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Abstract

Episodes of volcanic unrest do not always lead to an eruption. Many of the commonly monitored signals of volcanic unrest,
including surface deformation and increased degassing, can reflect perturbations to a deeper magma storage system, and may
persist for years without accompanying eruptive activity. Signals of volcanic unrest can also persist following the end of an
eruption. Furthermore, the most reliable eruption precursor, the occurrence of low-frequency seismicity, appears to reflect very
shallow processes and typically precedes eruptions by only hours to days. Thus, the identification of measurable and unambiguous
indicators that are sensitive to changes in the mid-level conduit system during an intermediate stage of magma ascent is of critical
importance to the field of volcano monitoring. Here, using data from the ongoing eruption of the Soufrière Hills Volcano,
Montserrat, we show that ∼90° changes in the orientation of double-couple fault–plane solutions for high-frequency
‘volcanotectonic’ (VT) earthquakes reflect pressurization of the mid-level conduit system prior to eruption and may precede the
onset of eruptive episodes by weeks to months. Our results demonstrate that, once the characteristic stress field response to magma
ascent at a given volcano is established, a relatively simple analysis of VT fault–plane solutions may be used to make intermediate-
term assessments of the likelihood of future eruptive activity.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Soufrière Hills Volcano, Montserrat, began to
erupt in July 1995, and lava extrusion continues at
present. This eruption has been monitored comprehen-
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sively from the beginning, and many aspects have been
described extensively [1]. The eruption stopped in
March 1998, but high-frequency, or ‘volcanotectonic’
(VT; [2]), earthquake swarms, SO2 output, and phreatic
explosions continued at high levels for another year and
a half [3,4] (e.g., Fig. 1b), raising questions during this
period as to whether the eruption would restart in the
near future [4]. The eruption restarted in November
1999, heralded only by a sharp increase in the number of
low-frequency (hybrid and long-period [2]) earthquakes
days to weeks before fresh lava reached the surface (Fig.
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1a). Dome-building then continued for four more years.
The eruption stopped again in August 2003. For the next
two years, surface deformation, SO2 degassing, and
shallow explosions continued, again prompting ques-
tions about the likelihood of future eruptive activity,
until the eruption restarted in August 2005.

Our goal in this study was to determine whether
analysis of fault–plane solutions for VT earthquakes
recorded at Soufrière Hills could be used to detect the
arrival of ascending magma in the mid-level conduit
system, thus providing a relatively early warning of an
impending eruption. Systematic changes in the orien-
tation of fault–plane solutions for VT earthquakes have
been observed at a number of active volcanoes [5,6]
and have been linked to dilation of the magmatic
conduit system [7], and the quality of the VT data
recorded at Soufrière Hills combined with the episodic
nature of this eruption makes it an ideal case for
assessing the usefulness of this phenomenon as a
forecasting tool.
Fig. 1. Number of events per day recorded by the MVO digital seismic netw
number of low-frequency (hybrid/long-period) events per day; (b) the numb
restart is indicated by the gray dashed line. Black arrows show the timing o
2. Methods and data analysis

