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Introduction

Augustine volcano is a 1260-m-high
dacitic stratovolcano located in lower
Cook Inlet region, about 280 km
south-west of Anchorage, Alaska
(Fig. 1). It consists of a central dome
and lava flow complex, surrounded by
pyroclastic debris (Miller et al., 1998).
Prior to the 2006 eruption, Augustine
volcano had six major historically
reported eruptions (1812, 1883, 1935,
1963–64, 1976 and 1986) (Miller et al.,
1998). Historical eruptions typically
consisted of explosive activity with
emplacement of pumiceous pyroclas-
tic-flow deposits followed by lava
dome extrusion with associated
block-and-ash flows. Typical erup-
tions of Augustine volcano are capa-
ble of outpouring large volumes of
volcanic ash that may rise to more
than 12 km a.s.l. These clouds of
volcanic ash are hazardous to jet
aircraft in the Cook Inlet region and
for thousands of kilometre downwind
from the volcano. Furthermore, vol-
canic debris that fall or flow into the
sea may initiate local wave phenom-
ena (tsunamis) that may be hazardous
to shipping or people close to Augus-
tine volcano (less than about 5 km)
(Waythomas and Waitt, 1998). The

nature of volcano hazards at Augus-
tine volcano implies the necessity to
forecast timely warnings of volcanic
unrest and potential eruptions. Tran-
sient episodes of ground displacement
related to the dynamics of magmatic
fluids as possible precursors to erup-
tive activity can be revealed through a
careful analysis of High Rate GPS
(HRGPS) data. In the first phases of
an eruption, the real time processing
of HRGPS data can be used by civil
protection authorities to monitor the
opening of fracture fields on the slopes
of volcanoes under the pressure of gas
and magma. During eruption, large
explosions, opening of vents, migra-
tion of fractures fields, landslides and
other dangerous phenomena can be
monitored and their potential for
damage estimated. This technique
was previously applied to model the
2002–2003 Stromboli Island (Italy)
eruption (Mattia et al., 2004).
In this work, we have processed the

GPS data of the stations on Augustine
volcano (Fig. 1) spanning from
September 2005 to January 2006 and
recorded by five continuously record-
ing GPS instruments, installed in the
framework of the Earthscope project
by the National Science Foundation�s
Plate Boundary Observatory (PBO).
In particular, the entire dataset was
processed in the first step, by using the
GAMIT ⁄GLOBK software packages
(Herring, 2000; King and Bock, 2004)
and in the second step, by applying
the method of instantaneous GPS

positioning (Bock et al., 2000). Both
daily and 15-min coordinate time
series show clear evidence of the
dynamics leading to the 2005–2006
eruption; then, the main signals are
modelled to reveal new insights on the
intrusion processes acting before and
during the eruption of Augustine
volcano.
It is important to underline that

other authors (Cervelli et al., 2006)
have modelled the same GPS data to
image the source of the 2005–2006 Mt.
Augustine eruption. These authors
have found that a simple Mogi source
can explain the cumulative deforma-
tion preceding the eruptive phase (from
May 2005 to 17 November 2005). We
improve on the analysis of Cervelli
et al. (2006) following their suggestion
of a more complex source mechanism
for the pre-eruptive phase, improving
the final results mainly for the vertical
deformation. We also find that there
are several other stages with respect to
three (Early Precursory, Late Precur-
sory and Early Eruptive, respectively)
stages suggested by Cervelli et al.
(2006) testifying to a more complex
pattern of dike propagation.

