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Abstract
On January 8, 2006, a swarm of volcanic-tectonic earth-

quakes began beneath Mount Martin at the southern end of the 
Katmai volcanic cluster.  This was the first recorded swarm at 
Mount Martin since continuous seismic monitoring began in 
1996.  The number of located earthquakes increased during the 
next four days, reaching a peak on January 11.  For the next 
two days, the seismic activity decreased, and on January 14, the 
number of events increased to twice the previous day’s total.  
Following this increase in activity, seismicity declined, return-
ing to background levels by the end of the month.  The Alaska 
Volcano Observatory located 860 earthquakes near Mount 
Martin during January 2006.  No additional signs of volcanic 
unrest were noted in association with this earthquake swarm.

The earthquakes in the Mount Martin swarm, relocated 
using the double difference technique, formed an elongated 
cluster dipping to the southwest.  Focal mechanisms beneath 
Mount Martin show a mix of normal, thrust, and strike-slip 
solutions, with normal focal mechanisms dominating.  For 
earthquakes more than 1 km from Mount Martin, all focal 
mechanisms showed normal faulting.  The calculated b-value 
for the Mount Martin swarm is 0.98 and showed no significant 
change before, during, or after the swarm.

The triggering mechanism for the Mount Martin swarm 
is unknown.  The time-history of earthquake occurrence is 
indicative of a volcanic cause; however, there were no low-
frequency events or observations, such as increased steaming 
associated with the swarm.  During the swarm, there was no 
change in the b-value, and the distribution and type of focal 
mechanisms were similar to those in the period before the 
anomalous activity.  The short duration of the swarm, the 
similarity in observed focal mechanisms, and the lack of addi-
tional signs of unrest suggest this swarm did not result from a 
large influx of magma within the shallow crust beneath Mount 
Martin.

Introduction
This study presents a description of the Mount Martin 

earthquake swarm that occurred in January 2006 at the    

southern end of the Katmai volcanic cluster (KVC) on the 
Alaska Peninsula, a N65°E-trending cluster of volcanoes 
active in the Holocene (fig. 1).  We present background infor-
mation on the geologic setting of Mount Martin and descrip-
tions of the instrumentation in the KVC and of the seismicity 
that has occurred near Mount Martin since 1996.  Along with 
a description of the earthquake swarm, we present a compari-
son of b-values from before and after the swarm and focal 
mechanisms of the larger earthquakes in the 2006 sequence.  
We conclude that, although the time-history of the earthquake 
occurrence is indicative of a volcanic cause, there is no evi-
dence from our analyses that this swarm was caused by an 
influx of magma within the shallow crust.

Geologic Setting
Mount Martin is the youngest stratocone in the KVC, 

the successor to Alagogshak volcano, 3 km to the southwest 
(Fierstein and Hildreth, 2001).  Mount Martin is located near 
the center of a ridge of altered basement rocks that extends 
for more than 12 km, west-southwest from Mount Mageik.  
Mount Martin’s summit cone and the adjacent Angle Creek 
lava-flow field are entirely of Holocene age (Riehle and others, 
1987).  Historical volcanic activity at Mount Martin has been 
limited to vigorous fumerolic activity at the summit that con-
tinues at the present, unchanged since Mount Martin was first 
photographed during the 1913-17 Griggs expedition (Fierstein 
and Hildreth, 2001). 

Instrumentation
Before the installation of a permanent seismograph net-

work in 1995 to provide for the real-time monitoring of an 
active and potentially hazardous volcanic area, there were 
several temporary seismograph networks in the area of the 
KVC (Decker, R.W., unpub. data, 1963; Matumoto and Ward, 
1967; Matumoto, 1971; Pulpan and Kienle, 1979; Ward and 
others, 1991).  These temporary deployments were used to 
investigate the seismic risk in the eastern Aleutian Arc and the 
seismicity related to volcanism in the KVC.  The largest and 
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2 The January 2006 Volcanic-Tectonic Earthquake Swarm at Mount Martin, Alaska

longest continually operating of these temporary networks 
had 10 to 14 stations in operation between 1987 and 1990 
(Ward and others, 1991).  A summary of these temporary 
arrays can be found in Moran (2003).

