by 4-6 months. Although it
is possible that the swarm represents a set of spatially and tempo-
rally delayed aftershocks to one or more of these events, it is not
highly plausible. The Castle Mountain Fault experienced a shallow
(~17 km BSL) M4.6 earthquake only 120 km from Strandline Lake
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in November of 1996 (Haeussler 2000); however, as this event oc-
curred after the swarm onset, it can also be ruled out as a cause of the
swarm. Another possible cause which may be ruled out is sudden
unloading due to a jokulhlaup at the glacially dammed Strandline
Lake: First, there were no recorded jékulhlaups at Strandline Lake
between 1991 August and 1999 August (Ben Balk, NOAA, personal
communication, 2004). Secondly, the swarm depth and cumulative
seismic moment appear to be inconsistent with the low degree of
surface unloading that would be associated with a small jokulhlaup
typical of Strandline Lake (Sturm & Benson 1985). A third possible
cause which may be ruled out is a slow-slip earthquake, which are
known to occur in the eastern Aleutians and which could hypo-
thetically trigger a swarm-like aftershock sequence. No slow-slip
earthquakes were detected in the eastern Aleutians in 1996, prior to
the swarm onset, although a major slow-slip earthquake detected in
1998 was located immediately downdip of the rupture plane for the
great 1964 Alaska earthquake and approximately 100 km due east
of the Strandline Lake swarm volume (Ohta et al. 2006).

Two probable causes of the 1996—1998 Strandline Lake swarm re-
main after consideration of all available observations. The first prob-
able cause of the swarm is a reduction in effective normal stresses in
the swarm volume due to an episode of deep (non-magmatic) fluid
circulation (e.g. Scholz 2002). Although many earthquake swarms
worldwide are believed to be driven by fluid circulation, the nature
of the hypothesized episodes of fluid circulation is often poorly un-
derstood, and triggering mechanisms for bursts of increased fluid
circulation during earthquake swarms are generally unconstrained.
One possible trigger for an episode of fluid circulation is a ‘hidden’
stalled magma intrusion, either within the crust or at the base of the
overriding plate (e.g. Rondenay et al. 2010). Alternatively, pulses
of increased fluid circulation may simply be manifestations of a
more steady-state phenomenon such as dewatering of a subducting
slab. The second probable cause of the Strandline Lake swarm is
direct triggering through an increase in shear stress in the swarm
volume imposed by deep magma intrusion. Non-eruptive swarms
known to be caused by magma intrusion are often accompanied by
other indicators of volcanic unrest such as increased gas emissions
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Table 5. Dates of image pairs
for the 13 InSAR images pro-
duced for this study. Image pairs
in bold indicate high-quality In-
SAR images. Asterisks indicate
images used for example interfer-
ogram presented in Fig. 8.

Date 1 Date 2

06/19/96* 07/09/97*
07/24/96 07/14/99
10/02/96 06/04/97
10/02/96 07/09/97
06/04/97 07/29/98
07/09/97 08/13/97
07/09/97 07/29/98
07/09/97 09/02/98
07/29/98 09/02/98
09/02/98 06/09/99
09/02/98 09/22/99
10/07/98 07/14/99
06/09/99 07/14/99

(e.g. Roman et al. 2004) or surface deformation (e.g. Toda et al.
2002; Smith et al. 2004). At Strandline Lake, it is unknown whether
any coincident indicators of magma intrusion were present during
the 1996-1998 swarm. Gas monitoring was not conducted, and al-
though we did not detect surface deformation during the swarm
through InSAR analysis, subcentimetre-scale surface uplift cannot
be ruled out based on our deformation analysis. Thus, on the ba-
sis of available evidence, we may conclude that the 1996-1998
Strandline Lake earthquake swarm was driven either by fluid circu-
lation or directly by magma intrusion, but the existing observations
do not allow us to favour either one of these mechanisms. Given
that other recent deep earthquake swarms driven by lower crustal
magma intrusion have been accompanied by subcentimetre-scale
surface uplift (e.g. Smith et al. 2004) it will be critical to implement
¢GPS monitoring at Strandline Lake during any future earthquake
swarms.

