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ABSTRACT
Seismological techniques are used to infer the subsurface structures and volcanic
processes at two recently active volcanoes: Mount Spurr. Alaska, and Soufriere Hills
Volcano. Montserrat. West Indies. The three-dimensional P-wave velocity structure of Mount
Spurr is determined to depths of 10 km by tomographic inversion o f 3.754 P-wave arrival
times from local earthquakes.

Results show a prominent low-velocity zone beneath the

southeast flank of C rater Peak extending from the surface to 3-4 km below sea level, spatially
coincident with an active geothermal system. Beneath Crater Peak an approximately 3-kmwide zone of relatively low velocities correlates with a near vertical band o f seismicity,
suggestive of a magma conduit. No large low-velocity zone indicative o f a magma chamber
occurs within the upper 10 km of the crust.
In the three years bracketing the 1992 eruptions of M ount Spurr’s C rater Peak vent,
approximately 2.500 located events were classified as Volcano-Tectonic (VT) earthquakes.
Long-Period (LP) events, or Hybrid events. An unusual mix o f VT. LP. and hybrid events at
20 to 40 km depth began coincident with the onset of unrest and peaked shortly after eruptive
activity ended. The classified seismic events are combined with geophysical and geological
data to develop a simplified model of the magmatic plumbing system of Mount Spurr. The
major components of this model are a deep magma source zone at 20 - 40 km depth, a smaller
storage zone at about 10 km depth, and a pipe-like conduit that extends to the surface.
The frequency-magnitude distribution of earthquakes measured by the 6-value is
determined as a function of space beneath Soufriere Hills Volcano, from data recorded
between August 1. 1995 and March 31. 1996. A volume of high 6 -values (b > 3.0) with a 1.5
km radius is imaged between 0 and 1.5 km beneath English’s C rater and Chance's Peak.
This anomaly extends southwest to G age's Soufriere. At depths greater than 2.5 km. volumes
of comparatively low 6-values (6-1) are found beneath St. G eorge's Hill. W indy Hill, and
below 2.5 km to the south of English's Crater.
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Chapter 1
1.0 General Introduction
Volcanic earthquakes have long been used to infer the location and size of magma
chambers, the processes associated with magma transport, and the velocity of magma ascent
(e.g. Koyanagi et al.. 1976: Malone 1983: Klein et ai.. 1987). More recent studies o f wave
propagation through volcanic areas have been used to map the geologic structures beneath
volcanoes (e.g. B enzet al.. 1996: Patane et al.. 1994). Additionally, close seismic monitoring
of a num ber o f active volcanoes (e.g. Okada et al., 1981; Malone 1983: Klein et al., 1987;
Power e t al., 1994: Harlow et al.. 1996). as well as modeling of source mechanisms (e.g.
Chouet. 1992; Julian. 1994). has greatly improved our understanding of volcanic processes
associated with the various types of seismic events observed at active volcanoes.

These

advances provide a clearer understanding o f subsurface volcanic structures and the processes
which lead to magma ascent and eruption. Our understanding of these processes and their
seismic expression has provided the basis for a number o f successful forecasts o f volcanic
eruptions.

These forecasts were based on changes in the rate of occurrence o f volcanic

earthquakes, increases in the total seismic energy release, and changes in the character of
earthquake waveforms. Forecasts of volcanic eruptions and mitigation of volcanic hazards
has proven to be most effective when monitoring of seismic activity is combined with related
observations o f ground deformation, thermal and potential field measurements, geochemistry,
and geological observations of past eruptions, as well as a sound understanding o f the
individual magmatic system (Swanson et al.. 1985: Tilling 1989).
This thesis uses three recently developed seismologic techniques to infer the
subsurface structure and volcanic processes at two active volcanoes: Mount Spurr. Alaska,
which erupted in 1992: and South Soufriere Hills volcano on Montserrat. West Indies, which
at the tim e o f this writing (May 1998) continues to erupt. The studies included in this thesis
were selected to improve our understanding of the plumbing of magmatic systems, volcanic
processes, and consequently our ability to forecast eruptions at these two hazardous
volcanoes.
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1.1 Overview of the Chapters

This thesis is devided into four chapters: this introduction, and three chapters, which
have been prepared as separate journal manuscripts. Each o f these manuscripts has its own
introduction, discussion of data and analysis, and conclusions, which are specific to the
individual chapter. Figures are arranged at the end o f each chapter. The presentation o f the
individual chapters does not reflect the order in which the work was completed.
The

first manuscript (Chapter 2) uses local earthquake P-wave travel-time

tomography to determine the three-dimensional velocity structure o f the Mount Spurr area to
depths o f 10 km. The primary objective o f this study is to identify the components of the
Mount Spurr/Crater Peak magmatic system which can be imaged based on seismic velocity
contrast. Results show a prominent low-velocity zone extending from the surface to 3-4 km
below sea level beneath the southeast flank o f Crater Peak, spatially coincident with a
geothermal system.

P-wave velocities in this low-velocity zone are approximately 20%

slow er than those in the shallow crystalline basement rocks.

Beneath Crater Peak an

approximately 3-km-wide zone of relative low velocities correlates with a near vertical band
of seismicity, suggestive of a magmatic conduit.

No large low-velocity zone indicative o f a

magma cham ber occurs within the upper 10 km o f the crust.

These observations are

consistent with petrologic and geochemical studies suggesting that Crater Peak magmas
originate in the lower crust or upper mantle and have a short residence time in the shallow
crust. This work has been accepted for publication in the Bulletin o f Volcanology (Power et
al.. 1998).
In the next chapter (Chapter 3). we classify all located seismic events within
approximately 18 km of Mount Spurr between January 1991 and December 1993 based on
our understanding of source processes o f the various types of seismic events.

The

classification system used identifies events as Volcano-Tectonic (VT) earthquakes which
reflect the brittle failure of rock. Long-Period (LP) events which are thought to be generated
by the movement of magma, and hybrid events which share the characteristics and perhaps
the source processes of both VT and LP events.

Stacked velocity spectra are used to

eliminate wave propagation effects such as scattering, diffraction, and absorption in the
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observed seismic waveforms. Significant seismic features of the eruption sequence include:
( 1) a distinct swarm o f VT earthquakes in August 1991 directly beneath the C rater Peak vent:
(2) a caidera - wide increase in VT earthquakes lasting seven months which preceded the June
27 eruption: (3) two shallow swarms o f VT earthquakes which occurred on June 5 and June
27. the latter immediately preceding the June 27 eruption; (4) a mix of VT. LP. and Hybrid
events at depths o f 20 - 40 km which coincided with the onset of seismic unrest and reached a
peak after eruptive activity ended. (5) a strong swarm of VT earthquakes which began as the
September 16-17 eruption was ending; (6) a prominent swarm o f VT earthquakes on
November 9-10 at depths of - I to 4 km beneath Crater Peak: and (7) a smaller swarm of VT
earthquakes in late December 1992 which locate between 7 and 10 km depth. This chapter
has been submitted to the Journal o f Geophysical Research.
Chapter 4 is a study of the frequency-magnitude distribution o f earthquakes measured
by the 6-value as a function of space around South Soufriere Hills Volcano. Montserrat. West
Indies. We use earthquake hvpocenters and magnitudes calculated by the M ontserrat Volcano
Observatory between August 1995 and March 31. 1996. The b-value is estimated at the nodal
points o f a two-dimensional grid using the N nearest earthquakes. Wiemer and W'yss (1997)
and Wyss et al.. (1997) describe this relatively new technique. Results show a volume of
anomalously high 6-values (6 > 3.0) with a 1.5 km radius at depths o f 0 and 1.5 km beneath
English's Crater and Chance's Peak. This high b-value anomaly extends southwest to G age's
Soufriere. At depths greater than 2.5 km. volumes o f comparatively low 6-values (6-1 ) are
found beneath St. George's Hill. Windy Hill, and below 2.5 km depth and to the south of
English’s Crater.

Chapter 4 has been accepted for publication in Geophysical Research

Letters (Power et al., in press).
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CHAPTER 2
Seismic Image o f the Mount Spurr Magmatic System1

2.0 Abstract
The three-dimensional P-wave velocity structure o f M ount Spurr is determined to
depths of 10 km by tomographic inversion of 3.754 first arriving P-wave times from local
earthquakes recorded by a permanent network of 11 seismographs. Results show a prominent
low velocity zone extending from the surface to 3-4 km below sea level beneath the southeast
flank of Crater Peak, spatially coincident with a geothermal system. P-wave velocities in this
low-velocity zone are approximately 20% slower than those in the shallow crystalline
basement rocks.

Beneath Crater Peak an approximately 3-km-wide zone of relative low-

veiocities correlates with a near vertical band of seismicity, suggestive of a magmatic conduit.
No large low-velocity zone indicative of a magma chamber occurs within the upper 10 km of
the crust.

These observations are consistent with petrologic and geochemical studies

suggesting that C rater Peak magmas originate in the lower crust or upper mantle and have a
short residence time in the shallow crust. Earthquakes relocated using the three-dimensional
velocity structure correlate well with surface geology and other geophysical observations, and
thus they provide additional constraints on the kinematics o f the Mount Spurr magmatic
system.

2.1 Introduction
Mount Spurr is an active, composite volcano situated at the northeastern end of the
Aleutian arc approximately 125 km west o f Anchorage. Alaska (Fig. 2.1). This predominantly
andesitic volcano has erupted twicein historic time, a single eruptive event in 1953 (Juehle

1 Published as: Power JA. Villasenor A. Benz HM. (1998) Seismic image o f the M ount Spurr magmatic system.
Bull ofV olcanal 60:27-37.
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and C oulter 1955) and a sequence of three eruptive events on 27 June. 18 August, and 16-17
September 1992 (Alaska Volcano Observatory Staff 1993).
Both historic eruptions were from the Crater Peak vent, a small composite cone on
the south flank o f Mount Spurr (Fig. 2.2). Each o f the 1992 eruptions lasted about four hours
and produced between 12 and 15 million cubic meters D.R.E. (Dense Rock Equivalent) of
andesitic magma (53 to 57% SiO:). The total 1992 erupted volume was approximately 4% of
the output from the May 18. 1980. M ount St. Helens eruption.

The 1992 M ount Spurr

eruptions were preceded by 10 months o f increasing seismic activity. Following the 1992
eruption sequence elevated seismic activity was observed into 1994.