In 1995, the Alaska Volcano Observatory (AVO) embarked 
on a three-phase plan to establish a permanent seismograph 
network in the KVC with data telemetry to a central recording 
site (fig. 2).  In the initial phase, four single-component short-
period stations and one three-component, short-period station 
were installed in the central region of the KVC in locations 
first established by Ward and others (1991).  In 1996, a second 
set of short-period stations, including five single-component 
stations and one three-component station, were installed at the 
southern end surrounding the Martin and Mageik volcanic cen-
ters.  Two years later (in 1998), the network was expanded in 
the northern part of the KVC.  In this last phase of the network 
installation, eight single-component short-period stations and 
two three-component, short-period stations were installed.  In 
2004, two Guralp CMG-6TD broadband stations were added 
within the central Katmai network as part of an overall initia-
tive to increase the number of broadband stations within the 
AVO seismic network.  All single-component, short-period 
stations have Mark Products L4 seismometers, and all three-
component, short-period stations have Mark Products L22 seis-
mometers.  Details of the Katmai and other AVO seismograph 
networks can be found in Dixon and others (2008).
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Figure 1.  Landsat 7 image of Katmai National Park, Alaska, August 16, 2000.  Mount Martin is at 
the southern end (lower left) of the Katmai volcanic cluster, which also includes Snowy Mountain, 
Mount Katmai, Mount Griggs, Novarupta, Trident Volcano, and Mount Mageik.  

Figure 2.  Seismograph network for the Katmai volcanic cluster.  Squares 
show broadband stations; triangles show three-component, short-period 
stations; and circles show single-component, short-period stations.  
Stars show the volcanic centers active in the Holocene.  Mount Martin 
is in bold and shown by a filled star.
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The seismograph data were collected and processed using 
AVO’s routine procedures (Dixon and others, 2008).  The 
seismograph data from short-period stations were digitized at 
100 samples per second (sps), and broadband stations were 
digitized at 50 sps.  Data from short-period stations were 
telemetered to a communication hub in King Salmon, Alaska 
by using FM radios.  Data from broadband stations were digi-
tized at the station site and digitally transmitted using spread-
spectrum radios to the communication hub in King Salmon.  
Using leased telephone circuits these data were forwarded 
from King Salmon to AVO offices in Fairbanks and Anchor-
age for processing. The routine earthquake processing at AVO 
includes automatically creating individual data files for each 
earthquake, timing arrivals with an in-house picking program, 
and locating the earthquakes with HYPOELLIPSE (Lahr, 
1999) using a regional velocity model (Searcy, 2003).  All 
earthquakes are located using the NAD27 datum, and depths 

are presented with respect to average mean sea level (negative 
depths reflect the height above average mean sea level).

In March 2002 the data-acquisition system was changed 
from an IASPEI (International Association of Seismology and 
Physics of the Earth’s Interior) acquisition system (Lee and 
others, 1988) to an Earthworm system (Johnson and others, 
1995).  The change in data-acquisition systems resulted in an 
increase in the earthquake-detection rate (Dixon and others 
2005), and unless noted, background seismicity rates are from 
the period starting in March 2002 through the present.

Seismicity
Four clusters of seismicity have been identified in the 

KVC at Mount Martin/Mount Mageik, Mount Katmai, 
Katmai Pass/Trident Volcano and Snowy Mountain (fig. 3; 