Chronology of the 2006 eruptive
event

The 2006 Augustine volcano eruption
was heralded by a steady increase in
microearthquakes beneath the vol-
cano in May 2005 (Cervelli et al.,
2006). Deformation began in early
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summer 2005 coupled with small gas
emission. On 17 November 2005, the
seismic rate increase drastically; over
the next day (2 December 2005),
seismometers began recording signals
from small phreatic explosions,
although the largest signals began on
December 10 (Fig. 1). An overflight
on 12 December 2005 revealed vigor-
ous venting of steam and gas from
the summit and a dusting of ash on
the south and south-east flanks of the
volcano (Power et al., 2006). After a
period of phreatic explosions and
vigorous degassing, on early 11 Janu-
ary 2006, an energetic swarm of vol-
cano-tectonic earthquakes began,
culminating in two large explosions
on the same day, which produced ash
plumes with heights exceeding 9 km
a.s.l. On 13 January 2006, six juvenile-
rich powerful explosions began, pre-
ceded by an increasing seismicity,
which continued throughout the
sequence. GPS station AV05 was
destroyed by the first of these explo-
sions. An explosive eruption on 17
January 2006 generated a column
higher than 13 km a.s.l. Data trans-
mission from station AV04 stopped in
coincidence with this event. The erup-
tion of 13–17 January generated
pumiceous pyroclastic flows, snow
avalanches and lahars that moved
down the volcano�s flanks (Power
et al., 2006). In the following days,
no explosion occurred, and seismicity
diminished considerably. Renewed
explosive activity, again preceded by
increasing seismicity, began on Janu-
ary 28, 2006 with an event that raised
ash up to 9 km a.s.l. Station AV03
was destroyed during this event. In the
following days, seven additional
explosions occurred and the activity
evolved into nearly continuous effu-
sion and dome building.

Data processing

GPS data were processed adopting
two different strategies. In the first
approach, the data were processed
using the GAMIT ⁄GLOBK software
packages (Herring, 2000; King and
Bock, 2004). To improve the overall
configuration of the network and to
combine the individual solutions in
GLOBK, data from five continuously
operating IGS stations (AC59, FAIR,
WHIT, KOD1 and ATW2; Fig. 1)
were also included in the processing.

The basic products of the processing
were GAMIT �h-files�, loosely-con-
strained solutions containing a set of
one-day site estimate positions, Earth
orientation parameters and associated
error covariance matrices. Next, the
individual �h-files� were combined, on
a daily basis, using the GLOBK Kal-
man filter with regional (IGS1, IGS2,
IGS3, IGS4 and AKDA) solutions
provided by the SOPAC (Scripps
Orbit and Permanent Array Center
– ftp://garner.ucsd.edu/pub/hfiles), to
create a daily unconstrained combined
network solution. The loosely con-
strained daily solutions were trans-
formed into the ITRF2000 Reference
frame (Altamimi et al., 2002) by
means of an Helmert transformation
using the GLORG module of
GLOBK (Herring, 2000). Finally, we
estimated the 24-h NEU-component
time series for stations AV01, AV02,
AV03 AV04 and AV05 (Fig 1). The
RMS scatter of the daily time series
prior to the onset of volcanic defor-
mation is 2.3–3.1 mm in the horizon-
tal and 5.5–7.8 mm in the vertical
component.
To improve temporal resolution

during periods of deformation, the
data were processed in a second
approach by applying the method of
instantaneous GPS positioning (Bock
et al., 2000), successfully applied to
volcano monitoring (Mattia et al.,
2004). Instantaneous positioning pro-
vides independent relative position
estimates, at each observation epoch,
by resolving integer-cycle phase ambi-
guities anew for each epoch. This
approach provides advantages over
static and real-time kinematic meth-
ods or related post-processed filtering
methods, which require multiple
epochs to resolve phase ambiguities
and to maintain phase continuity in
the presence of communications
outages, losses of receiver lock, and
sub-optimal satellite visibility, often
experienced on the steep flanks of
active volcanoes. We used the Geod-
etics RTD software package to ana-
lyse the 15 s GPS data. The
instantaneous positions of the volcano
stations were computed relative to
station AC59, at a distance of about
25 km. The station coordinates were
unconstrained and for this prelimin-
ary analysis, we did not make use of
the a priori daily coordinates available
from the GAMIT ⁄GLOBK analysis.

RTD produced 15-min median values
from the 15-s instantaneous positions.
The RMS scatter of the 15-min time
series prior to the onset of volcanic
deformation is 2.0–3.2 mm in the
horizontal and 5.0–18.0 in the vertical
component. We applied a cleaning
algorithm to reduce the amount of
outliers in the 15-min position time
series because of uncertain estimates
of integer ambiguities and other
errors. For example, the summit
stations AV04 and AV05 clearly show
an increasing noise in November 2005
that may be related to snow accumu-
lation on the GPS antenna (Cervelli
et al., 2006) (Fig. 1). In particular, for
each site and for each coordinate,
outliers are defined as having:

pi � �pi�w=2;iþw=2

�
�

�
�> ri�w=2;iþw=2

where p is the measurement; �p is the
average value computed within a slid-
ing window of size w centred on each
measurement and r is the standard
deviation computed also within the
sliding window. In addition, we
assumed that r did not exceed 5 cm,
in agreement with the maximum
observed variation of the daily solu-
tion. With this criterion, the filter
removed 20–45% of the data from
each site. Percentages are computed
with respect to the number of avail-
able data.
Both daily and 15-min coordinate

time series show clear evidence of the
dynamics leading to the 2006 eruption
(Fig. 1). In the following, the results are
analysed and modelled to understand
the main processes acting before the
eruption onset of Augustine volcano.