Seismic activity

associated with the 1992 eruption was monitored by a network of 7 to 11 radio-telemetered
short-period seismic stations operated by the Alaska Volcano Observatory (Fig. 2.2).
In this paper, first arriving P-wave phases recorded by the local seismic network
between I January 1991 and 31 December 1993 are used to determine a three-dimensional Pwave velocity structure of Mount Spurr to a depth o f approximately 10 km. We describe the
available seismic data and technical aspects of the tomography and ray-tracing techniques
used to determine the three-dimensional velocity structure. We then discuss the results o f the
tomographic inversion, place them in context with the known geology and results of earlier
studies, and discuss the implications of the results for our understanding of the Spurr
magmatic svstem and associated volcanic hazards.

23. Geology a n d Geophysical Studies of M o u n t S p u rr
Nye and Turner <1990) estimate that volcanism at Mount Spurr began about 250.000
years ago. and formed ancestral Mount Spurr. composed of interbedded flows of andesite and
more mafic intrusions.

The Mount Spurr volcanic sequence overlies intrusive crystalline

basement composed of granite and quartz diorite (Reed and Lanphere 1969) that crops out
west o f M ount Spurr (Fig. 2.2). East o f M ount Spurr is a Tertiary conglomerate, sandstone,
siltstone. and ash-flow sequence that is faulted against the granitic basement rocks. Basement
rocks south o f the Chakachatna River are composed o f granodiorite.
Approximately 15.000 years ago ancestral Mount Spurr had a large sector failure,
producing a Bezymianny-style collapse caldera approximately 4.5 km wide (Nye and Turner
1990). Following the collapse two vents formed. Mount Spurr summit in the center of the
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caldera and Crater Peak in the caldera breach (Fig. 2.2). There is no evidence o f both vents
existing prior to collapse (C.J. Nye. pers. comm.). Spurr summit vent was active between
8.000 and 5.000 years ago. erupting andesitic magma containing 60 - 639£ SiO?, while the
Crater Peak vent erupted more mafic magma (53 - 57*7c SiO;).

Working with tephra layers,

Riehle (1985) finds evidence for 35 eruptions from the Crater Peak vent over the last 6.000
years. This provides a minimum indication o f the long-term activity o f Crater Peak, as not all
tephra layers have been preserved. The oldest Crater Peak tephras predate the youngest
Mount Spurr ash layers and indicate that the two vents were active simultaneously (Riehle
1985).
Magma from the 1992 eruptive sequences is higher in silica yet contains lower
concentrations of some incompatible elements (e.g.. Rb) compared to the 1953 magma.
Based on these differences. Nye et al. (1995) suggest that the recent magma was generated in
the lower crust or upper mantle, separately from the 1953 magma. The 1992 eruptions
produced two similar types of andesite that differ only in the composition of the groundmass
glass. The observed differences between the two andesites were attributed to progressive
crystallization or zonation of a single magma body that was tapped for all three 1992
eruptions

(Harbin et al. 1995: Neal et al. 1995).

Harbin et al. (1995) find pristine

hornblende crystals in the 1992 magma, so that the magma apparently did not spend
significant time in the upper crust.
In 1985. a program of geothermal exploration using self-potential, controlled-source
audiomagnetotelluric soundings and helium and mercury soil analyses was conducted
between Crater Peak and the Chakachatna River (Turner and Wescott 1986: Wescott et al.
1988: Moore 1990). This exploration was motivated by the presence of active fumaroles on
Crater Peak, as well as the presence of hot springs and the proximity of Mount Spurr to
communities in south-central Alaska.

These studies revealed prominent anomalies in

resistivity, self-potential, and elevated mercury and helium concentrations on the southeast
flank of Crater Peak. Based on the juxtaposition of these different anomalies, as well as the
presence of hot springs. Turner and Wescott (1986) suggested that a geothermal system exists
beneath the southeast flank of Crater Peak.

Figure 2.3 indicates the location of the potential

fields and geochemical anomalies previously identified as possible target zones for
geothermal production (Turner and Wescott 1986). The geometry of these anomalies, and the
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local geology, suggest that the Crater Peak geothermal system may be contained in a southdipping sandstone or porous tephra layer that is capped at the top by lava flows from Crater
Peak at roughly 1 km above sea level.

The resistivity anomaly extends to depths o f

approximately 200 m above sea level, where modeling suggests it overlies the granitic
basement rocks (Turner and Wescott 1986).

2 3 Seismicity of Mount Spurr
Using earthquake data collected in the Mount Spurr region between 1981 and 1991.
Jolly et al. (1994) observed a regional shoaling of earthquake hypocenters beneath the Spurr
volcanic cone. They attributed the shoaling to the presence of warm ductile crust beneath the
volcano, which would not fail in a brittle manner given usual strain rates. Axes of earthquake
focal mechanisms indicated that the principal regional stress direction was oriented N30°W,
concordant with convergence of the Pacific and North American plates, while directly
beneath the volcano the principal stress direction was oriented almost vertically. Jolly et al.
(1994) suggest that the deviation in principal stress directions beneath Mount Spurr might
result from either the weight of the Spurr volcanic pile or doming caused by magmatic
processes.
The 1992 eruptions were preceded by 10 months of increased earthquake activity
beneath Crater Peak, the summit of Mount Spurr. and under the north caldera rim.

Most of

these precursory earthquakes were located between -3.2 and 10 km deep (negative depths
refer to height above sea level), although a few events were observed as deep as 30 km.
Following the June 27 eruption, the volcano entered a period of relative seismic quiescence at
shallow depths that lasted until the August 18 eruption. Thereafter, the seismicity increased
and reached a maximum shortly after the September 16-17 eruption. The number of locatable
seismic events then began to decline.

Two notable swarms of earthquakes occurred in

November and December 1992. but seismicity continued to decline through

1993.

Earthquake locations and waveforms from this period are described by Power et al. (1995):
McNutt et al. (1995) described the observed episodes of volcanic tremor and eruption
seismicity.
Based on the space-time pattern of earthquake hypocenters between January 1991 and
December 1993. Power et al. (1995) suggested that the 1992 precursory seismicity resulted
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from the intrusion of magma at depths of 5 to 15 km. The November and December 1992
swarms were interpreted as intrusions of magma that did not reach the surface. An alignment
of deeper earthquake hypocenters dipping southeastward from Crater Peak to roughly 40 km
depth was found to be a mix of volcano-tectonic earthquakes and long-period events (Power
and Jolly 1994). attributed to magma transport and stress adjustments associated with the
1992 eruptions (Power et al. 1995).
Wiemer and McNutt (1997) calculated the spatial distribution of b-values beneath
Crater Peak to depths of 12 km using earthquake hypocenters which occurred between 1991
and 1995. A prominent zone of high ^-values

between 2.3 and 4.5 km depth was

attributed to alteration of rock caused by the vesiculation of ascending magma. They also
suggested that higher b-values between 10 and 12 km Kb - 1.2) and between 20 and 40 km
depth (b ~ 1.6) might be the result of magma reservoirs.

2.4 Data and Technique
Between January 1991 and December 1993. over 2,500 earthquakes were
recorded in the Mount Spurr area (Jolly et al. 1996) by a network of 7 to 11 seismic stations
within 20 km of the volcano's summit (Fig. 2.4). Analog waveform data from these stations
were telemetered to the Alaska Volcano Observatory in Fairbanks and recorded on a digital
event-detection recording system. For this study, we selected a subset of 525 well-recorded
earthquakes that had at least six P arrival-times and an azimuthal gap of less than 180°. The
earthquakes were declustered by not allowing any two hypocenters to lie within 500 m of
each other. Thus the earthquakes selected for the tomographic inversion were well distributed
throughout the model volume.
The tomographic inversion method used in this study is described in detail by Benz et
al. (1996) and has been applied to a number o f other volcanoes such as Redoubt Volcano.
Alaska (Benz et al. 1996). Mauna Loa and Kilauea. Hawaii (Okubo et al. 1997), and Clear
Lake. California (Stanley et al. in press). In this technique, local earthquake arrival times are
inverted to determine simultaneously both the three-dimensional P-wave velocity structure
and the earthquake locations.

Theoretical travel times are calculated using the finite

difference technique of Podvin and Lecomte (1991). which is well suited for computing travel
times in media with large lateral velocity perturbations. The area surrounding the volcano is
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parameterized as a grid o f constant velocity cells. Perturbations to the slowness (inverse of
velocity) are com puted using an LSQR solver (Paige and Sanders 1982) with smoothing
constraints applied to control the degree o f model roughness.
A 20 x 20 km area centered on Mount Spurr was selected for this study. The top of
the model was 4 km above sea level and the base at 40 km below sea level. This volume was
parameterized using uniform 1 x I x I km constant-velocity cells. A finer 0.25 x 0.25 x 0.25
km grid was used for travel-time calculations.

Cell dimensions for both travel-time

calculation and velocity inversion were determined empirically through a series o f tests that
addressed the effects o f varying cell sizes and smoothing values. Varying the weight that
controls the smoothing constraint from 50 to 10 over approximately 15 iterations results in a
smooth velocity model that significantly reduces the travel-time RMS.
The starting velocity model for our three-dimensional inversion (Fig. 2.5) is a
smoothed version o f the one-dimensional model of Jolly et al. (1994). which was obtained by
forward trial-and-error modeling o f a subset o f earthquakes recorded beneath Mount Spurr
and is used for routine earthquake location.
Because the LSQR solver used does not allow for the computation o f model
resolution and covariance, we used empirical reconstruction of synthetic anomalies to
estimate model resolution.

Figure 2.6 shows a comparison of a synthetic P-wave

checkerboard velocity model and its reconstruction using the method o f Benz et al (1996).
Synthetic P-arrival times were computed using the source-receiver geometry o f the observed
data and the checkerboard velocity model (Fig. 2.6). High and low velocity anomalies are
±10% relative to a homogeneous model of 5.8 km/s. Each anomaly is 5 x 5 x 5 km in
dimension. The checkerboard velocity model is smoothed, so there is a gradational transition
between high and low velocities.

