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Abstract

For the first time in the United States, a modern geodetic
network of continuously recording Global Positioning
System (GPS) receivers has measured a complete eruption
cycle at a stratovolcano, Augustine Volcano in Alaska,
from the earliest precursory unrest through the return to
background quiescence. The on-island network consisted of
five continuously recording, telemetered GPS stations, four
continuously recording, nontelemetered stations, and about
10 campaign bench marks. The continuous network recorded
several distinct and conspicuous signals over the course of the
unrest and eruption, starting with a months-long precursory
inflation centered beneath the volcano at around sea level.
Nearly coincident with the highest volumetric eruption rates,
this inflation gave way to a more deep seated deflation that
we interpret as a major withdrawal (approx. 25 million m?
of compressed magma) from a nearly cylindrical magma
reservoir centered about 5 km below sea level. Detailed
analysis of the geodetic time series reveals additional nuance,
including the probable upward propagation of a small dike into
the edifice in the 60 days or so before the onset of large-scale
explosive activity. Comparisons of the geodetic data and their
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resulting interpretations with other data, such as earthquake
hypocenters and petrologically inferred magma-pressure
histories, reveal a kinematic, if not mechanical, account of the
2006 eruption that details the shape and location of the magma
source region, the means and velocity of magma transport,
and the establishment of a short lived volume- (or pressure-)
buffering capability held within the magma reservoir. The
cumulative deformation over the course of the eruption shows
a large signal close in and high on the edifice that decays
rapidly with distance. This pattern indicates a small permanent
increase in the edifice volume (beyond that added by the
surficial lava dome) but also shows that without close-in (<2.5
km from the summit) stations, the eruption might have been
invisible to campaign GPS stations alone.

Introduction

In this chapter we present a comprehensive account
of the surface deformation that occurred before, during,
and immediately after the 2006 eruption of Augustine
Volcano. Following Coombs and others (this volume), we
divide the eruption into five phases (table 1). The duration
of the five phases, as well as the divisions between them,
arises from basic geologic observations. Likewise, from a
geodetic perspective, the phases make sense, although the
timing of changes in deformation style do not always line
up perfectly with the geologically established boundaries.
Table 1 also lists, in one- or two-word summaries, general
descriptions of the predominant geodetic observations
during each phase, along with first-order interpretations.
Organizationally, we largely follow this chronological
sequence, bracketing the interpretative core of our report
with a brief section on metadata at the start and, at the end,
with discussions about the enduring changes at Augustine
since the eruption.
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Table 1.

[BSL, below sea level; DRE, dense-rock equivalent]

Phases of the 2006 Augustine Volcano eruption.

Deformation Erupted volume

Phase Start End Deformation style depth (DRE: million m?)
Precursory August 15 January 11 Slow inflation Sea level 0
Explosive January 11 January 28 Slow inflation Sea level 30
Continuous January 28 February 10 Rapid deflation 5-6 km BSL 19
Hiatus February 10 March 3 Sluggish inflation — —
Effusive March 3 March 16 Slow deflation Shallow 23

'Data from Coombs and others (this volume).

In a section on the precursory phase, we revisit and refine
the original analysis by Cervelli and others (2006), which
treated the precursory deformation in detail but did not extend
much beyond this interval. New data analyses, primarily
petrologic geobarometry, provide constraints and insights that
were not available at the time of Cervelli and others’ report. In
sections on the subsequent phases of the eruption, we focus on
the three most conspicuous deformation signals: (1) the defor-
mation immediately before the initial explosions of January 11,
2006, (2) the deflation approximately concurrent with the con-
tinuous phase of the eruption, and (3) the cumulative deforma-
tion that occurred over the course of the eruption. In addition to
these conspicuous signals, we also present and, where possible,
interpret several less distinct deformation features, including
a minor inflation during the hiatus after the continuous phase
and a small deflation that appears to accompany the effusion of
early March 2006.

Each of the conspicuous deformation signals is remark-
able it is own right. The precursory deformation before the
explosions shows a stunning correlation with the seismic
record (Power and Lalla, this volume) and provides strong
corroborating evidence for the petrologic (Larsen and others,
this volume) and mechanical (Coombs and others, this volume)
accounts of the early eruptive processes. The deflation during
the continuous phase also constrains petrologic analysis and,
along with the petrology, provides insight into the shape and
location of the midcrustal magma chamber, along with the tim-
ing of magma ascent. The cumulative (or net) deformation over
the entire eruption indicates that a large part of the coeruptive
deformation—nearly all of it, except for the near-field (<2.5
km from the summit) component—is transient and cannot be
imaged without close-in continuously recording instruments or
campaign bench marks.

Seeking a broader context, from a geodetic perspective
we compare this eruption with eruptions elsewhere, particular
at Mount St. Helens, 2004—8. These comparisons lead us to
reflect on network design, station placement, the overall role of
deformation measurements in volcano monitoring, and future
opportunities for improved instrumentation and observation
methodologies that promote a cross-disciplinary approach to
the interpretation and modeling of volcanic processes. Finally,
we emphasize the importance and underutilized potential of

continuously recording GPS networks for volcano monitoring
and short-term forecasts of volcanic hazard.