Data analyses and inversions

Daily and 15-min coordinate time
series at AV04 and AV05 are reported
in Fig. 1. The slope changes at each
NEU site coordinates allowed us to
detect at least eight different stages
(Fig. 1). We have reported in Fig. 2
the displacement vectors for each
slope change in the GPS stations time
series.
To model the observed displace-

ments at Augustine during each stage,
we inverted the ground deformations
assuming simple dislocations (Okada,
1985) by adopting a least-squares
(Tarantola and Vallette, 1982) meth-
od, or a point-pressurized cavity of
ellipsoidal shape (Davis, 1986) by
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adopting a genetic algorithm (e.g.
Nunnari et al., 2005). In this step,
both horizontal and vertical GPS
components were inverted. Values of
30 GPa and 0.25, respectively, for the
shear modulus and Poisson�s ratio
were assumed in the inversion. The
rigidity chosen represents an averaged
value for crustal rigidity of volcanic
areas (e.g. Williams and Wadge, 2000;
Trasatti et al., 2003). The parameters
used as �starting points� for the inver-
sion procedure are listed in Table 1.
We inverted stages 1, 3, 4, 6 and 7
because stages 2, 5 and 8 showed
inelastic behaviour of the upper pat-
tern of the volcano edifice, discourag-
ing any attempt to invert the data by
adopting classical volcanic source
models. In particular, we adopted a
Davis-type source for stage 1 and
Okada-type sources for stages 3, 4, 6
and 7. The best source parameters
resulting for each inverted stage,
referred to a system defined according
to the local UTM coordinates, are
summarized in Table 2. The reference
surface was assumed at the medium
height of the GPS stations (0.6 km
a.s.l.). The source parameter error was
calculated as the standard deviation in
the class of all the solutions that
satisfy the chi-squared test for our
degrees of freedom within the signif-
icance level of 5% (Table 2). Consid-
ering the results of the inversions, each
model is able to explain, within the
error, the observed pattern of ground
deformation. Moreover, considering
the source parameter error values
(Table 1), the Okada-type sources
inferred for stages 3, 4, 6 and 7
coincide within the errors, with a
unique source. The small differences
in positions could be related to noise
within the data. Starting from the
results obtained for stage 3, a new
inversion for stages 4, 6 and 7 was
performed. In particular, the positions
and dimensions of the Okada-type
sources were fixed to those found
for stage 3, inverting only its dip,
strike motion and opening. The best
source parameters resulting for each
stage are summarized in Table 3.

Discussions and conclusions

The HRGPS analysis applied to the
2006 Mt. Augustine volcano eruption
allowed us to detect the timing of, at
least, eight different stages in the

(a)

(b)

(c)
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(a) (b) (c)

(d) (e)

(g) (h)

(f)

Fig. 2 Comparison between observed (black arrows) and expected (white arrows) horizontal displacements relevant to each stage:
(a) 03.09.05–16.11.05; (b) 16.11.05–20.11.05; (c) 20.11.05–06.12.05; (d) 06.12.05–10.12.05; (e) 10.12.05–16.12.05; (f) 16.12.05–
23.12.05; (g) 23.12.05–11.01.06; (h) after 11.01.06. Modelled sources are also reported.