 KVT

 KCG

MGLS

 KCE

CAHL KJL

 KEL

CNTC
ANCK

KABR

KAHC

KAHG
KAIC

KAPH

KARR

Snowy

Steller

-155.25-154.75-155.25-155.75

58.67

58.33

58.00

20 km

−155.8 −155.4 −155.0 −154.6 −154.2

−5

0

5

10

15

20D
E

P
TH

 IN
 K

IL
O

M
E

TE
R

S

Mag. Symbol
   Size

 0 
 1 
 2 
 3 
 4 
 5 

KAWH

Katmai

Griggs

Trident ACH

Martin

 KBM

Mageik

LONGITUDE

A

A A‘

A‘Novarupta

Figure 3.  Map and cross section of earthquakes located in the Katmai volcanic cluster in 2005.  
The distribution of hypocenters is representative of the seismicity recorded since 1996.  Open 
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with depths of 20 km and deeper.  Symbols are scaled with magnitude.  Permanent seismograph 
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Ward and others, 1991; Jolly and McNutt, 1999; Moran, 
2003; Power and others, 2004).  The seismicity in the KVC 
consists predominantly of volcanic-tectonic events and is 
generally restricted to the upper crust, with less than 14 per-
cent of the located earthquakes occurring at a depth greater 
than 5 km.  In rare instances, deep long-period events have 
been identified in the KVC (Power and others, 2004).

Since the installation of the AVO Katmai seismograph 
network in 1995, three significant earthquake swarms have 
been detected in the KVC.  These swarms are (1) the October 
1996 Mount Mageik swarm, attributed to active degassing 
and intrusion (Jolly and McNutt, 1999); (2) an aftershock 
sequence following a July 14, 2002 ML= 3.6 earthquake near 
Snowy Mountain; and (3) the January 2006 Mount Martin 
swarm described in this paper (fig. 4).  In the area around 
Mount Martin, there have been smaller periods of increased 
earthquake activity in December 1998, May-July 1999, and 
May-June 2007 (fig. 5).

In all previous seismological studies of the KVC, the 
earthquake hypocenters at Mount Martin and Mount Mageik 
were described as a single cluster.  In 2000, coincident with 
the increased stability of the seismic network, it was noted 
that within the Martin-Mageik cluster there were two distinct 
clusters at Mount Martin and Mount Mageik (fig. 6).  Within 
the KVC, the earthquakes are densely distributed (earthquake 
hypocenters are densely distributed if the hypocenters are 
separated by a few kilometers and located within a seismo-
graph network with stations separated by several tens of kilo-
meters) and the double-difference algorithm of Waldhauser 

and Ellsworth (2000) works best when earthquakes are 
densely distributed (Yang and others, 2005).  A total of 4,821 
earthquakes, composed of 47,156 P-wave phases and 29,191 
S-wave phases, were located in the KVC in 2002 through 
2005.  The double-difference algorithm was used to deter-
mine relative earthquake locations within the Martin-Mageik 
cluster using these earthquakes (figs. 7 and 8).  The relocated 
earthquakes show that the two clusters under Mount Martin 
and Mount Mageik are distinct.  Three smaller clusters were 
also resolved by HYPODD (Waldhauser, 2001) and are 
indentified by numbers 3, 4, and 5 in figures 7 and 8. 

January 2006 Mount Martin  
Earthquake Swarm 

On January 8, 2006, a swarm of 860 volcanic-tectonic 
earthquakes began beneath Mount Martin, the first signifi-
cant earthquake swarm at Mount Martin since recording 
began in the KVC (figs. 9 and 10).  The number of located 
earthquakes continued to increase during the next three days 
(fig. 11).  On January 10, the AVO Level of Concern Color 
Code (Gardner and Guffanti, 2006) was raised from green to 
yellow for Mount Martin citing “a marked increase in earth-
quake activity.”  The peak activity occurred on January 11, 
with 174 located earthquakes. The seismic activity decreased 
during the next two days, with 78 earthquakes on January 
12 and 20 earthquakes on January 13.  On January 14, the 

Figure 4.  Number of earthquakes located per month since 1996 within 5 km of Mount Martin.  
The labeled peaks correspond to (A) part of the nearby October 1996 Mount Mageik earthquake 
swarm; (B) December 1998 earthquake activity; (C) May-July 1999 earthquake activity; (D) the 
January 2006 Mount Martin swarm; and (E) May-June 2007 earthquake activity.  
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Year Month Day Hr:Min Sec Lat (°N) Long (°W) Depth (km) ML 
2006 1 9 01:10 12.24 58.1733 155.3518 1.1 1.5 
2006 1 10 04:39   7.07 58.1692 155.3452 1.8 1.5 
2006 1 10 22:30 54.61 58.1738 155.3628 1.4 1.6 
2006 1 11 00:32   2.18 58.1692 155.3553 1.7 1.7 
2006 1 11 06:52 14.62 58.1718 155.3812 0.1 2.1 
2006 1 11 18:27   7.71 58.1648 155.3467 1.6 2.0 
2006 1 12 16:04 37.15 58.1700 155.3270 3.6 1.8 
2006 1 15 17:18   8.58 58.1737 155.3313 4.1 1.9 