The initial velocity model used in the synthetic

reconstruction is a homogeneous P-wave velocity model with a velocity o f 5.8 km/s. Figure
2.6 shows that the shape and amplitude of the checkerboard pattern are well reproduced
beneath Mount Spurr to depths o f 10 km. These tests also show the effects o f smearing along
the edges o f the model, where ray coverage is sparse.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

22

2.5 Three-dimensional P-wave Velocity Model for Mount Spurr
A set o f 3.754 P-wave arrival times was inverted to determine the three-dimensional
structure beneath Mount Spurr.

Re-location o f the earthquakes in the three-dimensional

structure resulted in an arrival-time residual RMS of 0.19 s. a 30% reduction from the initial
arrival-time RMS o f 0.27 s in the one dimensional starting model.
Shown in Figure 2.7 are map views of the P-wave velocity variations from -1 to 10km-depth. The tomographic results show P-wave velocity variations that range from 5 km/s
at shallow depth, between the summit, to roughly 6 km/s at depths of 10 km (Fig. 2.7). The
most prominent feature is a low-velocity region that extends from near the surface to 5-kmdepth beneath the south flank o f Mt. Spurr. The three-dimensional velocity structure beneath
Mount Spurr is best illustrated by selected cross-sections through our three-dimensional
velocity model (Fig. 2.8). The locations o f the individual cross sections are shown in Figure
2.9.
Cross-section A-A’ shows the velocity structure along a NNW-SSE line that crosses
through Mount Spurr summit and Crater Peak vent (Fig. 2.8). A low-velocity body (defined
by the 4.8 km/s velocity contour) extends from the surface to a depth o f about 4 km. This
low-velocity zone is coincident with the target zone for geothermal production determined
from analyses o f shallow low resistivity, elevated mercury and helium concentrations, and
anomalous self potential measurements (Fig. 2.3).

A trough-like depression of the velocity

contours is observed to depths greater than 20 km. This feature is coincident with a near
vertical zone of seismicity, which together define the conduit that likely fed the 1992 eruption
sequence.

This is also evident in cross-section B-B’. a roughly west-east cross-section

centered on Crater Peak. In cross-section B-B’. the seismicity lies along a narrow, steeply
dipping zone from the shallow crust beneath Crater Peak to about 15 km depth. Along profile
C -C \ which runs roughly east-west beneath the summit of Mount Spurr. a broad subtle
depression in velocities occurs (following the 5.6 km/s velocity contour) that is about 4-kmwide. This is the northernmost expression of the shallow low-velocity zone observed beneath
the southeast flank o f Crater Peak. Zones of high velocities (about 6.0 km/s) are observed
below 6 km along the west and east flanks o f the volcano and along the southeast flank of the
volcano near the Chakachatna river: they correlate with outcrops of granodiorite basement
rocks (Fig. 2.2).
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The average change in the hypocentral location is 1.7 ion horizontally and +4.1 km
vertically, for the 525 earthquakes simultaneously relocated in the three-dimensional velocity
model. A map view comparison of the initial and final earthquake locations (top Fig. 2.9)
shows a tightening o f the earthquakes along a northwest trend across the caldera. In addition,
the earthquakes cluster closer to the Crater Peak and Mount Spurr vents. Some earthquakes
initially located close to the edge of the station distribution relocate outside of the network.
The initial locations o f these events were probably poor as a result o f station geometry. In
cross-section (Fig. 2.9). the earthquake locations in the three-dimensional velocity model
clearly define a zone of seismicity dipping southeastward from directly beneath the Crater
Peak vent to 20-km depth. We infer that these hypocenters define the width and extent of the
conduit through which magma is transported.

2.6 Discussion
The velocities found at Spurr are somewhat faster than those typically seen at shallow
depths at active arc volcanoes, perhaps a result o f active glaciation which has kept the
accumulation of thick pyrociastic deposits to a minimum.

The velocity variations observed

in the three-dimensional velocity model are consistent with the rock types mapped in the area
(Nye and Turner 1990). Areas of higher-than-average velocities are spatially coincident with
crystalline basement rocks, and areas of slower-than-average velocities correspond to
sedimentary units or zones of hydrothermal alteration.
The largest velocity anomaly observed in the three-dimensional model is the lowerthan-average lobe at depths less than 4 km beneath the southeast flank o f Crater Peak (Fig.
2.8).

P-wave velocities in this area are between 4.5 and 5.0 km/s. an approximately 209c

decrease relative to the crystalline basement rocks.

The low-velocity zone is spatially

consistent with the areas of anomalous resistivity, self potential, and mercury and helium
values identified by Turner and Wescott (1986), Westcott et al. (1988) and Moore (1990)
(Fig. 2.3). We propose that the low P-wave velocities reflect hydrothermal alteration
associated with the geothermal system. No increase in seismicity associated with the 1992
eruptions of Crater Peak was observed in this area (Power et al. 1995). This lack suggests
that the cause of the low velocities is not directly linked to the M ount Spurr-Crater Peak
magmatic system and supports the geothermal interpretation for this area. No low-velocity
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zones are associated with the other areas o f low resistivity and high mercury and helium
concentrations identified by Turner and W escott (1986) farther east (Fig. 2.3).
these anomalies are not

However,

as large as those beneath the southeast flank o f Crater Peak.

Furthermore, these areas of our model are not well imaged due to poor station coverage and
few earthquakes. This low velocity zone terminates at depths roughly comparable with the
high t-value anomaly identified by W iemer and McNutt (1997). perhaps defining an area
where the hydrothermal system intersects the magma conduit. A generalized sketch showing
the subsurface features inferred from results o f this study is shown in Figure 2.10.
We propose that the broad low velocity zone beneath the summit o f Mount Spurr may
represent thermally altered or fractured rocks resulting from the long-term egress o f magma
starting with the ancestral volcano (Fig. 2.10). The velocity contrast is not as great as that
under the southeast flank of Crater Peak, it occurs at depths that the synthetic data (Fig. 2.6)
indicate can be relatively well imaged given the distribution of sources and receivers used in
this study. The velocity contrast beneath the summit of Mount Spurr is much smaller than we
would expect if an active magma cham ber existed in this area. Hypocenters relocated beneath
the summit o f Mount Spurr delineate a north-dipping structure 3 - 7 km deep. Almost all the
earthquakes in this area occurred during the 10-month precursory period and were attributed
to stress adjustments resulting from the influx o f magma at 5-15 km depth beneath Crater
Peak (Power et al. 1995).

The tightly clustered relocated hypocenters suggest structural

control for this seismic zone, possibly the reverse fault mapped east of Crater Peak by Nye
and Turner <1990).
A third low-velocity zone dips southeastward from the base of Crater Peak to depths
of 10-15 km. It is roughly coincident with an alignment of earthquake hypocenters recorded
after the onset of eruptive activity in 1992. but these hypocenters extend to depths o f 35 to
40 km.

These earthquakes were thought to define a conduit structure that fed the 1992

eruptions (Power et al. 1995).

We interpret the localized downwarp of the velocity contours

beneath Crater Peak vent as a zone o f highly fractured and thermally altered rocks suggestive
of an upper crusta! pathway through which magma is transported (Fig. 2.10). The nearly
vertical alignment of the relocated hypocenters (Fig. 2.8) may indicate the presence of a
steeply dipping conduit to the southeast of Crater Peak.
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Velocity anomalies attributed to magma chambers and volcanic conduits have been
successfully imaged at a number of volcanoes, including Kilauea (Okubo et al. 1997), Mount
Pinatubo (Mori et al. 1996), Mount Redoubt (Benz et al. 1996), Mount St. Helens (Lees and
Crosson. 1989. Lees. 1992). and Hengill - Grensdalur (Toomey and Foulger. 1989). We find
no evidence o f a large low-velocity zone indicative o f a magma chamber within the upper 10
km o f the crust beneath Mount Spurr and Crater Peak.

This result supports the

interpretations of Nye et al. (1995) and Harbin et al. (1995), who suggested, based on
geochemical and petrologic evidence, that 1992 Crater Peak lava originated within the deeper
portions of the crust and did not spend significant time at depths of less than 5 km.

2.7 Conclusions
We obtained a detailed three-dimensional P-wave velocity structure o f Mount Spurr
by tomographic inversion of local earthquake arrival times. The results provide an improved
understanding of the subsurface components o f the Mount Spurr-Crater Peak magmatic
system to depths of 10 km.

Improved earthquake locations using the three-dimensional

velocity structure provide a framework for mapping the subsurface components of the
magmatic system.

The dominant P-wave velocity anomalies are thought to represent a

shallow hydrothermal system between the surface and 4 km depth, as well as altered or
fractured zones beneath both Crater Peak and Mount Spurr indicative o f magmatic conduits.
No large low-velocitv zone indicative of an active magma chamber was found within the
upper 10 km of the crust. We interpret these results in terms of a geothermal system beneath
the southeast flank of Crater Peak, a fractured or thermally altered area beneath the summit of
M ount Spurr. and a magmatic conduit that dips southeastward from Crater Peak.
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Figure 2.3) Map of geophysical anomalies observed near Crater Peak: Topographic map of
area surrounding Mount Spurr showing generalized locations of anomalous values of helium,
mercury, self-potential, and resistivity identified by Turner and W escott <1986).
interval is 200 m.
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using the source-receiver geometry o f the observed earthquake data and the checkerboard
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Note that the

checkerboard pattern is well reproduced beneath Mount Spurr to depths o f 10 km.
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Figure 2.10) Sketch o f the Spurr magmatic system:

Generalized interpretation o f the

subsurface components o f the Mount Spurr magmatic system based on three-dimensional Pwave tomogaphy results. The vertical slice of the cmst is concordant with cross section A-A ’
(Fig. 2.8).
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CHAPTER 3
Seismicity of the Mount Spun* Magmatic System During the 1992 Crater Peak
Eruption Sequence2
3.0 Abstract
In the 3 years bracketing the 1992 eruptions of Mount Spurr's Crater Peak vent,
approximately 2.500 earthquakes were detected and located using a local network o f as many
as 11 seismic stations. Normalized velocity spectra are used to classify located seismic events
as Volcano-Tectonic (VT) earthquakes. Long-Period (LP) events, or hybrid events. Analysis
o f the space-time seismicity pattern produced by these event types provides a framework for
understanding the eruptive sequence. Significant seismic features of the eruption sequence
include: (I) a distinct swarm of VT earthquakes in August 1991 directly beneath the Crater
Peak vent. (2) a caldera-wide increase in VT earthquakes. lasting 7 months, that preceded the
June 27 eruption. (3) two shallow swarms of VT earthquakes that occurred on June 5 and
June 27, the latter immediately preceding the June 27 eruption. (4) a mix of VT. LP. and
hybrid events at depths of 20 - 40 km which began coincident with the onset of seismic unrest
and reached a peak after eruptive activity ended. (5) a strong swarm o f VT earthquakes that
began as the September 16-17 eruption was ending, (6) a prominent swarm of VT earthquakes
on November 9-10 at depths of -1 to 4 km beneath Crater Peak, and (7) a smaller swarm of
VT earthquakes in late December 1992 that were located between 7- and 10-km depth. The
seismicity, combined with existing geophysical and geological data, provides constraints for a
simplified model o f the magmatic plumbing system o f the Crater Peak vent. The major
components of this model are a deep magmatic source zone at depths o f 20 - 40 km. a smaller
storage zone at about 10-km depth, and a pipe-like conduit system that extends to the surface.