We produced a large catalog of high-quality fault–
plane solutions that spanned nine years and several
phases of the eruption, using simple techniques that
realistically could be used in near-real time, especially
during a crisis situation, and then analyzed this catalog to
determine whether a temporal correlation exists between
eruptive activity and fault–plane solution orientation.
We relocated all VT earthquakes recorded on the
Montserrat Volcano Observatory (MVO) digital seismic
network from its inception in October 1996 through July
2005, using the program Hypocenter [8] and a standard
1D velocity model [9]. Locations of the MVO digital
seismic stations and of VT earthquakes recorded by the
MVO digital network during our study period are shown
in Fig. 2. The MVO digital seismic network has been
comprised of a mixture of seven to eight Guralp CMG-
40T broadband three-component seismometers and
Integra LA100 1Hz vertical seismometers. Seismic
ork during a pause in eruption at Soufrière Hills in 1998–1999: (a) the
er of VT earthquakes per day. The approximate timing of the eruption
f a ∼90° change in the orientation of fault–plane solution p-axes.
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data are digitized at 75Hz sampling and then telemetered
to the MVO where they are recorded in both event-
detected and continuous mode. Additional details on the
stations and data acquisition systems are given by
Neuberg et al. [10]. For all earthquakes for which we
produced a high-quality (horizontal and vertical location
errors <1.5km, azimuthal gap <180°, RMS <0.20)
hypocenter location, we attempted to calculate a double-
couple fault–plane solution based on first-motion
polarities using the program FPFIT [11]. The resulting
fault–plane solutions were evaluated for quality and
rejected if they did not meet all of the following criteria
(e.g. [12,13]): at least six clear first-motion polarities,
unique or similar multiple solutions, misfit of less than
Fig. 2. Map showing names and locations of all digital seismic stations opera
Hills vent, and all well-constrained VT epicenters from October 1996 to July 2
are also shown. Please note that the digital seismic network consisted of a su
15% (no more than one discrepant first motion), STDR
(station distribution ratio, a measure of data distribution
around the hypocenter)≥0.40, uncertainty in strike, dip,
and rake of ≤25°, and pressure (p-) and tension (t-) axis
regions that cover ≤25% of the focal sphere. Waveform
recordings of teleseisms were used to identify stations
with reversed polarities during the study period, and all
identified polarity reversals were accounted for during
calculation of fault–plane solutions. Fault–plane solu-
tions for VT earthquakes occurring in the seismogenic
volume below the Soufrière Hills vent are found to be
insignificantly affected by small changes in raypaths
induced by different velocity models (B. Baptie,
personal communication), or by the inclusion of S/P
ted on Montserrat, as well as the approximate location of the Soufrière
005 (black dots). N–S and E–W cross sections of hypocenter locations
bset of all stations shown, typically 7–8 of the stations at a given time.



Fig. 3. Qualitative analysis of double-couple fault–plane solutions for VT earthquakes recorded at Soufrière Hills. Rose diagrams 1 to 5 show the
azimuths of p-axis orientations in five different periods of the eruption. N indicates the number of fault–plane solutions in each Rose diagram. Gray
arrows indicate the azimuth of inferred regional maximum compression. Only fault–plane solutions with p-axis dip <60° are considered in this and in
subsequent analyses.
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amplitude ratios in addition to first-motion polarity data.
Out of 5319VT earthquakes recorded during the study
period, we were able to produce 1235 high-quality
hypocentral locations and 551 well-constrained double-
couple fault–plane solutions. Earthquakes with well-
constrained fault–plane solutions range in magnitude
from 1.5 to 3.9ML. Almost all of the VT seismicity
during our study period was located within a roughly
cylindrical volume with a radius of <1km and depth
range of 1–3kmBSL, centered beneath the eruptive vent
(Fig. 2). 95% of the high-quality fault–plane solutions
show pure or oblique strike-slip mechanisms (p-axis dip
<60°).

A qualitative inspection of the individual fault–plane
solutions indicates a clear and obvious change in the
dominant p-axis orientation (taken here as a proxy for
the orientation of maximum compressive stress; see
Appendix A) with time through our study period (Fig. 3).
Specifically, a large number of fault–plane solutions
with p-axes oriented approximately NW–SE (perpendi-
cular to a constant NE–SW-oriented p-axis trend) occur
during three time-spans: October 1996–June 1997, May
1999–November 1999, and April–July 2005 (Periods 1,
Table 1
Number of data and averages of quality criteria for hypocenters and fault–p

Period No.
of
FPS a

Total no. of
located
earthquakes

FPS
hypos:
horizontal
error
(km)

FPS
hypos:
vertical
error
(km)

FPS
hypos:
azimuthal
gap
(deg)

FPS
hypos:
RMS (s)

F
o
p

1 68 145 0.8 1.0 105 0.11 6
2 277 636 1.0 1.0 138 0.08 6
3 104 253 0.8 0.9 102 0.07 6
4 50 131 0.8 0.9 114 0.09 7
5 27 69 0.9 0.8 107 0.08 6
a FPS: fault–plane solutions.
b STDR: station distribution ratio (a measure of data distribution around th