Metadata

Station and Observation History

Beginning in summer 2004, the National Science Foun-
dation’s Earthscope Project funded the installation of five
continuously recording GPS instruments at Augustine Vol-
cano, along with two nearby “backbone” stations (figs. 1,2).
As part of the Plate Boundary Observatory (PBO), these
instruments were installed and are maintained by UNAVCO,
Inc. (Pauk and others, this volume). Together with the Alaska
Volcano Observatory (AVO)’s existing instrumentation
and bench marks, these new GPS receivers formed a high-
density, proximal geodetic network capable of recording the
2006 eruption and precursory unrest at an unprecedented
level of detail. However, the Augustine GPS network had at
least one shortcoming—an insufficient number of stations in
the intermediate to far field. The size of the island imposes
a basic constraint on the aperture size for any network on
Augustine. Nonetheless, there was room for improvement,
and so, in December 2005, we augmented the network with
five additional continuously recording, though nonteleme-
tered, receivers at campaign bench marks AUGB, AUGK,
AUGS, Al1, A5, (fig. 2), which we refer to below as the
semipermanent network. Instrument and antenna informa-
tion, installation history, and other relevant metadata, includ-
ing the evolution of station nomenclature, for the permanent
and semipermanent networks are listed in table 2.

The precise details of network design, though intended
to provide the best possible geodetic coverage of the vol-
cano, were largely constrained by external factors, includ-
ing telemetry paths, scarce competent bedrock, budgetary
limitations, and the inherent danger of working on an active
volcano in a heightened state of unrest. The fact that the
network in place at the beginning of the eruption was so
comprehensive is entirely attributable to the judgment and
effort of PBO and AVO engineers. In fact, mathematical
deliberations about the strength of model-resolution kernels



17. Geodetic Constraints on Magma Movement and Withdrawal During the 2006 Eruption of Augustine Volcano

152°

59° 4

Figure 1. Cook Inlet, Alaska, showing Augustine Volcano, which is about 110 km west of Homer, and Plate
Boundary Observatory backbone Global Positioning System (GPS) stations AC27 and AC59. Station AC59, which
is used throughout this chapter as a reference station, is far enough away from Augustine to be insulated from
volcanic deformation but close enough to measure approximately the same tectonic signal.
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Figure 2. Augustine Island,
showing locations of seismic
stations in Global Positioning
System (GPS) network as it
existed in December 2005.
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Table 2. Instrument metadata and installation history, including station name aliases and other information.
. Site Name Site Location Me:;\::tr:rr;]ent
Name  (Paukand  Longitude  Latitude  Height 2000 2000 2006 Type Notes
others, 2001) (°w) (°N) (m)
Al Al 153.437817 59.381555 3552 . Campaign
A2 A2 153.424507 59.366622 8793 Campaign
A3 A3 153.424347 59.367624 8652 Campaign
A4 A4 153.423468 59.362369 1,055.8 Campaign
AS AS 153.519228 59.378120 289 . . Semipermanent Reference station
A6 A6 153.437327 59.371180 677.1 Campaign
A7 A7 153.445662 59.363068 900.6 . Campaign
A8 A8 153.433094 59.362447 1,2186 Campaign
A9 A9 153.413985 59.323001 409 - . Campaign
A10 A10 153.432707 59.359329 1,2432 Campaign
All All 153.386769 59.348648 2169 - *  Semipermanent
Al2 Al2 153.437763 59.358693 1,100.6 - . Campaign
Al4 Al4 153.425887 59.359396 1,L179.9 - Campaign
Al5 AlS 153.428290 59.361713 1,224.1 - . Campaign
Al6 Al6 153.427410 59.358774 1,219.1 . Campaign
Al7 Al7 153.422530 59.362799 1,038.3 . Campaign
Al8 Al18 153.587795 59.570064 3949 - . Campaign
AC27 N/A 154.162880 59.252508 417.5 . . Continuous Oft island, PBO
AC59 N/A 153.585200 59.567199 308.6 . . Continuous Off island, PBO
AGBR BURR 153.422443 59.417937 27.8 o . Campaign
AGLI1 LU0l 153.427329 59.385923 2462 . . Campaign
AGL2 LU02 153.425045 59.371860 558.8 e Campaign
AGWD N/A 153.437463 59.370604 683.6 . Campaign
AUGB BUR2 153.416421 59.411877 275 o *  Semipermanent
AUGK KAMISHAK 153.436557 59.345658 5309 - *  Semipermanent
AUGL N/A 153.353910 59.370299 104.0 . . Campaign Renamed AV 11 in January 2006
AUGM MOUN 153.355060 59.370688 1183 . Campaign 80 m from AUGL, therefore
excluded
AUGS SAUG 153.523437 59.323203 287 . o Semipermanent
AUGW WAUG 153.543346  59.384420 440 - . Campaign
AV01 N/A 153.460801 59.358531 487.2 . . Continuous PBO
AV02 N/A 153.428391 59.332975 229.8 . . Continuous PBO
AV03 N/A 153.437778 59.381297 360.2 . Continuous Destroyed, PBO
AV04 N/A 153.444672 59.362584 915.9 . Continuous Destroyed, PBO
AV05 N/A 153.422656  59.362933 1,036.6 . Continuous Destroyed, PBO
STEP STEP 153.764839 59.434311 4340 - . Campaign Off island
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or the degree of independence among the different stations of
the network, though important, generally are only secondary
considerations, given the logistical conditions in the field at
the time of installation.

Previous geodetic field work at Augustine, consisting of
electronic distance measurement (EDM) data and theodolite
measurements, began in 1986. In 1988 and 1989, an island
wide network of 19 trilateration bench marks was installed and
measured in its entirety (Power and Iwatsubo, 1998). During
1992 and 1995, GPS surveys occupied parts of this network,
but none of these surveys was complete. Additional measure-
ments were made during the summers of 1993, 1994, and 1996.
In 2000, a comprehensive GPS survey was undertaken (Pauk
and others, 2001). Comparison of the 30 mark-to-mark slope
distances measured in 1988 and 1989 with the results obtained
from the 2000 GPS survey show differences of less than 5 cm
along 24 of these distances. Of the six distances with greater
than 5 cm of length change, three involved bench marks high
on the 1964 and 1986 lava domes, both of which are known to
be unstable and (or) subsiding. The remaining three anomalous
distances involved bench marks believed to rest on stable parts
of the island; however, no spatially coherent pattern of defor-
mation among these three distances was evident. The locations
of the campaign bench marks successfully reoccupied during
the extensive geologic and geophysical fieldwork of summer
2006 are shown in figure 2.