' Submitted to Journal o f Geophysical Research for Publication as: Power. J.A.. A.D.Jolly. C J. N'ye. and M. L.
Harbin. Seismicity of the Mount Spurr magmatic system dunng the 1992 C rater Peak eruption sequence.
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3.1 Introduction
During 1992. Mount Spurr's Crater Peak vent erupted three times: on June 27. August
18, and September 16-17. Each of the eruptions was vulcanian to subplinian in character,
lasted 3.5 to 4.0 hours, and produced 12. 14. and 15 x 106 m ’ of tephra respectively [Neal et al
1995]. The eruptions produced a wide variety of seismicity, which included volcano-tectonic
(VT) earthquakes, long-period (LP) events, hybrid events, periods of volcanic tremor, and
eruption signals.

The dominant features o f this complex seismic sequence include a

prominent swarm o f VT earthquakes beneath Crater Peak in August 1991. a 7-month-long
precursory VT swarm that spanned the Spurr caldera. the eruptions themselves, strong
sequences of volcanic tremor, two swarms of VT earthquakes in November and December
1992. and a mix o f VT. LP. and hybrid events at depths o f 20 to 40 km.
Many improvements have recently been made in relating the different types and
characteristics of seismic events observed at active volcanoes with the source or causative
processes.

This has evolved largely by studying data from a number o f eruptions at

instrumented volcanoes [Okada et al.. 1981: Malone 1983; Klein et al.. 1987; Power et al..
1994: Harlow et al.. 1996] and theoretical modeling [Aki and Koyanagi. 1981: Chouet. 1992:
Julian. 1994: Chouet et al.. 1994; and Chouet 1996]. The advantage of classifying seismic
events on the basis of their source characteristics is that the observed seismicity can then be
related to volcanic processes.

Chouet et al.. [1994] separate volcanic seismicity into two

basic processes. The first process includes events caused by the brittle failure of rock as a
result of stresses induced by magmatic processes: we refer to these as "VT earthquakes". VT
earthquakes generally have impulsive P and S phases and a relatively broad spectrum with
energy between 1 and 15 Hz. The second process consists of events in which fluid plays an
active role in the generation of seismic waves; we refer to these as "LP events". LP events
commonly begin with a low-amplitude high-frequency P phase when recorded at small
epicentral distances: this phase is generally followed by a poorly defined S phase and a lowfrequency coda that is strongly peaked close to 2 Hz. Events that share the characteristics of
both LPs and VTs are referred to as “hybrids” after Lahr et al., [1994],
In this paper, we develop a model of the Spurr magmatic system based on a
classification of all located seismic events within roughly 20 km of the summit o f Mount
Spurr between January 1. 1991 and December 31. 1993 and on supporting geologic
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observations. We begin with an overview of the geology and seismicity of M ount Spurr with
special reference to the 1992 events. A review o f the seismic data selected for this study
follows with a discussion of the methodology for calculating waveform spectra, which is used
to classify all located seismic events as VT, LP, or hybrid. Using our understanding o f the
source processes o f these events, the temporal and spatial distribution of seismic activity, as
well as results from earlier geological and geophysical studies, we develop a simplified model
of the Crater Peak magmatic system and speculate on the volcanic processes active during the
1992 eruption sequence.

3.2 Review of the Mount Spurr Magmatic System

3.2.1 Eruptive History and Geology:
Mount Spurr is located about 125 km west of Anchorage, Alaska (Figure 3.1). Through
much of its history. Mount Spurr erupted andesites o f fairly uniform composition (58 - 60%
SiO:) from the summit vent, which formed a large stratocone. Approximately 15,000 years
ago, this ancestral Mount Spurr underwent a large sector failure that produced a Bezymiannystyle collapse/landslide caidera [Nye and Turner, 1990].
Following the collapse, two vents formed. The first vent in the center o f the newly formed
caidera erupted a more silicic andesite (60 - 63% SiO;) between 8.000 and 5.000 years ago.
and forms the present summit of Mount Spurr. The second vent. Crater Peak, formed in the
caidera breach and erupted more mafic magma (53 - 57% SiO:). The oldest Crater Peak
tephras predate the youngest Spurr tephra layers, indicating that for some period o f time, the
two vents were both active [Riehle. 1985]. Riehle [1985] found 35 tephra layers for eruptions
from Crater Peak over the last 6.000 years, which provides a minimum indication o f the long
term eruption frequency of Crater Peak. The Crater Peak vent has produced two eruptions
this century: a single eruptive event that occurred on July 9. 1953 [Juhle and Coulter. 1955],
and the sequence o f three eruptions that occurred during 1992 [AVO Staff, 1993].
The total erupted volume for the 1992 Crater Peak sequence is approximately 41 x
106 m ' DRE {dense rock equivalent) o f magma [Neal et al.. 1995]. The magma erupted in
1992 is a calcalkaiine andesite. containing about 57 wt.% SiO: by weight [Nye et al., 1995].
Magma of this composition is typical for Crater Peak eruptions, which are generally more
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mafic than the neighboring volcanoes in the Cook Inlet region (Figure 3.2). Deposits from all
three 1992 eruptions are composed of both a tan and gray colored andesite that are found to
differ only in the composition of the groundmass glass [Harbin et al., 1995]. G ardner et al.,
[in press] also describe a tan or brown and a gray colored andesite present in tephra samples
that differ in the size and volume percentage o f mirolites.

Based on the similarities in

composition, all three 1992 eruptions are thought to have tapped the same magma reservoir.
Several lines of evidence suggest that the 1992 Crater Peak andesitic magma
differentiated from its parent at lower crustal depths.

A section of the olivine-quartz-

plagioclase-diopside tetrahedron with samples from the 1992 eruption o f C rater Peak, the
1989-90 eruption of Redoubt Volcano, and representative samples from recent eruptions of
Augustine Volcano for comparison is shown in Figure 3.3. These data suggest that Crater
Peak magmas equilibrated at higher pressure and therefore greater depth than other Cook Inlet
magmas.

Harbin et al.. [1995] found pristine hornblende crystals in the 1992 magmas,

suggesting it did not spend significant time shallow enough to be outside the hornblende
stability field.

Comparison between the 1953 and 1992 magmas reveals a number of

incompatible trace element differences [Nrye et al.. 1995], suggesting they were derived from
separate sources.
Gardner et al.. [in press] calculated magma discharge rates, magma supply rates, and
magma ascent velocities using calculated eruptive volumes, eruption durations, ranges of
estimated magma discharge rates, as well as estimated depths of the magma source for each of
the three eruptions. Estimated magma discharge rates ranged from 823 to 1157 m 'Y 1. while
magma supply rates were 145 to 867 mJ/s. Magma ascent velocities ranged from 0.06 to 0.9
m/s. with a mean of 0.4 m/s. Using the calculated values for magma supply rate and ascent
velocity. Gardner et al.. [in press] estimated a conduit radius of about 21 m using the methods
described by Scandone and Malone [1985].
Prior to the 1953 eruption, the Crater Peak vent was filled with ice. Following the
1953 eruptions, a shallow lake formed within the Crater Peak vent. The lake w ater appeared
blue-green in color, and was sampled during the summer o f 1970 [Keith et al.. 1995]. Visual
observations suggest that the crater lake remained largely unaffected through most o f the
precursory seismic activity until June 8. 1992. when it turned a dark gray color with several
visible areas of strong upwelling. The lake water was sampled on June 11. and geysering was
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observed in areas surrounding the lake for the first time. The 1992 water samples were found
to be higher in S 0 4 than those collected in 1970. This change in chemistry was attributed to
increased sulfur species released from rising magma [Keith et al.. 1995], By June 26, 1992,
the water o f the crater lake had completely disappeared leaving only a gray mud and
substantial fumarolic activity.
Gas emissions from the Crater Peak vent were measured by a number of techniques
during the 1992 eruption sequence.

These included Total Ozone Mapping Spectometer

(TOMS), Airborne Ultraviolet Correlation Spectrometer (COSPEC), Airborne Infrared
Spectrometer (MIRAN). visual observations, and direct sampling o f the lake water in Crater
Peak. Large plumes containing 230 x 70. 400 ± 120. and 200 ± 60 kilotons o f SO: were
detected by the TOMS system for the June. August, and September eruptions respectively
[Bluth et al.. 1995].

While the individual eruptions produced large amounts of SO:,

measurements using the COSPEC found only minor SO: flux during the precursory and intereruptive periods.

The SO: fluxes determined using COSPEC data ranged from ten to

hundreds o f tons per day between September 21 and October 10, 1992; CO: fluxes
determined by the MIRAN measurements yielded values of thousands to tens o f thousands of
tons per day between September 25. 1992 and January 21, 1993 [Doukas and Gerlach. 1995].
Doukas and Gerlach [1995], suggest that the low flux of SO: observed through the precursory
and eruptive sequence, likely results from the scrubbing of SO: by water as magmatic gases
passed through the Crater Peak hydrothermal system. Higher SO: values observed after the
September 16-17 eruption were attributed to drying or disruption of the hydrothermal system
during the eruption. The hydrolysis o f SO: in the Crater Peak hydrothermal system explained
the H2S odor observed during periods when the COSPEC detected only background amounts
of SO:,

the observed decline of SO: during periods of tremor in October 1992. and the

observed increase in sulfates in the Crater Lake prior to the June 27 eruption. During the
three eruptions, large fluxes o f SO : were attributed to large magma flux that overpowered the
ability of the hydrothermal system to scrub SO: [Doukas and Gerlach. 1995]. Alternatively,
Gardner et al.. [in press] suggest that the low S 0 2 flux may result from the absence of magma
at shallow levels as well as from the presence of a plug at shallow depth.
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3.3.2 Seismicity and Geophysics
Earthquake hypocenters between 1981 and 1992 were observed to form four main
clusters: beneath the north caldera rim, under the summit of Mount Spurr. beneath Crater
Peak, and south of the Chakachatna River [Jolly et al.. 1994],

The activity beneath the

summit was roughly constant with time, whereas there were individual swarms under the
north caldera rim in 1982 and 1989.