Fig. 1 (a) Shaded relief map of Augustine volcano showing locations of GPS stations (blue points). Earthquake locations (red
points), occurred during September 2005 to January 2006 time interval are also reported. In the inset, locations of AC59, FAIR,
WHIT, KOD1 and ATW2 stations are also reported (see text for details). (b) Temporal histogram of located earthquakes. The red
line indicates the cumulative number of located earthquakes (redrawn from Cervelli et al., 2006). (c) Daily and 15-min time series of
N, E and U coordinates at AV04 and AV05. The daily solution obtained by using the GAMIT ⁄GLOBK software packages are
reported in red; the 15-min solutions obtained by the Geodetics RTD software package are reported both as un-filtered (light-grey)
and filtered (dark-grey) time series (see text for details). In black, the weighted average for each filtered time series is also reported.
The blue vertical lines marked the division of the time series into different stages. The y-values of U coordinates were clipped at )0.38
and 0.58. Since 3 September 2005, the time-position of each GPS station showed a linear deformation rate until 19:22 hours on 16
November 2005 (stage 1) (all times UTC), when amarked change in deformation rate was observed at AV04 andAV05HRGPS time
series. This event was accompanied in the following hours by an increase in the seismicity (Cervelli et al., 2006) (stage 2). After
11:07 hours on 20November, the deformation rate strongly decreased showing a linear trend until 00:52 hours on 6December (stage
3). In the following days, a new change in deformation rate was observed at AV04 and AV05 stations, indicating a clear intrusive
episode (stage 4). Since 2 December, seismometers began recording signals from small phreatic explosions, although the largest
signals began on December 9 (Cervelli et al., 2006) with the occurrence at 20.07 hours of an abrupt change in deformation rate at
station AV05 (AV04 showed a small offset) (stage 5). An intrusive episode started in late afternoon of 16 December (stage 6). This
period was characterized by the occurrence of phreatic explosions and vigorous degassing and was accompanied by the opening of
fissures at the summit area (Cervelli et al., 2006). At 04:52 hours on 23 December, a decrease in the deformation rate in the
horizontal component of AV04 and AV05 was observed; moreover, a marked change on the rate (from uplift to subsidence) of the
Up component at AV05 was observed (stage 7). At 01:15 hours on 11 January 2006, a strong seismic swarm began, culminating in
two large explosions at 13:44 and 14:12 hours (stage 8). On 13 January, another six large explosions began, preceded by an increasing
seismicity, which continued throughout the sequence. Station AV05 was destroyed by the first of these explosions.
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unrest state of this volcano. The
ground deformation pattern for each
stage, was inverted by adopting clas-
sical elastic deformation models (e.g.
Okada, 1985; Davis, 1986), assuming
that the volcano behaves as a homo-
geneous, isotropic, elastic semi-infinite
plate. Several studies (De Natale and
Pingue, 1993; Trasatti et al., 2003;
Gudmundsson and Brenner, 2004a,b,
2005; Gudmundsson, 2006) showed
that mechanical layering, contacts,
faults and fractures affect the mea-
sured surface deformation associated

with dike propagation or magma
chamber inflation or deflation during
an unrest period. However, by making
the models more complex, even if the
fit would be improved, there is a
serious risk of �modelling� noise.
For stage 1, we inferred a source,

located at approximately sea level
(about 0.33 km b.s.l.) (Fig. 3) with a
vertically elongated shape. The posi-
tion of this source is very close to that
obtained by Cervelli et al., 2006. It is
remarkable that, for this stage, the
misfit of the vertical deformations is

very low compared with the results of
the Mogi-type (Mogi, 1958) source
found by Cervelli et al. (2006), testi-
fying that a geometrically more com-
plex source than a point source
worked in the early precursory stage.
For stages 3, 4, 6 and 7, in a first step,
we obtained four distinct dike-shaped
sources. However, considering the
error in the estimate of the sources,
we can assume that a unique �intrusive
volume� has produced the observed
pattern of ground deformation. The
small differences in positions could be
related to noise within the data. A new
inversion was performed fixing posi-
tions and dimensions of the source to
the results obtained for stage 3 invert-
ing only its dip-, strike-motion and
opening (Fig. 3). The ground defor-
mation observed in stages 2, 5 and 8
indicated inelastic behaviour of the
upper part of the volcano, discourag-
ing any attempt to invert the data.
This fact supports the idea that the
different mechanisms of every single
stage of the pre-eruptive phase are
related to different velocities of up-
ward transport (or flow) of fluids. In
particular, when the variations are
faster, the behaviour of the medium
is brittle and the pattern of ground
displacement is not modellable.
Another key conclusion from this

analysis is the very low amount of
volumetric variations associated with
the �precursory stage� of the 2006
eruption. In our opinion, this is

Table 1 �Starting value� (LS approach) and �range search� (GA approach) for the

parameters of the adopted source models. Coordinates are WGS84–UTM 5N.

Davis-type source Okada-type source

Range search

Starting valuesMin Max

Longitude (km) 470.00 480.00 475.00

Latitude (km) 6575.00 6585.00 6580.00

Azimuth N150�E*

Depth (km) 1.00 b.s.l. 6.00 a.s.l. 0.00 a.s.l.