Notes on Processing Methodology and Data
Quality

Daily GPS solutions were processed with the GIPSY-
OASIS software (Zumberge and others, 1997), release GOA4,
in network mode, incorporating data from all continuous
GPS sites in and around Alaska, using International Terres-
trial Reference Frame station ALGO (located in Algonquin,
Ontario, Canada) as a reference clock. We applied Interna-
tional Global Navigation Satellite System (GNSS) Service
(IGS) 01 elevation-dependent phase-center models for each
antenna, with an elevation mask of 10° (see http://www.ngs.
noaa.gov/ANTCALY/), using the TPXO.2 ocean-tidal model,
and estimated stochastic wet-tropospheric-path delays, using
the Niell mapping function (Niell, 1996).

Subdaily solutions were calculated with the program RTD,
version 3.0, from Geodetics Inc. (Bock and others, 2004). With
RTD, each epoch of the LC (L3) ionospheric-free phase obser-
vation is processed independently in network mode to provide
a position relative to a fixed master site. Station AUGB (fig. 2)
served as the master site for the subdaily processing results pre-
sented here. Single-epoch data analysis with RTD is a multistep
procedure that resolves integer-cycle phase ambiguities and esti-
mates additional parameters, such as zenith troposphere delays.
Our RTD solutions use IGS final orbits, National Geodetic
Survey (NGS) elevation-dependent GPS antenna phase-center
models, and all observations above 10°.
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By late November 2005, enough snow and ice had accu-
mulated at stations AV04 and AVO0S (fig. 2) to seriously affect
signal quality. Snow and ice accumulation on GPS antennas
delays signal transmission along the path from the satellite to
the antenna. This delay, unlike, for example, that due to the
wet troposphere, is not easily modeled, especially if the size
and shape of the obstructing snow and ice mass are unknown.
The delays are azimuth and elevation dependent, because the
transmission paths through the ice change as the satellites
move, resulting in significantly degraded solution quality.
However, because large and distinctive postfit phase residuals
are diagnostic of unmodeled path delays, we can detect the
presence and severity of ice problems without difficulty. At
the beginning of each winter, phase residuals increase to more
than 25 cm at station AV04, coincident with a large increase in
scatter associated with the daily solutions. Phase residuals also
increase at station AV0S5, though much less so—rarely more
than 10 cm even at low elevation angles. Station AV05 was
located in a higher, more windswept area than station AV04.
Although both stations were exposed to similar temperatures
and precipitation, higher winds at station AV0S5 frequently
scoured the antenna clean. The net effect of the snow and ice
was to make the data from station AV04 essentially unusable
during the winter, while station AV05 by and large remained in
working condition.

Observations, Interpretations, and
Models

Precursory Phase

Though not detected until early autumn 2005, precursory
deformation to the 2006 Augustine eruption began in mid-
August 2005, as is evident from the baseline length between
station AV02 and AVO03 (fig. 2), which spans Augustine’s sum-
mit from north to south (fig. 3). Seismicity began to increase
somewhat earlier, at least by April 2005 and possibly as early
as October 2004 (Power and Lalla, this volume). Cervelli and
others (2006) divided the precursory deformation into three
intervals on the basis of deformation style. We preserve these
divisions here but rename them slightly for consistency with
the rest of the volume. A three-component time series for the
station AV05-to-AC59 baseline is plotted in figure 4. Three
styles of deformation are evident, named here on the basis of
their ultimate interpretations: (1) the inflation stage, (2) the
dike-ascent stage, and (3) the preexplosive stage.

Inflation

The horizontal components of the velocity field measured
during the early (before mid-November 2005) part of the
precursory phase are mapped in figure 5 (black arrows). As
noted by Cervelli and others (2006), the deformation pattern
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is clearly radial. The wavelength of the signal appears to
demand a shallow source, although the absence of intermedi-
ate- and far-field stations introduces some ambiguity into this
assessment. The semipermanent network had not yet been
established. This deformation field can be modeled with a
spherical point source (Anderson, 1936; Mogi, 1958) located
approximately at sea level. Because the source depth appears
to be shallow, the effect of topography becomes important,
especially for comparing the modeled deformation source with
other geophysical models on the same vertical datum. For this
reason, we included a first-order correction for topography
(Williams and Wadge, 1998). The velocities predicted by the
model are mapped in figure 5 (red arrows). The predicted
vertical velocities agree well with observations at the upper-
most stations, AV04 and AV05 (fig. 2); however, the other
stations show significantly more uplift than the model predicts.
The volume-change rate of the point source is small—about

4 x 10° m®/yr, or a total volume change of about 2 x 10° m>.
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Volume accumulation at this rate would take nearly 200 years
to account for the ~7.5 x 107 m* of material produced over the
course of the eruption (Coombs and others, this volume), and
so this small, initial pressurization was likely a slow buildup
of volcanic gas beneath a mostly impermeable layer, such as
the zeolitized Naknek formation (McClean, 1979).