The area beneath Crater Peak was aseismic until

precursory activity began in August 1991 (Figure 3.4).

Seismic activity south of the

Chakachatna River was roughly constant with time and is probably not directly associated
with volcanic processes at Mount Spurr.

Jolly et al.. [1994] also identified a regional

shoaling of earthquake hypocenters beneath Mount Spurr. In areas surrounding the volcano,
shallow crastal seismicity was observed at depths as great as 1 5 -2 0 km, whereas the area at 5
- 20 km depth directly beneath the volcano was aseismic. This aseismic zone was attributed to
a warm ductile area likely resulting from repeated intrusive activity beneath the volcano.
Power et al., [1995] give a preliminary seismic chronology and a review o f the use of
seismic observations in formulating eruption forecasts. A histogram showing the number of
located seismic events per day and the various individual swarms is shown in Figure 3.4.
The space-time development of earthquake hypocenters during 1991 and 1992 suggests that
the precursory seismic activity resulted from the intrusion of magma at depths o f 5 to 15 km.
The aiignment of deeper hypocenters at 20 - 40 km depth was attributed to magma transport
and stress adjustments.

The November 9-10 and December swarms were interpreted as

intrusions o f magma that did not reach the surface [Power et al., 1995].
Wiemer and McNutt [1997] calculated the spatial distribution o f 6-values beneath
Crater Peak. They identified a prominent zone o f high 6-values (6-1.7) between 2.3 and 4.5
km depth beneath Crater Peak. They also identified a less prominent increase in 6 (6-1.2)
below about 10 km depth. Using hypocenters from 80 VT earthquakes between 20 and 40 km
depth, they obtained a 6 -value of 1.67. They attributed the 6-value anomaly between 2.3 and
4.5 km depth to the fracturing of rock caused by vesiculation of magma, and suggested that
the higher 6-values below 10 km resulted from the possible presence o f a magma reservoir.
The higher 6-values at depths of 20 - 40 km were attributed to a deep magma chamber.
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Volcanic tremor was first observed on June 6. 1992. as short “bursts'’ that lasted
several minutes [McNutt et al.. 19951- Isolated instances of tremor increased in strength and
duration through June. Two strong episodes o f tremor occurred on June 24 and June 25 and
lasted 154 and 142 minutes respectively. Trem or occurred continuously for 23 hours prior to
the June 27 eruption. Calculated tremor amplitude ratios suggest that the source of tremor
migrated to shallower depths between June 11 and June 24 [McNutt et al.. 1995]. Short
episodes of trem or lasting 12 and 11 minutes, respectively occurred prior to the August 18
and September 16-17 eruptions. Tremor of variable amplitude was also recorded between the
September 16-17 eruption and October 20. Episodes of post-eruptive tremor were particularly
strong between O ctober 1 and 6. and were attributed to degassing of magma at shallow depths
[M cNutt et al.. 1995: Gardner et al.. in press].
Using P-wave arrival times for locally recorded earthquakes. Power et al., [in press]
determined a three-dimensional P-wave velocity structure to depths o f 10 km beneath Mount
Spurr.

Results from the study show a prominent Iow-velocity zone extending from the

surface to 3-4 km depth beneath the south flank o f Crater Peak, a narrow low-velocity zone
extending to at least 10 km depth to the southeast of Crater Peak, and a less pronounced lowvelocity zone beneath the summit of Mount Spurr. These low-velocity areas were attributed
to a shallow hydrothermal system, a magmatic conduit extending from 10 km depth to the
C rater Peak vent, and a fractured or warm area beneath the summit o f Mount Spurr.
respectively. This study found no large low-velocity zones indicative of a magma chamber
within the upper 10 km of the crust beneath Mount Spurr. Turner and Wescott [1986] and
W escott et al.. [1988] had previously identified the hydrothermal system to the south and
southeast of C rater Peak using a number of geophysical exploration techniques.

3.3 Data and Earthquake Classification

3.3.1 Seismic Instrumentation and Recording
Between January' I. 199! and December 31. 1993. Mount Spurr was monitored by a
network of 6 to 9 short-period radio-telemetered seismic stations (Figure 3.5). Data from this
network were collected using an event-detected recording system that digitizes incoming
signals at 100 sampies per second [Lee et al.. 1989]. Details of the network operation and
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acquisition system are given by Jolly et ai., [1996], Using this system. P- and S-wave picking
errors are roughly ±0.01 s and -0.05 s respectively.

Hypocenters and local magnitudes,

determined by frequency and amplitude measurements, were calculated using the program
HYPOELLIPSE [Lahr. 1989].

In this study, we use the velocity model and station

corrections developed for the Mount Spurr area by Jolly et al.. [1994]. During the period of
this study, about 2.500 earthquakes were located within 20 km of the summit of Mount Spurr.
The estimated precision (or relative location uncertainty between neighboring events) of
earthquake hypocenters at Mount Spurr is - 1 km in epicenter and 2 km in depth for events at
depths o f less than 10 km. The precision is about 3 km in epicenter and 2.5 km in depth for
events at depths greater than 20 km. These estimates are based on average values for subsets
of located events using the standard errors calculated by HYPOELLIPSE [Lahr. 1989].

3.3.2 Classification Method
VT earthquakes. LP events, and hybrid events are distinguished by the frequency
content of the observed waveform, examples of each are shown in Figure 3.6. In classifying
seismic events in this manner, it is necessary to determine whether observed spectra are a
result o f the source or a secondary wave propagation effect, such as attenuation, scattering, or
diffraction between the source and seismic station.

To eliminate path effects, we have

calculated velocity spectra for each of the representative event types at five stations at varying
distances and azimuths from the hypocenter. The spectra were generated using a 20.48-second
window beginning approximately 2 seconds before the onset of the first P-arrival.

Each of

these individual spectra were then normalized to one. stacked together, and then normalized a
second time.

By stacking spectra in this manner, any unusual path effects between a source

and receiver will be eliminated in the stacking process. Pitt and Hill [1994] used a sim ilar
technique to differentiate between VT and LP events at Long Valley Caldera. California. The
stacked spectra from VT earthquakes at Mount Spurr generally show substantial energy from
approximately 2 Hz to between 6 and 8 Hz. In contrast. LP events normally show a strong
peak between I and 3 Hz. with little energy above 3.5 Hz. The stacked spectra for hybrid
events generally show a strong pulse close to 2 Hz and a slow decline in energy to 5 or 6 Hz.
Examples of the stacked spectra of a VT earthquake at 35 km depth, an LP event at 38 km
depth, and a hybrid event at 22 km depth are shown in Figure 3.7.
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Once the spectral character and waveform appearance of individual event types were
determined, we classified all located events as VT. LP. hybrid, or unknown using the
following procedure.

First, waveforms from individual events were classified by visual

inspection. This was usually the case for shallow events as path effects are typically small
where the hypocenters are close to the recording stations. For events with hypocentral depths
greater than 10 to 15 km. stacked spectra were generally required, as path effects are more
prevalent with the longer travel paths. Events that lacked a reliable spectrum as a result of
telemetry noise, magnitude, or poor station geometry were classified as unknown.

3.4 Results and Interpretation

The results of the event classification are summarized in an epicenter map and a cross
section that show the three event types (events classified as unknown are not plotted) (Figure
3.8). and a plot of focal depth versus time (Figure 3.9). A summary of magnitudes of the
various event types and the cumulative seismic energy release is shown in Figure 3.10. Both
the classification of seismic events and existing geophysical data are used to develop a
simplified model of the Crater Peak magmatic system and the volcanic processes that are
likely to have been active through the 1992 eruption sequence.

3.4.1 St ay matte System Geometry
We speculate that the magmatic system beneath Crater Peak is composed of a source
zone whose seismic expression extends from 20 - 40 km depth, a small reservoir or storage
area whose top is at about 10 km depth, and a pipe-like conduit system extending from the
reservoir to the surface. The geometry of these bodies is imaged by event locations and for
shallower features, by the three-dimensional P-wave velocity structure determined by
tomographic inversion of local earthquake data [Power et al.. in press].
The deep magma source zone at 20 - 40 km is best defined by the mix of VTs. LPs.
and hybrids located to the southeast of Crater Peak (Figure 3.8), which peaked after eruptive
activity ended. This is consistent with petrologic evidence (Figure 3.3) suggesting that the
1992 magmas were derived deep in the crust or uppermost mantle [Nye et al.. 1995]. The
mid-crustal magma reservoir or storage area is best defined by the energetic swarm of VT
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earthquakes that occurred at the close of the September 16-17 eruption at 5 to 11 km depth
(Figure 3.1 ID).

Unfortunately, only 23 earthquakes of the hundreds that occurred in this

swarm can be reliably located as the ongoing eruption tremor masked signals on the local
stations.

Storage of magma at mid-crustal depths is consistent with pristine hornblende

crystals found in the material erupted in 1992 [Harbin et al.. 1995].

Based on the small

volume o f erupted material in 1992. we presume the magma is stored in a small or rather
diffuse volume. This small mid-crustal reservoir may be nothing more than a widening o f the
conduit system, perhaps a network of interconnected dikes and sills.
The conduit between 10 km depth and the surface is imaged by hypocenters (Figure
3.8) and seismic tomography, which shows a narrow [ow-velocitv zone extending to at least
10 km depth to the southeast of Crater Peak [Power et al.. in press].