close to calculated nodal planes).
3, and 5 in Fig. 3). During the other two periods, April
1998–May 1999 and November 1999–April 2005
(Periods 2 and 4 in Fig. 3), most fault–plane solutions
p-axes are oriented approximately NE–SW. The period
from July 1997 to March 1998 is not considered because
damage from pyroclastic flows made the seismic
network unsuitable for calculating fault–plane solutions
during this time. Based on the orientation of eroded dikes
on neighboring islands [14,15] and on fault–plane
solutions for large regional earthquakes, the orientation
of regional maximum compressive stress around Mon-
tserrat appears to be arc-normal or NNE–SSW to NE–
SW; thus the episodic NW–SE trend in fault–plane
solution p-axis orientation observed in Periods 1, 3, and
5 is approximately 90° to inferred regional maximum
compression, consistent with a simple geometric rela-
tionship between the preferred orientation of a dike-like
conduit in a deviatoric stress field (in this case NE–SW)
and the orientation of maximum compressive stress in a
localized stress field induced by the inflation of that
conduit (in this case NW–SE) [7]. Thus we believe that
the appearance of the NW–SE trend in p-axis orientation
results from stresses induced by the inflation of a NE
lane solutions in each time period considered

PS: #
f
olarities

FPS: misfit
(% of
polarities)

STDRb Strike
uncertainty
(deg)

Dip
uncertainty
(deg)

Rake
uncertainty
(deg)

.8 9 0.63 10 9 14

.5 2 0.68 13 17 18

.8 3 0.68 12 15 18

.1 2 0.65 12 15 17

.4 0 0.60 9 10 10

e hypocenter – a low STDR indicates that the polarities are generally
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trending dike or system of dikes beneath the vent.
Descriptions of fault–plane solution data comprising
each period are given in Table 1. We note that there is no
relationship between the number of fault–plane solu-
tions in a period and the presence or absence of NW–SE
oriented p-axes, indicating that the appearance of the
episodic p-axis trend is not an artifact of the amount of
available data. We also note that there is no apparent
spatial or depth dependence of p-axis orientation in our
data set, although it is unclear whether this is due to the
fact that the majority of the earthquakes for which we
calculated fault–plane solutions occur within a small
seismogenic volume with dimensions approximately
equal to the horizontal and vertical location uncertainty
of the hypocenter locations.
Fig. 4. Ten-point moving average of azimuthal deviation through time for t
confidence) breaks in the curve are indicated as solid vertical lines (black lin
lines indicate additional changes identified through statistical analysis). The tw
graph, and the start of Vulcanian sequence (effusive to explosive transition) is
breaks are indicated, as are major changes in the seismic network (change o
uniform stress are numbered and correspond to numbered Rose diagrams
deviation’, which is the difference in degrees between the azimuth of a single
solution p-axes in the analyzed data set (for our data set, 36°).
Our fault–plane solution data indicate that the conduit
for the Soufrière Hills eruption is a dike or system of
dikes trending NE–SW, approximately parallel to
inferred regional maximum compression, which inflate
in a NW–SE direction (perpendicular to regional
maximum compression [16]). Additional supporting
evidence for a NE–SW trending dike feeding the
Soufrière Hills eruption is given by Aspinall et al. [9],
who describe a large cluster of VTearthquakes occurring
in August 1995 that is elongated in a NE–SW direction
and located just NE of the summit vent. There is,
however, some disagreement in the literature about the
orientation of the Soufrière Hills conduit system.
Mattioli et al. [17] model surface deformation recorded
by a GPS network from October 1995 to July 1997 using
he Soufrière Hills fault–plane solutions. Statistically significant (99%
es indicate qualitatively identifiable changes as shown in Fig. 3; gray
o eruption restarts are indicated by heavy black arrows at the top of the
indicated by the white arrow at the top of the graph. Dates of the major
f at least two instruments, gray arrows at bottom of graph). Periods of
in Figs. 3 and 5. Inset: Example of the measurement of ‘azimuthal
fault–plane solution p-axis and the azimuthal mode of all fault–plane



249D.C. Roman et al. / Earth and Planetary Science Letters 248 (2006) 244–252
a combined deflating Mogi source and an inflating dike
trending NW–SE (their best-fit dike source trends 140°).
However, they only tested dikes with a narrow range of
azimuths (130°–150°), and their best-fit combined
sourcemodel, acknowledged to be non-unique, produces
large misfits at two out of six GPS stations.