As discussed below, other deformation models, such
as a pressurizing vertical prolate ellipsoid (Bonaccorso and
Davis, 1999), can also explain the observed, radial pattern of
deformation during the early precursory phase. However, the
spatial distribution of stations is insufficient to unambiguously
discriminate among different models, especially in light of the
high noise level at station AUGL (fig. 2). For this reason, we
chose to use the simplest possible model—a spherical point
source. Adding complexity will certainly improve data fit, but
given that a point source already fits the data almost to within
errors, a serious risk of “modeling” noise exists. Given the
station distribution, the bottom of the pressurizing body cannot
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Figure 5. Augustine Volcano showing vectors of observed (black) and predicted (red) Global Positioning System
(GPS) velocities relative to station AC59, located approx 24 km northwest (343°) of Augustine (fig. 1), during precursory
phase in 2006. Error ellipses indicate 95 percent two-dimensional confidence regions. Predicted velocities are from

a point source near sea level. Black circle, horizontal location of the modeled point source of pressurization active
during precursory phase. Black bar near summit, surface projection of model dike that was active from mid-November
2005 through early January 2006. Predicted velocity at station AUGL is too small to show in this figure.
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be easily constrained, whatever its geometry. The modeled
depth of a point source, as mentioned above, probably reflects
an impermeable layer rather than the top of a magma body.

Dike Ascent

An abrupt offset appeared in the GPS time series at sta-
tions AV04 and AVOS (fig. 2) around November 17, 2006 (fig.
4). By taking the difference between a 4-day mean position
before and after November 17, we calculated a displacement
of about 3.5 cm to the southwest and an uplift of about 3 cm at
both stations. This offset did not appear elsewhere within the
Augustine GPS network. Although we did not appreciate its
significance at the time of its occurrence (or even its reality as
a geologic signal), we now interpret this offset as the abrupt
opening of a crack in the Naknek formation above the pressur-
izing region beneath the summit near sea level. This inter-
pretation is somewhat speculative—there was no earthquake
or other geophysical signal associated with the event—and
requires that the opening occurred quickly enough to appear
abrupt in the daily geodetic time series, but slowly enough
(that is, at a low-enough strain rate) for the ductile and, there-
fore, aseismic failure.

Cervelli and others (2006) argued that magma likely
ascended through the edifice in the weeks to months before the
onset of the magmatic eruption. The only alternative inter-
pretation is that an active magma column existed within the
edifice before the start of unrest, reaching nearly to Augus-
tine’s summit. We rejected this interpretation on the basis of
the 20-year interval since the latest extrusion and the relatively
modest fumarolic temperatures at the summit. Temperatures
after the 1986 eruption declined from 870°C in 1987 to about
95°C in the early 1990s. The question remaining, therefore, is
whether the magma ascent occurred by the way of dike intru-
sion or through a diapiric process.

On the basis of the style of deformation observed at
station AVO05 (figs. 2, 4), we conclude that magma ascent
occurred as a dike intrusion. Specifically, the observed change
in the vertical component from uplift to subsidence (fig. 4) is
characteristic of a shoaling dike, the subsidence arising from a
Poisson effect as the rock above the dike is stretched. Further
evidence for the dike hypothesis comes from geologic obser-
vations of the summit. Beginning in mid-December 2005,
features interpretable as extensional became evident, including
a new fissure that opened at the summit, striking approximately
north (Wessels and others, this volume). Recently analyzed
petrologic data (Larsen and others, this volume) indicate that
glass compositions in the low-silica- content andesite, believed
to be the initial magmatic component of the 2006 eruption,
underwent shallow decompression-driven groundmass crystal-
lization before it erupted, an interpretation consistent with the
shallow magmatic storage entailed by a dike ascending through
the edifice and stalling near the surface for several weeks.

To model the dike, we used rectangular dislocations
(Okada, 1985) embedded in a linear, flat, elastic half-space.

We then applied a linear least-squares analysis to estimate a

dike-ascent history, assuming an exponential model for dike
height as a function of time. We assumed an initial depth of 1.25
km and estimated a time constant (or “characteristic” time) for
dike ascent and final height as time goes to infinity. We also
tried other temporal models, including nonparametric, stochastic
models, but observed that only a simple, well-constrained expo-
nential equation fit the data as well as, or better than, any other.
Likewise, we tried many different geometric models for the dike
and determined that none of them permitted a dike-ascent his-
tory with a markedly different (for example, concave upward)
ascent history than the one presented here.

The choice for an initial depth of 1.25 km below the
top of the half-space was based on the distance between the
summit and the location of the pressurizing region near sea
level and on the excellent fit of the subsequent model. The
dike could have propagated from greater depth, but given the
size of the dike—at least when it was in the upper edifice—the
existing geodetic network could probably not have detected its
presence much below sea level. Thus, choice for initial depth
represents an upper limit on the locus of initial dike ascent,
rather than our best approximation of where that ascent began.

The estimated dike-ascent history as a function of time
is plotted in figure 4. Dike ascent appears to have been begun
rapidly, reaching a maximum ascent rate of nearly 100 m per
day by November 25, 2005. If this ascent model is correct,
the dike came within a few hundred meters of the surface by
mid-December 2005, possibly explaining the onset of vigorous
steaming and phreatic explosions on December 2, 2005, as well
as the local deformation observed at the volcano’s summit.

Coombs and others (this volume) argue that the
explosions of January 11, 2006, were gas rich, with limited,
if any, juvenile magma. They draw this conclusion from the
absence of extensive hot flowage deposits and the scarcity
of juvenile glassy clasts in tephra-fall deposits (Wallace and
others, this volume). Deformation data alone, which are
sensitive only to the displacement of the crack wall, cannot
differentiate between upward propagation of a gas- versus
magma-filled crack. However, given that after the explosions
of January 11 no evident reversal of the accumulated
deformation occurred, we can conclude that the crack did
not close, suggesting that some material remained to keep it
open and, in turn, that the observed deformation was, in fact,
caused by the ascent of a magma-filled dike, possibly led by a
volume of pressurized gas that violently exited in two stages
on January 11. Other evidence, as discussed in detail in the
next section, suggests that the partially degassed magma from
the vanguard dike may have been slowly extruded in the form
of a lava dome on January 12 and 13.