Significant swarms of

VT earthquakes, which locate in the upper conduit and around the mid-crustal storage area,
occur during August 1991. June 5. June 27. November 9-10. and December 23 - 29. 1992
(Figure 3 .1 1A. B. C. E). While much of the precursory sequence occurs in this depth range
(Figure 3.9). these individual swarms occur when related evidence suggests that magma or
volatiles might have been moving to shallower depth. Particularly the June 5 and June 27.
1992. swarms, that occurred the day prior to the first shallow volcanic tremor [McNutt et al..
1995] and immediately preceded the first eruption. An idealized sketch of the inferred
components of the Mount Spurr/Crater Peak magmatic plumbing system is shown in Figure
3.12.
Prior to the June 1992 eruption, hypocenters were observed beneath the summit of
Mount Spurr and under the north caidera rim.

A low-velocity zone imaged by seismic

tomography is suggestive of a fractured or altered area beneath the summit o f Mount Spurr.
perhaps a remnant magma chamber or conduit system which fed this vent. The earthquake
hypocenters beneath the north caidera rim may represent some type of structural control in
this area, such as a fault system, although high elevation and extensive glaciation limit
seismic and geologic observations in this area.

We assume that both these areas were

responding to perturbations in the local stress field resulting from the emplacement of magma
beneath Crater Peak.
Evidence for the hydrothermal system on the southeast flank o f Crater Peak includes
results from resistivity, self potential, and mercury and helium soil analyses [Turner and
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Wescott. 1986], seismic tomography [Power et al.. in press], and the presence of hot springs
and active fumaroies at Crater Peak.

The seismic expression of the hydrothermal system

during the 1992 eruption sequence is apparently limited to volcanic tremor [McNutt et al..
1995]. This hydrothermal system may contribute to the low 6-value anomaly between 2.3 and
4.5 km depth identified by Wiemer and McNutt [1997],
Each of the eruptions lasted 3.5 to 4.0 hours [McNutt et al., 1995] and produced
roughly equivalent amounts of erupted material [Neal et al.. 1995],

Geochemical and

petrologic studies suggest that all three eruptions tapped the same reservoir [Nye et al.. 1995.
Harbin et al.. 1995: Neal et al.. 1995: G ardner et al.. in press], that we think is at about 10 km
depth based on seismicity i Figure 3.11C and 3 .11 FT

Interpretations presented here suggest

little change to the value calculated by Gardner et al.. [in press] for magma ascent rate, except
preference might be given to values which used a depth o f 10 km for the magmatic source.

3.4.2 Seismic Activation and Evolution
Almost all of the events located during the precursory seismic sequence were VT
earthquakes. This includes the swarm beneath C rater Peak in August 1991. the caldera-wide
increase in activity between November 1991 and June 1992. as well as the earthquakes in the
20-to-40-km depth ranee prior to June 1992 (Figure 3.9). The August 1991 swarm was the
first significant number of earthquake hypocenters observed beneath Crater Peak in more than
10 years of monitoring [Jolly et al.. 1994], We speculate this seismicity represents a stress
response as magma from a deeper source moved to the mid-crustal storage area. The calderawide increase in seismicity between November 1991 and June 1992 likely resulted from
continued pressunzation of this mid-crustal magma storage area. The only seismic expression
o f the deeper source zone during the precursory period are the 18 VT earthquakes observed at
20-to-30-km depth and the single hybrid event at 32 km depth on June 18. 1992 (Figure 3.9).
Lack o f increased SO; flux [Doukas and Gerlach. 1995], and no marked increase in fumorolic
activity or observed changes in the crater lake support the assumption that any magma in the
system remained at some depth between August 1991 and early June 1992.
Several independent lines o f evidence suggest that magmatic volatiles. perhaps
accompanied by a small amount of magma, began to ascend from the mid-crustal storage zone
in early June. On June 5. the largest number of located VT earthquakes in any 24-hour period
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occurred beneath Crater Peak (Figure 3.1 IB).

Following June 5. the number o f locatable

earthquakes declined throughout the caidera until immediately prior to the June 27 eruption.
We attribute this decline in seismicity to a concentration o f stresses around ascending magma
or volatiles as they moved to shallower depth beneath Crater Peak.

On June 6. shallow

volcanic tremor, attributed to the interaction of ground water and magma or related volatiles.
was observed for the first time. The occurrence and intensity of tremor increased through the
month of June [McNutt et al.. 1995].

Additionally, beginning in mid-June, visual

observations o f increased fumorolic activity, changes in the crater lake water color and
chemistry, and upwelling in the lake are all suggestive of increased heat flow possibly
associated with the ascent of magma and associated volatiles. Shallow LP events were not
located until June 19. A single hybrid event was identified at 32 km depth on June 18. 1992. 9
days before the June 27 eruption. The June 27 eruption was preceded by approximately 19
hours o f continuous strong volcanic tremor [McNutt et al.. 1995] and a 4 hour long swarm of
VT earthquakes that preceded the onset o f eruptive activity. These shocks were generally
located between -I and 4 km depth directly beneath the Crater Peak vent (Figure 3 .11C).
Magnitudes o f these events ranged from -0.6 to 1.2 and generally increased in size throughout
the duration of the swarm. Within this swarm, four events were determined to be LPs.
Presumably, this seismic activity represents the final opening of the conduit and ascent of
magma to the surface.
Following the June 27 eruption, shallow seismicity quickly declined. A few LP events
at depths above sea level were recorded in the 48-hour period following the eruption, but
these quickly died away. At shallow depths, the period between the June 27 and September
16-17 eruption was as quiet seismically as any period since the onset of precursory seismicity
m August of 1991. Activity between 10 and 40 km depth increased slightly between the June
27 and August 18 eruption.

An LP event, a hybrid event, and 5 VT earthquakes were

identified during this period (Figure 3.9). The August 18 eruption initiated a further increase
in all event types in the 20 - 40 km depth range. This activity continued to increase until
about 2 weeks after the September 16-17 eruption. Interestingly, little change was observed
in the shallow seismic activity either before or after the August 18 eruption (Figure 3.9). The
August and September eruptions were preceded by much subtler immediate precursors:
presumably, the upper portions of the conduit were now open allowing the unimpeded ascent
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of magma. The period between each of the eruptions was quiet seismicaily at shallow depths
(Figure 3.9), suggesting little movement of magma between eruptions above 10 km depth.
We think the strong swarm of VT earthquakes that began during and followed the
September 16-17 eruption, reflects a stress adjustment resulting from the removal of magma
at about 10 km depth (Figure 3.1 ID). This was the most energetic swarm of seismic events
associated with the 1992 eruption sequence (Figure 3.10). Presumably, the removal of mass
by the three eruptions combined was sufficient to initiate this type of stress response, while
the mass removed by the individual eruptions in June and August was not.

3.4.3 Deep Seismicity and Eruption Termination
One of the most unusual aspects of seismicity observed at Mount Spurr in association
with the 1992 eruption sequence is the initiation o f activity between 20 and 40 km depth. VT
earthquakes below 20 km depth began to appear as early as August 19 9 1, roughly coincident
with the onset o f shallow VT earthquakes beneath Crater Peak.

This activity intensified

slightly in January 1992. although the total number of VT earthquakes located in this depth
range during the precursory period is small (Figure 3.9). The June eruptive event triggered an
increase in activity below 20 km depth: the first locatable deep LP event occurred on July 27
at a depth of 35 km. The rate of deep LP seismicity increased again following the August 18
eruption and reached a peak during late October (Figure 3.9).
LP events at depths greater than 10 km have been observed at only a few volcanoes.
These include Kilauea Volcano. Hawaii [Koyanagi et al.. 1987], Long Valley Caldera.
California [Pitt and Hill. 1994], Mount Pinatubo. Philippines [White. 1996], Mount Lassen.
California [Walter. 1991]. Mount Morivoshi. Japan [Hasagawa et al.. 1991]. Mount Fuji.
Japan [Ukawa. 1997], and Izu-Ooshima. Japan [Ukawa and Ohtake. 1987],

A handful of

isolated events have also been reported at several other volcanoes in the Cascades [Pitt and
Hill. 1994: Malone and Moran. 1997], White [1996] gives a review of observations of deep
LP events and a discussion of possible source mechanisms. In many of these occurrences of
deep LP events, the fluid most likely responsible for their generation is basaltic magma,
which is thought to be vapor saturated with C O : [White. 1996].
Unlike occurrences of deep LP activity at Mount Pinatubo and Long Valley, events at
20 - 40 km depth at Mount Spurr are a mix of VT. LP. and hybrid events. The mix of seismic
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event types seen at M ount Spurr between 20 and 40 km depth is m ost analogous to that seen
at Kilauea at similar depths. White and Dzurisin [1997] suggest that deep LP activity may be
triggered when the shallow portions o f a magmatic system are depressurized either by an
eruption, differentiation o f magma in a shallow magma chamber, or stress changes associated
with large earthquakes. That we do not see seismic activity in the 20 - 40 km depth range at
neighboring active Cook Inlet volcanoes, such as Redoubt and Augustine (Figure 3.1). is
perhaps a result of the shallow or mid-crustal magma chambers which are present at these
volcanoes [Figure 3.3. Power et al.. 1994; Power 1988], which apparently does not exist at
Crater Peak.
We infer that the deep seismicity observed at Mount Spurr is likely the result of the
movement of magma at depths of 20 - 40 km.

This activity apparently started with VT

earthquakes that began about the same time as the August 1991 C rater Peak swarm, that we
attribute to the initial rise of magma and pressurization of the mid-crustal storage zone. The
observed increase in seismicity in the 20 - 40 km depth range may represent an increase in the
movement of magma from the deeper zone, as magma was removed from the mid-crustal
storage zone by each o f the three eruptions. Assuming that the seismicity rate in the 20 - 40
km depth range reflects the rate of magma transport, then maximum flux occurred in late
October or early November. 1992.
We believe the November 9-10. 1992 earthquake swarm most likely reflects a
magmatic intrusion, as suggested by Power et al.. [1995]. Most shocks in the November 9-10
swarm came from one of three individual earthquake families (C. Stephens, pers. comm.
1993].

Each of these families was activated as magma presumably moved progressively

farther from the existing conduit. We speculate that the magma intruded on November 9-10.
may have come from greater depth, contained fewer volatiles. and had a higher viscosity than
the magma erupted during the summer. This magma was unable to reach the surface and
instead intruded at shallow depths causing the energetic earthquake swarm.