A promising approach to determining the proximal cause of a
non-volcanic earthquake swarm (i.e. fluid circulation or magma in-
trusion) is analysis of the local crustal stress field in the region

19961998 Strandline Lake earthquake swarm 1377

hosting the swarm. The results of several recent studies of local
stress field orientation preceding volcanic eruptions have shown
that a systematic change in the orientation of local principal stress
axes occurs in the weeks to months prior to an eruption, reflecting
an ephemeral local stress field produced by the ascent of magma
through the shallow crust (e.g. Gerst & Savage 2004; Roman &
Cashman 2006). Specifically, a local axis of maximum compres-
sion oriented ~90° to regional maximum (horizontal) compression
is observed during periods of inflation of a dyke-like volcanic con-
duit. Thus, earthquake swarms that are directly driven by magma
intrusion may be characterized by both an increase in the local rate
of seismicity and a systematic ~90° change in the local stress field
orientation, while earthquake swarms driven by fluid circulation
may be characterized by an increase in seismicity rate but no ~90°
change in local stress field orientation (though smaller degrees of
stress field reorientation may occur due to slip on non-ideally ori-
ented faults in response to increased pore pressures.) Therefore,
careful comparison of the local stress field orientation during an
earthquake swarm to the local stress field orientation during peri-
ods of background levels of seismicity should give a clear indication
of the proximal cause of the swarm. At Strandline Lake, the local
stress field during the 19961998 swarm is characterized by a com-
posite FPS with a NE P-axis orientation (Figs 7b and d). However,
the orientation of the background stress field at Strandline Lake is
unclear (Fig. 7a), making it difficult to assess whether the NE P-axis
trend observed during the swarm is rotated with respect to the back-
ground orientation or not. A study of split S-wavelet polarizations
for regional earthquakes recorded on the AEIC three-component
station SKN, located to the NE of Strandline Lake (Fig. 1) indicates
a background stress field characterized by a NE-oriented regional
maximum compression (o) axis (Wiemer et al. 1999). However,
FPS for regional and background earthquakes located at or near the
volcanoes of the Cook Inlet indicate a NW-oriented o | axis to the
southwest of Strandline Lake (e.g. Jolly ef al. 1994; Sanchez et al.
2004; Roman et al. 2004; Ruppert 2008), and focal mechanisms
for regional earthquakes located in a large region extending south-
wards from the Denali Fault through the upper Cook Inlet region
indicate an E-W oriented o axis (Ruppert 2008). Thus, Strandline
Lake appears to be located in a transitional tectonic zone between
the eastern Aleutians, characterized by a spatially variable crustal
stress field (e.g. Plates 4 and 5 of Ruppert 2008) and bounded by a

Figure 8. Example InSAR image of Strandline Lake, Alaska, showing lack of evidence for surface deformation during the swarm. The SAR images used for
this figure were captured on 1996 June 19 (pre-swarm) and 1997 July 9 (mid-swarm). The red circle indicates the approximate location of swarm epicentres.
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region of NW-oriented maximum compression due to convergence
ofthe North American and Pacific plates, and a region characterized
by NE-oriented maximum compression driven by southwestward
escape of the subducting and accreting Yakutat terrane. Thus, in-
stallation of a temporary or permanent network of three-component
seismometers in the vicinity of Strandline Lake is necessary for a
detailed characterization of the ‘background’ tectonic stress field
in the immediate vicinity of the swarm through analysis of split
S-wavelet polarizations, and subsequent interpretation of the local
stress field orientation observed during the 1996—-1998 swarm.

5 CONCLUSIONS

We have documented and analysed a major earthquake swarm
recorded at Strandline Lake, Alaska, in 1996-1998, which con-
sisted of approximately 2500 earthquakes recorded over a period of
22 months. We relocated 50 of the largest magnitude events using
a newly developed 1-D velocity model. All events were located at
depths of greater than ~10 km BSL, and swarm epicentres form a
small, roughly circular cluster. Background seismicity at Strandline
Lake occurs at a low rate and earthquake epicentres are more widely
dispersed than swarm events, but background earthquakes locate in
approximately the same depth range as swarm events. Three best-fit
composite fault-plane solutions for 20 swarm earthquakes have a
low misfit to first-motion polarity data, and indicate a NE-oriented
P-axis. In contrast, a composite fault-plane solution for six back-
ground earthquakes has a high misfit to the first-motion polarity
data, making it difficult to determine the ambient stress field ori-
entation at Strandline Lake. No deformation was detected during
the swarm by InSAR analysis, though we are unable to rule out the
possibility of subcentimetre deformation due to the lack of cGPS
monitoring during the swarm. We conclude that the 1996-1998
earthquake swarm was likely caused either by an episode of deep
magma intrusion or by deep fluid circulation (which in turn may
have been a consequence of deeper magma intrusion). In either case,
the Strandline Lake area may represent a ‘cryptovolcanic’ extension
of the Aleutian arc towards Denali, where subduction of the Yaku-
tat terrane may be driving weak lower and mid-crustal magmatism
that does not culminate in surficial volcanic activity (e.g. Nye et al.
2002; Rondenay et al. 2010).
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