Explosive Phase

Average daily solutions, though accurate, are not espe-
cially useful for studying quickly evolving volcanic processes.
In the hours before the first explosions on January 11, 2006,
an energetic earthquake swarm rattled Augustine’s summit
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(Power and Lalla, this volume), prompting AVO to raise the
level-of-concern color code to orange (Neal and others, this
volume). Curious to see whether a deformation transient
accompanied this swarm, we reprocessed the GPS data,
solving for a position at each measurement epoch (every 30
s). We used the RTD processing software (Bock and others,
2004), which estimates each position independently—that is,
no temporal smoothing is imposed on the solution time series.
This processing methodology requires a stationary reference
station, and the resulting solutions are the east, north, and up
distances from this origin. Ideally, the reference station should
be close enough to the stations of interest so that common
error sources (troposphere, orbital errors, and so on) difference
out, but far enough away to be outside the deforming area. We
opted to use station AUGB (fig. 2), about 5.5 km away from
Augustine’s summit, as our reference station.

We examined the interval January 9—13, 2006 (UTC).
Although the area of station AUGB was slowly deforming from

the sea-level inflation source during this interval, the interval is
sufficiently brief that the cumulative deformation is well below
noise. The time series over the interval at station AVO0I is plot-
ted in figure 6. No deformation is evident over the interval on
any of the three components, although we know from analysis
of the daily solutions that station AUGB and AVO01 (fig. 2)

were slowly (centimeter per year) moving apart at this time (as
primarily evident on the north component of this baseline). The
absence of apparent deformation results only from the brevity of
the interval under examination. Almost all other stations, except
AV04 and AV0S, have a similar “flatline” appearance. Icing
introduced significant noise in the station AV04 time series.
Although icing also affects the time series from station AV0S5, a
signal is still clearly visible beginning around 12:00 a.m. Janu-
ary 11 (fig.7). After the initial explosions midday on January

11, the scatter in hourly median solutions increases, probably
because the abundant ash in the air caused unmodeled path
delays in the GPS transmissions. The last data were received
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Figure 6. Time series of hourly solutions for distance of station AV01 from station AUGB (fig. 2) on Augustine Island in January

2006. Circles, 1-hour median solutions; curves, 6-hour medians. Note that scale for vertical component is twice that for horizontal
components. Vertical red lines denote times of first four explosions. Deformation at station AV01 over this interval is negligible.
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from station AVO0S5 at 7 p.m. January 13, just before event 3
(Coombs and others, this volume), which presumably destroyed
the station and (or) its telemetry. The signal—an acceleration
in deformation—appears unambiguously in the east and north
components and is directed northeastward. A vertical signal
is difficult to resolve from the noise, but if one exists, it likely
takes the form of subsidence.

Inferring a unique mechanical model from a short-lived
signal that appears on the record from only a single station
is impossible. Nonetheless, close examination of the signal,
especially in comparison to seismic signals measured simul-
taneously, does lead to some interesting insights. The east
component of the station AVO0S time series, taken as 6-hour
medians, is plotted on the same time scale as the Real-Time
Seismic Amplitude (RSAM) system at broadband seismic

station AU12 BHZ AV (fig. 8; located approx 850 m west of
GPS station AVO03, fig. 2). The first interesting observation is
that the deformation transient begins almost concurrently with
the energetic earthquake swarm early on January 11 (Power
and Lalla, this volume). Both observations may be explained
by upward propagation of a magma-filled crack into the high-
est part of the edifice. The absence of this signal on the record
from nearby station AVO01, which is 550 m below and 2,200
m west-southwest of station AV05, strongly suggests that the
deformation source is close to station AV0S5 and, owing to the
elevation difference, quite high.

The deformation transient appears to continue for many
hours after the explosions of January 11, only to flatten out
early on January 12 just as drumbeat earthquakes began to be
recorded. Drumbeat earthquakes are commonly associated
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Figure 7. Time series of hourly solutions for distance of station AV05 from station AUGB (fig. 2) on Augustine Island in January 2006.
Same scale as in figure 6. Circles, 1-hour median solutions; curves 6-hour median solutions. A clear acceleration in deformation occurs
shortly after January 11 in east and north components. Overall noise level relative to station AV01-AUGB is higher, probably owing to a
combination of factors, including antenna icing and presence of ash and volcanic gasses near summit. Noise level increases markedly
after first explosions (vertical red lines), possibly owing to increased ash emission.
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with the extrusion of lava (Moran and others, 2008; see Power
and Lalla, this volume). During the period between the first
explosions and the beginning of drumbeats, seismic activity
declined markedly, in spite of the ongoing deformation. One
explanation for this observation is that the explosions relieved
the volatile pressure within the tip of ascending magma and
removed the driving force behind much of the seismicity.
Moreover, the explosions may have contributed to the physical
erosion of a pathway for magma ascent. Deformation persisted
as the walls of the pathway were pushed apart by the ascend-
ing magma. Finally, when lava extrusion began (as signaled
by the drumbeats), a quasi-steady state (or open system) was
established, and the deformation flattened.

Throughout the explosive phase, the baseline between
stations AV02 and AVO03 (fig. 2) continued to indicate slow, but
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unmistakable, extension (fig. 3). Indeed, the rate of extension
seemed to remain steady to within measurement uncertainty,

suggesting that explosions, individually and in aggregate, did
little to relieve pressure within the shallow magmatic system.