Supporting

circumstantial evidence comes from the peak rates of seismic activity observed in 20 - 40 km
depth range prior to November 9 - 1 0 . The magma emplaced on N ovem ber 9 - 1 0 may have
blocked the conduit for the rise of additional magma and ended the 1992 eruption sequence.
Alternatively. Gardner et al.. [in press] suggest that the 1992 eruption sequence was
terminated when additional magma rose, crystallized, and blocked the conduit following the
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September 1 6 - 1 7 eruption. The strong volcanic trem or in September and October 1992
[McNutt et al.. 1995] and the relatively high gas flux [Doukas and Gerlach. 1995] are
suggestive o f the emplacement of shallow magma or a disruption of the hydrothermal system
following the September 16-17 eruption.

Based on the cyclic nature of the trem or in

September and October. Benoit [1998] suggests this trem or is the result of a hydrothemal
process. W e favor eruption termination caused by influx of new magma on November 9 — 10.
A later, less energetic swarm of VT earthquakes occurred between December 23 and
29. 1992. Hypocenters in this swarm are clustered between 7 and 10 km depth, in an area
roughly coincident with the September 17 swarm (Figures 3.1 ID and 3.1 IF). Possibly, this
seismicity reflects a small intrusion or stress adjustment associated with the mid-crustal
magma storage zone.
Throughout 1993. seismic activity at shallow depth remained almost exclusively VT
earthquakes concentrated between sea level and 5 km depth. Deeper activity slowly declined
through 1993. and deep LP and hybrid events declined more rapidly than VT earthquakes
(Figure 3.9).

This slow decline in seismic activity is often observed at active volcanoes

following the cessation of eruptive activity [Mori et al.. 1996).

3.4.4 Eruption Forecasting and Volcanic Hazards
Careful monitoring of seismicity, as well as visual observations of the volcano and
measurements of gas emissions, allowed the Alaska Volcano Observatory t.AVO) to issue
forecasts o f impending eruptive activity prior to the June 27 and September 16-17 eruption,
and notifications were issued shortly after all three 1992 eruptions began. Two forecasts were
issued when eruptions did not occur, based on increased tremor in October 1992 and during
the November 9-10 swarm. A synopsis of AVO’s forecasting efforts and public statements is
given by Eichelberger et al.. [1995].
Based on the geologic record and the lack o f a shallow magma chamber that could
feed larger eruptions, we expect future eruptions o f Crater Peak to be vulcanian to
subplininan events similar to those in 1953 and 1992, with precursory seismicity perhaps
similar to that seen m 1991 and 1992. The shallow seismic precursors to the August 18 and
September 16-17 eruption were much shorter than those on June 27. Consequently, close
monitoring should follow any future eruptive event o f Crater Peak for at least several months.
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It should also be remembered that energetic swarms of seismic events such as November 9-10
and December 23-29. and energetic periods o f tremor did not result in eruptions. The summit
vent o f M ount Spurr has not erupted for 5.000 to 6,000 years [Riehle. 1985: Nye and Turner,
1990]. Reactivation of that vent would be an unusual event and we might see a very different
pattern o f seismicity than in 1992.

3.5 Conclusions
The occurrence of VT earthquakes. LP events, and hybrid events indicates that a
variety o f seismic sources were activated by the 1992 eruption sequence of Crater Peak.
Stacking o f normalized velocity spectra suggests the observed differences in waveforms
reflect source processes, and are not the result of wave propagation effects such as
attenuation, scattering, or diffraction. Both seismic and geochemical evidence suggests that
magma involved in the 1992 eruptions originated at 20 - 40 km depth. This magma then
migrated to a small mid-crustal storage zone that was tapped for all three eruptive events in
1992. Earthquake hypocenters suggest the conduit dips to the southeast of Crater Peak. The
long duration widespread precursory seismicity likely reflects perturbations in the local stress
field associated with the movement o f this magma into the mid-crustal storage zone at about
10 km depth. We think that an intrusion of more viscous magma occurred on November 9-10
and blocked the upper portions of the conduit ending the 1992 eruption sequence.
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Figure 3.3) Olivine - Quartz - Plagioclase- Diopside tetrahedron for Cook Inlet: A section of
the olivine-quartz-plagioclase-diopside tetrahedron showing the projection of samples from
Crater Peak (circles). Augustine Volcano (squares), and the 1989-90 eruption of Redoubt
Volcano (triangles).

Solid lines represent position of the 1 atmosphere cotectics and stars

show the location of the 10 and 25 Kbar eutectic. The Crater Peak magmas have equilibrated
at higher pressure and presumably greater depth than neighboring volcanoes.
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eruptions on June 27. August 18. and September 16-17. 1992.
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Figure 3.5)

Map of seismic stations at Mount Spurr:

Seismic stations (solid triangles)

located in the vicinity of Mount Spurr. Solid line denotes the outline o f the rim of the Mount
Spurr caidera.
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Epicenter map and cross section of located earthquakes near Mount Spurr:

Epicenter map and cross section showing all located earthquakes near Mount Spurr from 1991
through 1993. Only epicenters within the box are shown in cross section A -A '.
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Figure 3.9) Focal depth versus time for all located events at Mount Spurr. 1991 - 1993.
Arrows and dotted lines note the approximate times o f the June 27. August 18. and September
16-17 eruption. The offset in hypocentral depths from late February to mid-M arch. 1992 is a
result of telemetry problems with several stations in the Spurr network.
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Epicenter maps and cross-sections for shallow swarms at Crater Peak:

VT

earthquake epicenter maps and vertical cross sections for profile B - B’ for: A) August 19 9 1.
B) June 5. 1992. C) June 27. 1992. D) September 17. 1992. E) November 9 - 10. 1992. F)
December 23 - 29. 1992. For comparative purposes earthquake hypocenters are located with
a consistent set of stations that did not include either stations CPK or CP2 (Figure 3.5). Plots
A. B. C. and E define the upper conduit, while plots D and F show the probable location of
the mid-crustal storage zone.

Plot D shows only the 23 best located earthquakes of the

hundreds that occurred on September 17. 1992.
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VT earthquakes beneath summit
of Mount Spurr and N. caldera rim.
.reflecting increased stress caused by
intrusion o f magma to mid-crustal
storage zone.

Approximate extent of Crater
Peak hydrothemal system
(Turner and Wescott, 1985.
Power etai. 1998).

*

Upper magma conduit as defined
by swarms of VT earthquakes in
8/91.6/5. and 6/27,1992 IFigure 11)
and seismic tomography
i Power et al. 1998). Conduit diameter
estimated to be 21 m or less (Gardner
et al. 1998).
Mid-cnislai level magma storage
zone as defined by 9/17 and 12/24 - 29.
hypocenters (Figures 11C and 1 IF) and
pristine hornblende crystals
(Harbin et al. 1995).

Deep crustal magma source area
as defined by mix of VT. LP. and
Hybrid events. Chemical phase data
also suggest 1992 magma equilibrated
in the lower crust or upper most
mantle (Figure J and Nye et al. 1995).

DISTANCE (KM)

Figure 3.12)

Sketch o f the inferred Crater Peak magmatic plumbing system: Inferred Crater

Peak magmatic system in NW to SE cross section. Symbols (X. O. and A) refer to
approximate locations of located VT. LP. and hybrid events.

Question marks indicate

uncertainty in extent o f Crater Peak hydrothermal system and the shape and extent o f the midcrustal storage zone. Location of cross section B-B* is shown in Figure 3 .1 1.
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CHAPTER 4
Spatial Variations in the Frequency-Magnitude Distribution of Earthquakes at
Soufriere Hills Volcano, Montserrat, West IndiesJ

4.0 Abstract
The frequency - magnitude distribution of earthquakes measured by the 6-value is
determined as a function of space beneath Soufriere Hills Volcano. Montserrat, from data
recorded between August I. 1995 and March 31. 1996. A volume of anomalously high 6values (6 > 3.0) with a 1.5 km radius is imaged at depths o f 0 and 1.5 km beneath English's
Crater and C hance's Peak.

This high 6 -value anomaly extends southwest to G age's

Soufriere. At depths greater than 2.5 km volumes of comparatively low 6-values (6 -1 ) are
found beneath St. George's Hill. Windy Hill, and below 2.5 km depth and to the south of
English’s Crater. W e speculate the depth o f high 6-value anomalies under volcanoes may be
a function o f silica content, modified by some additional factors, with the most siliceous
having these volumes that are highly fractured or contain high pore pressure at the shallowest
depths.

4.1 Introduction
The frequency of occurrence o f earthquakes with increasing magnitude can be
described as a power law by the equation,

/og/o/V = a - 6/Vf

( I)

where N is the cumulative number of earthquakes with magnitudes equal or larger to M. and a
and 6 are constants (Ishimoto and Ida. 1939: Gutenberg and Richter. 1944).

The 6-value is

'Published as: Power. J.A.. M. Wyss. and J.L. Latchman. Spatial Variations in the frequency-magnitude
distribution of earthquakes at Soufriere Hills Volcano. Montserrat. West Indies. Geophysical Research
Letters. 25. 3.653 - 3.656. 1998.
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the slope of the best fit line between the observed number of earthquakes at a given
magnitude and the magnitude.

It is inversely proportional to the mean magnitude, thus

differences in b reflect differences in the average crack length that ruptures in an earthquake.
Values for b are generally close to 1 in much of the earth’s crust (Frohlich and Davis,
1994. Morgan et al.. 1988).

However, in many volcanic areas b is frequently found to be

much higher, often closer to 2 (e.g. Warren and Latham. 1970).

Factors that can alter the b-

value include increased heterogeneity o f the material (Mogi. 1962), an increase in applied
shear stress (Scholz. 1968: Urbancic et al.. 1992). an increase in the effective stress (Wyss.
1973). or an increase in the thermal gradient (Warren and Latham. 1970).
In this study we examine spatial differences in relative ^-values at Soufriere Hills
Volcano on Montserrat. West Indies, from data recorded between August I. 1995 and March
31, 1996 (Figure 4.1). Between August and October 1995 approximately 1,500 earthquakes
were located beneath the volcano, likely associated with the accumulation o f magma. These
earthquakes covered a broad area of the southern portion of the island o f M ontserrat (Figure
4.2) (Aspinail et al.. in press). The most notable clusters of earthquake hypocenters occurred
beneath English's Crater and in an elongate zone to the northeast extending from English’s
Crater to the Bethel area (August 5 and 6). St. George's Hill (August 13 - 31. 1995), and
Windy Hill (September August 25 - September 13) (for geographic locations see Figure 4.1).
From October 1995 through March 1996 magma was actively erupting, forming a lava dome
in English's Crater and seismic activity was more concentrated at shallow depth beneath the
volcano (M iller et al.. in press. White et al.. in press), although the areas beneath St. George's
Hill and Windy Hill remained active throughout the study period.