Table 1.  Alaska Volcano Observatory catalog parameters for all ML≥1.5 earthquakes in within 5 km of Mount Martin 
in January 2006.

number of events spiked to 36 earthquakes (fig. 12).  Fol-
lowing this spike in activity, seismicity continued to decline, 
returning to background levels by the end of the month (fig. 
13).  The AVO Level of Concern Color Code was changed 
back to green on January 27 citing the “return to background 
levels” of seismic activity.  No additional signs of volcanic 
unrest (for example, increased steaming, snow melt, and 
thermal anomalies) were noted in association with this earth-
quake swarm by either pilot reports or AVO’s twice daily 
remote-sensing check.  There were no gas measurements 
taken or over-flights of Mount Martin in January 2006.

The largest earthquake in the Mount Martin earthquake 
swarm was a ML=2.1 earthquake that occurred 0652 UTC on 
January 11 at a hypocentral depth of 0.1 km (fig. 9; table 1). 

Seven other ML≥1.5 earthquakes also occurred in January 
2006 within 5 km of Mount Martin (fig. 10D; table 1).  The 
peak in the larger events (ML≥1.5) coincided with the peak 
in overall seismicity, with an equal number of large events 
before and after the peak.  There was no single large main-
shock (ML≥3.0) associated with the January Mount Martin 
earthquake swarm.

The 860 earthquakes (7,352 P-wave phases and 4,407 
S-wave phases) that occurred during the January 2006 swarm 
were relocated using the double-difference technique with 
the AVO catalog hypocentral locations and the velocity 
model (Searcy, 2003) as the initial input to HYPODD.  The 
resultant locations form an elongated cluster that dips to the 
southwest (fig. 9).  The earthquake hypocenters for the Janu-

Figure 6.  Map view of earthquake locations in the Alaska Volcano Observatory catalog (Dixon and others, 2008) for (A) 1999 and 
(B) 2001 near Mount Martin. Seismograph stations are shown by open squares and volcanic centers are shown by triangles.  
Earthquake epicenters are scaled by magnitude and are shown as blue circles.  The earthquakes at Mount Martin and Mount 
Mageik in A appear to be a single cluster of activity,whereas the earthquakes in B appear to have two distinct clusters of activity.
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Figure 7.  Earthquake epicenters near Mount Martin and Mount Mageik with (A) Alaska Volcano Observatory catalog locations 
and (B) relocated using HYPODD (Waldhauser, 2001)  for March 2002-December 2005.  The numbers refer to the five identified 
clusters of seismicity.  The largest cluster is under Mount Martin (1), and the next largest cluster under Mount Mageik (2).  
The three smaller clusters are 4 km southwest of Mount Martin (3), 4 km southeast of Mount Martin (4), and 2 km northeast 
on Mount Mageik (5).  
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Figure 9.  Map and cross sections showing the January 2006 Mount Martin earthquake swarm relocated using the double-difference 
technique.  In the map view, open circles show hypocenter locations.  Permanent seismograph stations are shown by open squares 
and labeled by station code.  The ML=2.1 earthquake at 0652 UTC, January 11, is shown by a yellow, open circle. In the cross sections, 
hypocenters are shown by plus symbols (+).  Mount Martin is shown for reference (red solid triangle).
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Figure 10.  Summary plots of earthquake hypocenters of the January 2008 Mount Martin earthquake swarm.  A, The number of located 
earthquakes (shown in black) per day in January 2006.  Superimposed in grey are the number of earthquakes with the event magnitude 
at or above the magnitude of completeness (Mc=0.2).  B, The cumulative number of earthquakes with time.  The black curve includes all 
located earthquakes; the grey curve shows those earthquakes with a magnitude at or above the Mc.  C, The cumulative moment of Mount 
Martin earthquakes with time. The black curve includes all located earthquakes, the grey curve shows those earthquakes with a magnitude 
at or above the Mc.  D, Earthquake magnitude with time of all earthquakes associated with the Mount Martin swarm. 
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Figure 11.  A 4-day velocity seismic record from 1800 UTC, January 7, 2006, through 1800 UTC, January 11, 2006, that shows 
the onset of the Mount Martin swarm as recorded on station ACH (fig. 2).  Calibration pulses (marked by A) occur every 
24 hours.  The large earthquake labeled B, is a ML=5.1 earthquake 250 km southwest of Mount Martin.
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Figure 12.  A 4-day velocity seismic record from 2200 UTC, January 12,  2006, through 2200 UTC, January 16, 2006, that shows the 
short-term increase in activity on January 14 for the Mount Martin swarm as recorded on station ACH (fig. 2).  Calibration pulses 
(marked by A) occur every 24 hours.
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Figure 13.  A 4-day velocity seismic record from 0000 UTC, January 18, 2006, through 2400 UTC January 21, 2006, that shows the 
seismicity at the end of the Mount Martin swarm as recorded on station ACH (fig. 2).  Calibration pulses (marked by A) occur 
every 24 hours.
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ary 2006 Mount Martin swarm occurred within the same 
space as the earthquakes that were located between 1996 and 
2005 at Mount Martin (fig. 8).   The robustness of HYPODD 
for the Mount Martin swarm was investigated by varying 
input parameters, such as station distribution (stations within 
50 or 200 km of the earthquake cluster), quality of phase 
picks (all picks or those only of the highest quality), and 
the use of S-wave phases (with or without S-wave phases 
arrivals).  No significant changes were seen in the output of 
HYPODD when these input parameters were varied (fig. 14).    