Continuous Phase

The geodetic signal associated with the continuous phase
of the eruption consisted of a sharp deflation from about January
28 through February 10, 2006. This pattern of deformation has
two primary characteristics: it is directed radially inward, and
it is uniformly downward. The radial direction of the defor-
mation becomes particularly evident upon transformation to
a cylindrical coordinate system. If each station coordinate is
represented as a distance from Augustine’s summit, then the
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Figure 8.

Preexplosive and postexplosive deformation at station AV05 compared to RSAM computed from broadband seismometer

AU12. Circles, 6-hour median solutions for east component of baseline between stations AV05 and AUGB; curve, record from Real-time
Seismic Amplitude (RSAM) at station AU12 BHZ AV, a broadband seismometer located about 850 m west of station AV03. Note that
deformation accelerates suddenly at about midnight January 11, 2006, concurrently with increase in RSAM record corresponding to
energetic earthquake swarm that preceded first explosions. Accelerated deformation continued for about 24 hours and then flattened at
about the same time when drumbeat earthquakes were first observed (early on January 12).
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three components of deformation can be expressed as (1) radial,
motion toward or away from the summit; (2) tangential, motion
perpendicular to the direction of the summit; and (3) vertical.

In a “purely” radial deformation pattern, the second component
will be zero. The estimated GPS velocities during the continu-
ous phase, transformed into radial and vertical components,

are plotted in figure 9 and mapped in figure 10. Within uncer-
tainties, no single measurement of tangential deformation is
distinguishable from zero, and the scatter about zero shows no
obvious positive or negative tendency. The absence of any sta-
tistically significant tangential signal all but precludes modeling
the deformation pattern with anything other than a radially sym-
metric source centered at the summit. Although the presence of
a shear source, dike, or sill cannot be ruled out, if such a source
was active during the continuous phase, it did not produce suf-
ficient deformation for positive resolution.

Figures 9 and 10 also show that the radial deformation
measured at the nearest station to the summit differs in sign
from that measured at all other stations—station AVO1 (fig. 2)
actually appears to have moved away from the summit during
the deflation of the continuous phase. Taken as an individual
measurement, the previous observation is not decisive to
within uncertainties; however, given that every other mea-
surement is, within uncertainties, less than zero (directed
toward the summit) the apparent sign difference is probably
real. The overall trend of the radial deformation shows a grad-
ual increase in motion after a sign change at around 2.5 km,
reaching a maximum at about 4.5 km and flattening beyond
that. Although the deformation almost certainly extends far-
ther than the coastline, no measurements are available, except
for the distal PBO backbone sites (stations AC27, AC59; fig.
1), where no volcanic deformation is visible.

The observed vertical deformation appears to be con-
stant at all stations at about —0.55 £ 0.4 m/yr. Thus, the
vertical deformation is distinguishable from zero, although
no convincing trend in the magnitude of deformation as a
function of radial distance is apparent. The uniformity of the
vertical signal suggests a possible correlated noise source.

For example, because the calculated velocities are relative

to a stationary (over this short interval) station on the Alaska
Peninsula, AC59 (fig. 1), position errors at that station can lead
to correlated error across the network of remaining stations.
The uniformity of the vertical signal, however, does not stretch
to include the station AC27, 44 km southwest of Augustine
(fig. 1), which, unlike the other seven stations, appeared to

rise somewhat relative to station AC59 over the interval under
consideration. Therefore, the uniformity—at least in sign if not
in value—of the vertical signals probably reflects a volcanic
process and not simply measurement error.

Given the abundance of erupted material, about 25 million
m? each, during the explosive and continuous phases (Coombs and
others, this volume), we conclude that the deflation imaged by the
GPS network resulted from the withdrawal of magma out of a stor-
age area, or chamber, at depth. Regarding this chamber, geodetic
measurements can shed light on three main questions: (1) what is
its shape? (2) how deep is it? and (3) how much did it contract?
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Modeling Deformation During the Continuous
Phase

The deformation observed during the continuous phase,
though large when expressed as a rate, was quite small in
terms of absolute displacement. Indeed, the signal-to-noise
ratio (SNR), defined as the norm of the weighted data vector,
of the geodetic measurements from the continuous phase was
about a sixth that of the SNR of the precursory phase through
mid-November 2005. Models of geodetic measurements with
such modest SNRs are not likely to be well constrained or
even unique. Nonetheless, modeling can be useful in ruling
out interpretations that would otherwise remain plausible.
Furthermore, although individual model types and their asso-
ciated parameters are typically not well constrained with low
SNR, constraints can be imposed on classes of models and
ranges of model parameters, particularly when other corrobo-
rating data are available.

The first deformation source that we consider is a spheri-
cal point source (Anderson, 1936; Mogi, 1958), exactly the
same source type as the one we used to model the precursory
inflation. Maximum radial deformation from a spherical point
source occurs at a distance of source depth over \2. Simply on
the basis of inspection of the observed data in figure 5, a spheri-
cal point source must be at least 7 km deep to fit the observed
horizontal deformation. Maximum vertical deformation from a
point source occurs directly above the source and is inversely
proportional to the square of source depth. The vertical defor-
mation decays to half its maximum value at a distance of about
3/4 of a source depth. This fact, in combination with the large
and uniform subsidence signal, suggests that a source depth
greater than 10 km would be required to fit the data well.

In addition to a spherical point source, we also consider
two additional deformation models—closed and open pipes
(Bonaccorso and Davis, 1999). Both of these models share
a similar geometry, although we model a closed pipe as a
degenerate ellipsoid with equal semi minor axes, and an open
pipe as a cylinder. Both models are parameterized similarly:
(1) easting, (2) northing, (3) depth to the top of the pipe, (4)
depth to the bottom of the pipe, (5) the pipe’s semiminor axis
(radius), and (6) a source strength. The two models differ with
respect to the boundary conditions on the pipe walls. A closed
pipe is characterized by constant pressure change on the pipe
walls, while the conditions for a open pipe stipulate constant
displacement on the pipe walls, along with zero pressure
change at its top and bottom. The effect of this difference is
that for an open pipe, no excess upward force (that is, force
other than lithostatic) is exerted on the top of the pipe, hence
the “openness.” In an open pipe the source strength is a
length change (a displacement), whereas in a closed pipe it is
a pressure change.