4.2 Data
Beginning in late July 1995 the island of Montserrat was monitored by a network of 6
to 9 short period seismic stations (Figure 4.1).

Signals from the various stations were

telemetered to a central site and recorded on a PC-based seismic acquisition system similar to
that described by Murray et al. (1996).

Earthquake hypocenters and magnitudes were

determined using the program H Y P071PC (Lee and Valdes. 1989) and a velocity model
which was derived for Montserrat by trial and error modifications to the velocity model used
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at Guadeloupe. West Indies (C. Antenor. pers. comm.. 1995). Magnitudes were determined
by coda measurements using the relationship

Mb = 2.073*LOG(t) + 0.0018*D - 0.705

(2)

where t is the coda duration in seconds and D is the hypocentral distance in km (Sheperd and
Aspinall. 1983).
The period from August 1. 1995 to March 31. 1996 was selected for this study
because the reporting is homogeneous, that is. no changes in magnitude of completeness and
no inadvertent changes in magnitude scale, as often encountered in catalogs (Habermann
1982, Habermann 1991). occur in this period. After March 31. the catalog contains a much
higher percentage o f events without magnitude, such that these data were not useful for this
study. During the study period, roughly 4.500 earthquakes were located. For approximately
200 of these earthquakes no coda duration was measured so no magnitude could be
determined. An examination of FMD (Frequency Magnitude Distribution) plots suggests the
catalog is complete above about magnitude 1.7. resulting in about 1900 earthquakes used for
this analysis. The duration of some of the largest events exceeded the length of the trigger
window on the event detection acquisition system, so we calculated magnitudes for these
events using the regional Caribbean network, operated by the Seismic Research Unit of the
University of West Indies.

In total. 16 earthquakes were given a regionally determined

magnitude. To maintain consistency, the locations for these events were calculated using only
the short-period stations on Montserrat.

4.3 Method
The method of 6-value estimation used here is identical to that described by Wiemer
and Wyss (1997).

Wiemer and Benoit (1996), and Wyss et al. (1997).

The 6-value is

estimated at the nodal points of a two-dimensional grid using the N nearest earthquakes. The
nearest events are selected on the basis of epicenters in the case of map views, and on the
basis of the nearest distance in the projections of the hypocenters onto a vertical plane in the
case of cross sections. Consequently, sampling volumes have the shape of cylinders. The
nodal separation we use is 0.0025 degrees (roughly 0.25 km) in maps and 0.25 km in cross
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sections, and N = 100. We restrict the radii of cylinders to a maximum value.

, beyond

which we do not use the 6-value as it is not based on sufficiently local data. Rm was set at
2.0 km.
The 6-value is calculated using both the maximum likelihood method and the
weighted least squares method. The use o f both methods allows us to verify that the results
are independent o f the calculation method. The 6-value estimates shown in maps and cross
sections are calculated with the maximum likelihood method.

4.4 Results:
The most prominent anomaly is a volume of relatively high 6-values (red colors)
which extends southwest from roughly Chance's Peak - English's Crater to the area of
maximum 6-value anomaly near Gage's Soufrieres (both lower and upper)(Figure 4.2B). This
high 6-value anomaly is imaged to a depth of about 1.5 km beneath C hance's Peak - English’s
Crater and to 2.0 to 2.5 km beneath Gage’s Soufriere (Figure 4.2C).

A strong zone of

relatively low 6-value (blue colors) is imaged at depths o f 3 to 5 km beneath St. George’s Hill
and Windy Hill (Figures 4.2B and 4.2C).

A nother zone o f low 6 -values is seen from

approximately 2-4 km depth beneath the volcanic edifice, as well as to the south of English’s
Crater (Figures 4.2B - 4.2D).
To demonstrate the difference in observed 6-values beneath the English's Crater Chance's Peak - G age's Soufriere ( "volcanic area") and St. G eorge's Hill - Windy Hill
(“outlying area"), we have compared FMDs using a 100 event sample in each area. The
locations used for these circles are shown in Figure 4.2C. The volcanic area has a 6-value of
3.07 + 0.7. while in the outlying area b equals 0.92 + 0.03 (Figure 4.3).

Both selections

closely match the expected Gutenberg-Richter distribution. There is less than a 1 percent
chance that the two distributions come from the same population of earthquakes (Utsu. 1992).
To verify these results we inspected visually a number of FMDs calculated with 100 events
each from the volcanic area with samples from the outlying area, as well as areas south o f
English’s Crater. None o f these results varied greatly from the results shown in Figure 4.3.
Based on this test and the spatial and temporal differences of the sample locations, we are
confident that the observed distribution o f 6-values at Montserrat is real and not the result of
computational artifacts.
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For this study we have used an Me o f 1.7. It has been suggested that at many active
volcanoes a bi-modal FMD may exist, perhaps as a result o f earthquake families at shallow
depth

(Wiemer, written comm., 1997).

Numerous families o f sim ilar earthquakes were

observed at M ontserrat (White et al.. in press), although the magnitudes are generally smaller
than 1.7. Therefore, our study is not strongly affected by this problem.

4.5 Discussion and Conclusions
The 6-values calculated for this study are on average higher than in most other areas,
where they range from 0.5 to 1.5.

This has been observed in some catalogs as well

(Westerhaus, written comm. 1998) and may be a consequence o f a compressed magnitude
scale, possibly resulting from a number of assumptions we have made in computing
magnitudes. Consequently, we consider the 6-values presented here to reflect relative values
and use them only for comparative purposes at Montserrat.
Our results indicate that the 6-value of earthquakes recorded during the study period
shows significant spatial variation on the island of Montserrat. Specifically, the 6-value at
roughly 0-2 km depth beneath English’s Crater - Chance's Peak - G ag e's Soufriere was found
to be much higher than in surrounding areas, especially beneath St. G eorge's Hill and Windy
Hill.

Possible explanations for these high 6-values include increased heterogeneity,

temperature, and stress conditions.

AH o f these effects are expected at 0 - 2 km depth

beneath Chance’s Peak and English's Crater. During the early portion of the study period
increased heat flow in the form of increased fumorolic activity was observed as weil as the
formation of ground cracks (Aspinall et al., in press).

During the later portions of the study

period at both C hance’s Peak and English’s Crater increased heat flow and rock fracture are
expected associated with the eruption o f highly viscous andesitic magma.

The G age's

Soufriere is an area where high heat flow would be expected as well as highly fractured and
thermally altered material associated with the long-term geothermal activity observed there.
There are also a number o f possible explanations for the lower 6-values observed
beneath St. George’s Hill and Windy Hill, and to the south o f English’s Crater. We speculate
that seismicity here might have been triggered by stress generated by the intrusion o f magma
beneath English's Crater. We think these areas are likely less fractured and have less thermal
alteration than those beneath English’s Crater and Gage's Soufriere.

These areas of more
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competent rock could support larger earthquakes, which is reflected in the lower observed 6values.
To date, detailed analyses o f spatial variation in the FMD have been completed at
Mount St. Helens and Mount Spurr in the United States (W iemer and McNutt. 1997) and offIto in Japan (Wyss et al.. 1997).

At off-Ito. high 6-regions were found to reflect highly

fractured conditions surrounding magma chambers while "normal” 6-values less than 1 were
found surrounding these areas.

Wyss et al. (1997) suggested that even though basaltic

magma ascended through these normal areas, the size o f the dike systems were likely too
small to be imaged by this technique.
We did not attempt to examine possible changes in 6-values at M ontserrat as a
function of time, because the catalog was found to be inhomogeneous with respect to
magnitude after March 1996. Observations presented by M iller et al. (in press) indicate that
much larger earthquakes were recorded at shallow depth beneath English’s Crater during later
periods of the eruption. We believe that analysis of 6-values as a function o f space and time
holds much promise in constraining volcanic processes at active volcanoes.
As at other volcanoes, where 6-values have been imaged using this technique, high 6value anomalies at Montserrat are confined to small volumes with radii of about 1.5 km.
However at Montserrat the high 6-values are seen at very shallow depth ( 0 - 2 km), whereas
the shallowest anomaly at Mount St. Helens is located at 3 km. at Mount Spurr at 4 km. and at
off-Ito volcano below 7 km. A possible explanation is that the relatively viscous andesite (60
Vc Si0:) (Devine et al.. in press) at Montserrat fractures the volcanic edifice to a much higher
degree than the basalt at off-Ito. or the basaltic-andesite at Mount Spurr. The exception at
Mount St. Helens where a dacite magma (63-65 °7c SiO:) erupts to form a lava dome, may be
that Wiemer and McNutt (1997) examined data from 1988 through 1996. a period when
Mount St. Helens was not in active eruption.
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Figure 4.1. Montserrat seismic network. July 1995 - March 1996: M ontserrat seismic
network with individual stations shown as triangles from July 1995 to March 1996. Letters
correspond to approximate geographic locations referenced in text: CE - C hance’s
Peak/English Crater. GS - Gage s Soufriere (upper and lower), SGH - St. G eorge’s Hill, W H Windy Hill. B - Bethel.
~
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Figure 4.2. Maps and cross-sections showing b-values and earthquakes used in this study: A)
Map o f the southern portion o f the island of Montserrat showing earthquake epicenters used in
this study, seismic stations, and the location o f cross-section E-E’ (Figure 4.2C). B) M ap view
o f 6-values for earthquakes above 2.5 km depth. C) Cross section E-Er showing the distribution
of 6-values. Circles show locations used to calculate FMDs shown in figure 4.3. D) M ap view
of 6-values calculated for earthquakes at greater than 2.5 km depth. X denotes location of
largest earthquake in B and D.
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Figure 4.3. Frequency-magnitude distnbutions from English’s Crater and St. Georges Hill:
Frequency magnitude distributions from the English's Crater- Chance's Peak - Gage's
Soufriere area (A) and from the St. G eorge's Hill - Windy Hill area <B). The sample areas
used for each FMD are shown as circles in Figure 4.2C. The 6-values are estimated using the
maximum least squares method and are 3.07 + 0.07 for A and 0.922 ± 0.03 for B.
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