The observed changes in the dominant orientation of
fault–plane solution p-axes through time have also been
quantified and analyzed for statistical significance. For
Fig. 5. Rose diagrams of the azimuths of p-axis orientations for statistically sig
Numbered subperiods correspond to those shown in Fig. 4. N indicates the
indicate the azimuth of inferred regional maximum compression.
fault–plane solutions that are pure or oblique strike-slip,
we define ‘azimuthal deviation’ as the difference
between individual p-axis azimuths and the modal
value for the entire data set (inset, Fig. 4). We plot a
moving average of the azimuthal deviation vs. event
number for all earthquakes ordered in time in Fig. 4, and
analyze for all statistically significant changes in the
curve, which indicate significant changes in the
orientation of fault–plane solution p-axes [18,19].
nificant (at the 99% confidence level) subperiods of Periods 1, 3, and 5.
number of fault–plane solutions in each Rose diagram. Gray arrows
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Major changes in p-axis orientation (significant at the
99% confidence level) occur between the five periods
identified qualitatively (Periods 1–5 in Figs. 3 and 4), as
well as in March 1997 (during Period 1), four times
during May–November 1999 (during Period 3), and
between May and June 2005 (during Period 5). Rose
diagrams of fault–plane solution p-axis orientation for
subperiods in Periods 1, 3, and 5 are shown in Fig. 5.
Since the determination of fault–plane solutions can be
biased by a change in the configuration of the seismic
network, we note that only one significant change in p-
axis orientation corresponds to a major change in the
configuration of the seismic network (in April 1998).

3. Discussion

It is clear that double-couple fault–plane solutions
for VT earthquakes are sensitive to changes in the state
of the Soufrière Hills volcanic system, as the three
periods during which fault–plane solutions with NW–
SE trending p-axes are observed precede changes in the
state of the eruption. The first occurred during a period
of magma extrusion immediately preceding a sequence
of explosive Vulcanian eruptions that began in June
1997, the second occurred during the six months leading
up to the restart of the eruption in November 1999, and
the third occurred during the four months prior to the
restart of the eruption in August 2005, coincident with a
sequence of explosions, an increase in seismicity, and a
change in the tilt signal from deflation to inflation that
began in April 2005 [20]. Thus our results suggest that
the occurrence of earthquakes with NW–SE trending p-
axes at Soufrière Hills generally precedes the onset of
eruptive activity by weeks to months, and may also
indicate an impending transition from effusive to
explosive activity during dome-building periods.

The occurrence of earthquakes with NW–SE trending
p-axes beginning in May 1999 provides a compelling
example of the usefulness of fault–plane solution
analysis as a monitoring tool. Surface deformation and
SO2 emissions, signals that would typically intensify
months prior to an eruption, remained elevated after the
eruption ceased in March 1998, making them difficult to
interpret in terms of the likelihood of future eruptive
activity. It is possible that the continuously elevated
levels of deformation and gas emissions during the
1998–1999 break in the eruption resulted from continued
input of new magma into a chamber at approximately six
km depth BSL [4], which was somehow prevented from
migrating further up into the conduit system during the
early part of this period. In addition, VT earthquake
activity between 0 and 5km BSL remained elevated
following the March 1998 pause (Fig. 1b), adding more
ambiguity to the situation. While the occurrence of VT
earthquakes is often taken as an indicator of stresses
transmitted into the wall rock by an influx of magma, VT
earthquakes can also occur in response to depressuriza-
tion and subsequent host-rock relaxation [21,22]. Based
on our fault–plane solution data, conduit deflation and
consequent relaxation of host rock appears to have been
the cause of VTs recorded at Soufrière Hills from March
1998 to May 1999. Aside from a significant increase in
the number of low-frequency earthquakes days to weeks
prior to the restart of the eruption (Fig. 1a), the
appearance of NW–SE trending p-axes in fault–plane
solution data beginning in May 1999 was the only clear
pre-eruption change in monitoring data identified to date,
and thus would have provided a strong indication that the
conduit system was undergoing a major repressurization
months before magma reached the surface.