Bonaccorso and Davis (1999) gave approximate expres-
sions for surface deformation from both types of pipe, the
approximation stemming from the fact that the boundary
conditions on the cylinder walls are not met exactly. Results
are accurate, however, if the cylinder radius is small relative
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to its height and depth. Mathematically, the level and charac-
teristics of the approximation are similar to that of a spherical
point source—an infinitesimal representation of a finite body.
Indeed, a spherical point source, which approximates the
deformation from a pressurized spherical cavity, also becomes
more accurate as the ratio of the source depth to the source
radius increases. Segall (2010) notes that the expressions of
Bonaccorso and Davis (1999) are not general and apply only
when Poisson’s ratio equals 0.25. Segall (2010) provides the
general expressions, which we employ here.

We derived the three-dimensional deformation fields (that
is, deformation in the body as well as at the surface) for both
pipe models, which permits the maximum displacement on the
pipe walls to be calculated. This calculation, in turn, allows
source strengths to be characterized as approximate volume
changes rather than pressure or length changes. In the vol-
ume derivations that follow, for the sake of simplicity we use
expressions for the internal deformation in an elastic full space
(rather than a half-space). This simplification should yield
satisfactory levels of approximation, provided that the tops of
the pipes are well below (kilometers) the actual ground surface
(that is, the top of the half-space).

In a closed pipe, the maximum displacement of the pipe
wall, which occurs at the middle of the pipe along its height, is
given by:

a
umaxzz_/i? ’

where « is the pipe’s semi minor axis (radius), p is the pressure
change, and u is the shear modulus. Using the maximum-
displacement term, a volume change can be estimated. For a
closed pipe, the total volume is given by the formula for an

ellipsoid:

4
V= 3 Ta’ g’

where V' is total volume and /4/2 is the semi major axis. Taking
the first term of the Maclaurin Series of } as a function of a
yields a simple approximation for volume change:

AVzinahu

3 max

Earlier, we referred to a “source strength” for closed and
open pipes. We can extend this notion to a “potency,” which is
essentially a lumped parameter in the expressions for defor-
mation that does not depend on the either the location of the
observation coordinate or the source. In a closed pipe, the
potency is given by:

2
_ap.
Pcp - 4_#
Substituting this term into the equation for volume
change yields an expression for volume change that depends

on only the potency term, thereby side stepping the necessity
for estimating a source radius, pressure change, and shear
modulus: g

AV= 3 mh Pcp .

In an open pipe, the maximum displacement on the pipe
walls is given by:

u =5
max 2(1_0)

where s is the displacement and v is Poisson’s ratio. Follow-
ing an analysis similar to above, we can estimate the volume
change for an open pipe as well. The total volume of an open
pipe is given by the formula for a cylinder:

V=mna’h,

where V' is total volume and /4 is the cylinder height. Again,
taking the first term of the Maclaurin Series we get an approxi-
mation for volume change:

AVv=2mahu,,

The potency term for an open pipe is given by:

P —L3
®g—1)

which leads to an expression for volume change in terms of
potency:

AV=8mhP,.

Again, because of this expression, we can focus on the
volume change, side stepping the need to estimate the source
radius and the displacement on the pipe wall. We note, how-
ever, that for our purposes, Poisson’s ratio is not estimated but
assumed. Through this analysis, we set Poisson’s ratio equal
to Va.

Modeling Results and Discussion

In spite of our earlier remarks that a spherical point source
must be quite deep to fit the data well, we nonetheless inverted for
such a source, solving for depth and volume change. In contrast to
the precursory source, near sea level, the potential source depths
for the deflation observed during the continuous phase seem to
be considerably deeper. Indeed, we surmise that they are large
relative to the scale of regional topography, and so, for the sake
of simplicity, we chose to dispense with a topographic correction.
Imposing no constraints other than fixing the horizontal position
of the point source to the coordinates of Augustine’s summit,
justified by the absence of deformation in the tangential direction,
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the inversion reduces to a simple search over a range of depths,
linearly solving for the best-fitting volume—change rate at each
iteration. The optimal model prediction is plotted in figure 9 and
mapped in figure 10. The model both fails to predict the near-field
sign change in the radial component and systematically underpre-
dicts the vertical deformation but fits observations satisfactorily,
given the low SNR of the data.

The results of our inversion for a spherical point source
by depicting a “misfit” space for this model are plotted in
figure 11. The solution that minimizes the misfit occurs at
about 12.5-km depth, and corresponding to a volume loss
of about 16.5 million m* over the interval of the continuous
phase. Here and below, we quantify misfit as the difference
between observation and prediction as measured by the mean
squared error (MSE), a weighted L2 norm of the residual vec-
tor scaled by the number of data points less the number of free
model parameters. The MSE for a best-fitting point source is
approximately 2. We note that a substantial, diagonally trend-
ing region (dark blue area, fig. 11) of the graph also shows a
relatively low misfit (MSE = 2), indicating a significant cor-
relation between volume loss and source depth and therefore
some freedom to choose among precise pairs of these values.