The frequency-magnitude relationship or b-value (Ishi-
moto and Iida, 1939, Gutenberg and Richter, 1944) for the 
earthquakes before, after, and during the Mount Martin 
swarm were calculated by using the maximum likelihood 
method (Bender, 1983). The resulting b-value for the Mount 

Martin swarm was 0.98±0.03 (fig. 15).  The b-values for 
Mount Martin earthquakes (earthquakes within 5 km of 
Mount Martin and closer to Mount Martin than Mount 
Mageik), before and after the Mount Martin swarm were 
1.05±0.03 (March 2002-December 2005) and 0.93±0.03 
(February 2006-November 2007).

Focal mechanisms were calculated for 19 earthquakes 
by using FPFIT (Reasenberg and Oppenheimer, 1985) in the 
Mount Martin swarm that had a minimum of ten clear first 
motions.  For the focal mechanisms within 1 km of Mount 
Martin, there was a mix of normal, thrust, and strike-slip 
focal-mechanism solutions, with normal focal mechanisms 
dominating (fig. 18).  For the earthquakes with epicenters 
more than 1 km from Mount Martin, all focal mechanisms 
show normal faulting (fig. 17).  
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Figure 14.  An example of the robustness of the Mount Martin earthquake data.  The computer 
program HYPODD (Waldhauser, 2001) was used to relocate earthquakes by using only P-wave 
arrivals (relocated earthquakes in red) and only S-wave arrivals (relocated earthquakes in blue).  
The two clusters are similar to each other.  The root mean square residual for the P-wave run is 
approximately half of that for the S-wave only run.

January 2006 Mount Martin Earthquake Swarm

Figure 15.  The frequency-magnitude distribution (b-value diagram) for the January 
2006 Mount Martin earthquake swarm.  Squares are the cumulative number 
of earthquakes with magnitude M and greater.  Triangles show the number of 
earthquakes in each magnitude bin.  The b-value, calculated using the maximum-
likelihood method, is 0.98±0.03 and is the slope of the line fit to the cumulative number 
of earthquakes.
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Figure 16.  Focal mechanisms for the Mount Martin earthquake swarm within the main cluster.  Focal mechanisms are labeled with the date 
and time of event in the form YYYY MM DD HHMM (year, month, day, hour and minutes UTC).  Where multiple solutions were possible, all 
focal mechanisms are shown.  Preferred solutions, based on the best STDR (station distribution ratio), are shown in bold. Mount Martin is 
shown by a red triangle.
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Figure 17.  Focal mechanisms for the Mount Martin earthquake swarm outside the main cluster.  Focal mechanisms are labeled 
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solutions were possible, all focal mechanisms are shown.  Preferred solutions, based on the best STDR (station distribution 
ratio), are shown in bold.  Mount Martin is shown by a red triangle.
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Discussion and Conclusions