At Soufrière Hills, the occurrence of earthquakes
with NW–SE trending p-axes may be either continuous
or discontinuous from their first appearance to the onset
of eruption, resulting in potential difficulties in inter-
preting data for eruption forecasting. For example,
beginning in October 1996, earthquakes with NW–SE
trending p-axes occurred frequently at Soufrière Hills
and their rate of occurrence increased significantly as
the period progressed (Figs. 4 and 5, Periods 1.1 and
1.2). In contrast, beginning in May 1999, earthquakes
with NW–SE trending p-axes occurred intermittently
over the six months leading up to the restart of the
eruption (Figs. 4 and 5, Periods 3.1–3.5). Similarly,
during the buildup to the renewal of eruptive activity in
2005, earthquakes with NW–SE trending p-axes were
more frequent in the first two months of the four
months of unrest preceding eruption (Figs. 4 and 5,
Periods 5.1–5.2). In the first case, a forecast that
eruptive activity would occur or increase in intensity
made at the first observation of NW–SE trending p-
axes would have been correct and consistently enforced
by additional data collected throughout the period. In
the second and third cases, however, a forecast of
renewed eruptive activity made when the first earth-
quakes with NW–SE p-axes were observed would have
ultimately been correct but possibly weakened through-
out the period by the later disappearance and re-
appearance of the NW–SE p-axis trend. Based on the
patterns we observe in the Soufrière Hills fault–plane
solution data, it appears that while the occurrence of
earthquakes with NW–SE oriented p-axes should be
taken as an indication that the conduit system is infla-
ting and thus an eruption is likely, the disappearance of
these earthquakes does not necessarily indicate that an
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eruption is unlikely to occur. There is no clear
explanation for the variation in fault–plane solution
orientation observed during Periods 3 and 5. It is
possible that the discontinuous NW–SE p-axis trend
during these periods reflects an unstable or uneven
repressurization of the conduit during the buildup to
eruption, or a lag between pressurization of the mid-
level conduit and arrival of magma at the surface;
however, additional data from Soufrière Hills or other
volcanoes will be necessary to test this hypothesis.

Our results demonstrate that double-couple fault–
plane solution analysis is an important tool for assessing
the state of the Soufrière Hills Volcano. While this
technique does not provide a basis for forecasting the
exact timing of eruptive activity, it functions as a true
forecasting tool for the likelihood of eruption, since this
analysis is not dependant on knowledge of other
variables that can only be determined in hindsight.
There is strong evidence that volcanic fault–plane
solution analysis may be an applicable monitoring
technique at other restless or active volcanoes. Changes
in fault–plane solution orientation similar to those
observed at Soufrière Hills have been observed at a
number of other volcanoes [5,6,23,24]. However, some
eruptions clearly have not been accompanied by
changes in the orientation of fault–plane solutions
[24,25], so it may be necessary to establish the
characteristic stress field response for a given volcano
(either using data from a previous eruption or from a
previous phase of an ongoing eruption) before this type
of monitoring can be used confidently [26]. In many
cases, it may be possible to begin the implementation of
routine volcanic fault–plane solution analysis by
making minor reconfigurations or upgrades to existing
seismic monitoring networks and beginning to assess
the background or normal orientation of fault–plane
solutions through analysis of background VT seismicity.
It may also be possible to integrate this technique with
other forecasting techniques based on analysis of VT
earthquakes (e.g. [27]) to form a more refined
forecasting procedure that provides information on
both the likelihood and the timing of an eruption. We
strongly argue for continued testing and application of
this relatively simple technique, which may be unique in
its ability to provide a basis for formulating mid-range
forecasts of the likelihood of volcanic activity from
easily obtainable and routinely acquired data.
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Appendix A

In this study we take the fault–plane solution p-axis
orientation as a proxy for the orientation of maximum
compressive stress in the volume of rock hosting the
earthquake. We are unable to invert groups of fault–
plane solutions to obtain a formal stress tensor (e.g.
[5,28]) because our fault–plane solution data clearly
violate the primary assumption of most inversion
methods (e.g. [29]) that the stress field in the inverted
volume is homogeneous. Models of Coulomb stress
changes induced by dike inflation demonstrate that the
inflation-induced stress field will vary with position
around the inflating dike (Fig. 1 of [7]); thus unless the
size of the inflating dike is known to be significantly
larger than the location uncertainty of VT earthquakes
occurring in the immediate vicinity of the inflating dike,
it is generally inadvisable to invert VT fault–plane
solutions for formal stress tensors. The fault–plane
solution p-axis orientation, which marks the position of
the principal compressional axis of the moment tensor,
may in reality differ significantly from the orientation of
maximum compressive stress, depending on the orien-
tation of pre-existing planes of weakness (faults) and on
the value of internal friction [30]. Our solution to this
inherent ambiguity is to examine large numbers of fault–
plane solution p-axis orientations for a given period or
volume plotted as Rose diagrams to highlight the major
trends in p-axis orientation that most likely represent the
actual orientations of maximum compressive stress
present in the studied volume (e.g., Fig. 9 of [5]).
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