Length (km) 0.5

Width (km) 0.5

Dip 89.9

Strike-slip (cm) 0.0

Dip-slip (cm) 0.0

Opening (cm) 0.0

P · V3 (Pa · m3) )5.00Æ1017 5.00Æ1017

1^ Euler angle )180� 180�
2^ Euler angle )180� 180�
3^ Euler angle )180� 180�
b ⁄ a 0.10 0.99

c ⁄ a 0.10 0.99

Table 2 Parameters of the modelled sources inferred for each stage. Coordinates are WGS84–UTM 5N. The azimuth of the

Okada-type source was fixed according the striking of the fissures opened at the summit area (Cervelli et al., 2006).

Stage 1 Stage 3 Stage 4 Stage 6 Stage 7

03.09.05–16.11.05 20.11.05–06.12.05 06.12.05–10.12.05 16.12.05–23.12.05 23.12.05–11.01.06

Longitude (km) 475.54 475.48 ± 0.31 475.34 ± 0.25 475.32 ± 0.33 475.21 ± 0.35

Latitude (km) 6580.03 6580.18 ± 0.34 6580.09 ± 0.34 6580.34 ± 0.36 6580.23 ± 0.36

Azimuth N150�E N150�E N150�E N150�E

Depth (km) 0.30 b.s.l. 0.60 ± 0.36 a.s.l. 0.60 ± 0.19 a.s.l. 0.45 ± 0.35 a.s.l. 0.60 ± 0.36 a.s.l.

Length (km) 1.5 ± 0.32 1.4 ± 0.31 0.8 ± 0.34 1.0 ± 0.35

Width (km) 0.9 ± 0.35 0.9 ± 0.33 0.4 ± 0.33 0.6 ± 0.36

Dip 81� ± 11.1� 77� ± 13.7� 76� ± 14.1� 78� ± 14.1�
Strike-slip (cm) 7.3 ± 6.2 )11 ± 6.9 35 ± 7.1 9 ± 7.0

Dip-slip (cm) )0.9 ± 6.5 19.1 ± 7.0 0.6 ± 7.1 3 ± 7.0

Opening (cm) 4.8 ± 5.6 15.3 ± 6.6 44 ± 7.1 12 ± 7.0

P · V3 (Pa · m3) 5.69Æ1015

1^ Euler angle )72.1�
2^ Euler angle 58.6�
3^ Euler angle 59.8�
b ⁄ a 0.47

c ⁄ a 0.34

DV (m3) 2.16 · 105 6.48 ± 8.1 · 104 1.93 ± 1.2 · 105 1.41 ± 1.3 · 105 7.20 ± 6.5Æ104
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strictly related to the prevailing action
of gas in opening the conduit of Mt.
Augustine. Following this hypothesis,
the shallow plumbing system of the
volcano pressurized (probably under
the pushing action of a juvenile
magma batch) the main conduit
(dike-shaped) creating the conditions
for the eventual uprise of juvenile
magma. In fact, as reported by
preliminary petrographic analysis
(Izbekov et al., 2006), the first explo-
sive phase of juvenile material can be

dated to 13 January 2006. Moreover,
until the explosive phase of mid
January, the explosions where mainly
phreatic with old remobilized tephra
involved, testifying to a phase where
the action of gas was prevailing.
Finally, we want to underline the

importance that real time data pro-
cessing has in volcano monitoring. In
fact, one of the major concerns of
the eruptive activity of Augustine is
related to the interaction of the volca-
nic ash erupted and the flights of civil

and military airplanes. As demon-
strated in this work, every change (also
small) in the shape of the volcano
during a period of unrest can be related
to a variation in the position of mag-
matic fluids in the body of the volcano
itself. As a results of this physical
change, the possibility of large explo-
sions increases. Furthermore, if we
assume that an increased seismicity,
marked variations in continuously
monitored geochemical parameters,
and sudden changes in other geophys-
ical parameters (magnetic field, grav-
ity, etc.) can alert an Observatory to
the impending possibility of an erup-
tion, only the high rate monitoring of
ground deformation can help define
where the episode of unrest is occur-
ring. This aspect is fundamental to
a volcano like Augustine where, in
the past (Waythomas and Waitt,
1998), tsunamigenic volcanic flows
occurred.
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