Since 1996, there have been four periods when there was 
a substantial increase in the number of located earthquakes 
at Mount Martin (fig. 4).  The number of earthquakes (860) 
located in January 2006 was substantially higher than the 
next highest monthly total (120 located earthquakes in May-
June 2007) since AVO began to operate a network in the 
KVC.  For each of these four periods of increased seismicity, 
the activity was characterized by an increasing number of 
earthquakes at the beginning of the swarm, a similar decay 
with temporary increases in activity, and the absence of a 
mainshock (figs. 5 and 10).  This pattern is consistent with 
the characteristics of a typical volcanicearthquake sequence, 
as opposed to a tectonic-earthquake sequence that usually 
has a relatively large mainshock at the beginning of the 
sequence, with the number of earthquakes decaying with 
time.  Further evidence of a volcanic cause is the absence 
of a well-defined fault plane defined by swarm hypocenters 
relocated with HYPODD and the position of the relocated 
earthquakes within the same volume where earthquakes 
occurred beneath the volcano edifice before January 2006.  

The pattern of focal mechanisms for earthquakes in the 
2006 Mount Martin swarm, with earthquake focal mecha-
nisms close to Mount Martin showing a mix of normal, 
thrust, and strike-slip solutions and normal faulting domi-
nating those focal mechanisms for earthquakes away from 
Mount Martin, is identical to the pattern seen for earthquakes 
that occurred in the area between 1995 and 2001 (Moran, 
2003). Moran (2003) suggested that earthquakes beneath the 
volcanic centers were consistent with failure caused by edi-
fice loading and that earthquakes away from the volcanoes 
were consistent with the regional stress related to the Aleu-
tian megathrust. 

Jolly and McNutt (1999) reported that the b-values 
for the southern end of the KVC, before and after the 1996 
Mount Mageik earthquake swarm, were 0.92 (July 1995-
April 1996) and 0.98 (May 1997- December 1997).  The 
b-value calculated by Jolly and McNutt (1999) for the Mount 
Mageik swarm and surrounding period was 1.54, and they 
suggested that the anomalous b-value of the 1996 Mageik 
earthquake swarm was related to an actively degassing intru-
sion.  The anomalous b-values seen in the Mount Mageik 
swarm were not seen in the 2006 Mount Martin swarm.  The 
absence of a significant change in b-values for the Mount 
Martin swarm suggests that the process that caused the 2006 
Mount Martin swarm was fundamentally different than the 
process that initiated the 1996 Mount Mageik swarm.

The lack of any change in b-values before, during, or 
after the Mount Martin earthquake swarm, and the lack of a 
change in style of faulting, as indicated by focal mechanisms, 
suggest that the earthquakes during the swarm were respond-
ing to the same dominant stresses that existed before the 
January earthquake swarm.   If there had been a significant 
intrusion of magma within the upper 4 to 5 km of the crust, 

the b-value for the Mount Martin swarm would be expected 
to increase similar to the b-value prior to the 1996 Mount 
Mageik swarms.  Additionally, such an intrusion of magma 
should change the stress regime, resulting in a change in the 
style of faulting (Roman and Cashman, 2006), but the cal-
culated focal mechanisms for the January 2006 earthquakes 
show no such change.  We do not have sufficient data to 
further constrain the processes that were responsible for the 
generation of the 2006 Mount Martin Swarm.  Monitoring of 
ground deformation and gas emissions could have provided 
a means to further resolve the processes that generate earth-
quakes beneath Mount Martin, but these methods were not 
available.  The short duration of the swarm, the similarity in 
observed focal mechanisms to those for background periods, 
and the lack of additional signs of unrest, particularly the 
lack of long-period earthquakes, suggest that this swarm did 
not result from a large intrusion of magma into the shallow 
crust beneath Mount Martin.  
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