Ideally, a quantitative statistical test could delineate a
misfit boundary beyond which the observed data are violated.
However, the non linearity of the inversion problem, exacer-
bated by the low SNR of the data in question, severely compli-
cates such an analysis. For example, see Cervelli and others,
2000, for a discussion of applying an approximate F-test to
non linear problems. Misfit graphs like that shown in figure

11 obviate these difficulties to a certain extent by presenting a
quantitative account of how variations in the model parameters
affect misfit when the parameters are considered both individu-
ally and together. We can then make qualitative assessments
about ranges of plausible model parameters, although we still
lack an objective, numerical criterion for when a certain set of
model parameters is simply impermissible.

Because our data signal is weak, we cannot use the data
alone to uniquely constrain a particular deformation source.
We have just shown that the data can be fitted reasonably
well by a spherical point source centered below the summit.
The pipe sources considered below are geometrically more
complex than the spherical source and should also fit the data
well. The main questions, therefore, are: do the pipe models
improve data fit in a statistically significant way? and, perhaps
more importantly, are any of the models tested better suited to
other (for example, petrologic, seismic) data?

The question arises as to whether to consider a closed pipe at
all. We know that at least to a certain extent, the system was open
during the continuous phase because the volcano was erupting
throughout this interval. Yet we cannot simply dismiss closed
models, including spherical and nondegenerate ellipsoidal sources
(for example, Yang and others, 1988), both of which share the
same pressure boundary conditions with a closed pipe, as useless.
Eruptions necessitate a connection with an underground magma
body; however, even in the event of continuous extrusion, the
extrudate itself does exert some downward force or overpressure
by way of its own mass (gravity), from internal friction, or from
friction along the conduit walls. Likewise, the question whether
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an open pipe is a useful model also arises. What does it mean for a
pipe to be “open” when it has a top depth of kilometers below sea
level with a column of rock and magma above it? We note that
both of these sources model not absolute pressures but changes in
pressure over an interval. After deformation, an open pipe is not
required to exert zero pressure at its top; instead, the net pressure
change must be zero, and the total displacement on the pipe walls
must be everywhere constant.

To evaluate data fit (that is, MSE) for both pipe models,
we vary the pipe height and the depth to the pipe top over
a wide range, using least squares to solve for the optimal
potency parameter for each height/depth pair. As for a spheri-
cal point source, the horizontal positions of the pipes are
constrained to lie directly at Augustine’s summit. The results
of these analyses are plotted in figures 12 and 13, which
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depict the misfit space for closed-and open-pipe models,
respectively. Also shown are the contours of volume change,
so that for any point on the graph, misfit for a given set of the
three parameters can be determined. The observed deforma-
tion from both the closed and open pipe models are plotted in
figure 9 and mapped in figure 10. We note that in figure 10,
all the predicted deformation vectors point in the same direc-
tion, although their magnitudes vary. This relation stems from
the radial symmetry of the source models and the constraint
that horizontal coordinates of the models lie at the origin
(Augustine’s summit).

All of the tested model types—point source, open pipe, and
closed pipe—fit the data adequately. Each model has a correspond-
ing region in its misfit space bounded by an MSE of about 2, which
is a reasonable fit to the data, given the 95-percent-confidence-level

Figure 12. Model
misfits for closed (A) and
open (B) pipes. Colored
regions depict misfit as a
function of depth to pipe
top, height of pipe, and
volume loss (shown as
contours). A substantial
plausible region (MSE
approx. 2) exists in misfit
space, and so a precise
set of model parameters
is not mandated by data.
However, by constraining
volume loss to 25 million
m?, a specific top and
height are entailed
(white star).
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uncertainty ellipses. The differences in misfit (that is, the difference
between observations and predictions) among the models are not
large and certainly not statistically significant. Misfit, therefore, can-
not be a sole criterion for favoring one type of model over another.
Each model type has different consequences that can be compared
with other, nongeodetic data, enabling us to move beyond the mere
satisfaction of a necessary condition—data fit—into the realm of
sufficient conditions for determining which, if any, of our models is
a useful approximation to a real geologic structure.

Petrologic analysis, including Al-hornblende geobarom-
etry from Holocence fall deposits, indicates magma-storage
pressures corresponding to no greater than 9-km depth (Tap-
pen and others, 2009). Moreover, melt inclusions obtained
from 1986 and older deposits suggest crystallization depths
of less than 8 km (Roman and others, 2005; see Webster and
others, this volume), and melt-inclusion volatile contents
from 2006 high-silica andesite, erupted during the continu-
ous phase, indicate pressures as high as 100 MPa, equivalent
to depths of 3 to 4 km (Webster and others, this volume).

All of these studies seem to contradict the 12.5-km depth of
the point-source model. Indeed, even if we relax the data-fit
requirement, figure 11 shows that to achieve a source depth
consistent with the petrologic depth constraints, only a small
volume loss (~ 5 million m?®) is needed. This value is only

a tenth of the volume of magma erupted by the end of the

2.5 T T T T T
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continuous phase, a discrepancy that seems too large, even
accounting for magma compressibility.

The geodetic data do not fully constrain the param-
eters for either a closed or an open pipe. “Plausible” regions
bounded by the condition that MSE = 2 are plotted in figures
12 and 13. These regions cover fairly extensive areas: 17 per-
cent of the total graph for a closed pipe and 13 percent for an
open pipe. Defining the plausible regions as bounded by MSE
~ 2 is somewhat arbitrary, though not without justification.
Sorted lists of MSE values for each pipe model, when plotted,
show plateaus of MSE = 2, with the values increasing sharply
thereafter, implying that the plausible regions are, as well as
being compatible with the data, well constrained, at least with
respect to the total range of calculated misfits.

For a closed-pipe model, the plausible region extends to
(and, though not plotted beyond) the right side of figure 12,
corresponding to pipe heights of 10 km and greater. The data
poorly constrain the height of a closed pipe or putting it another
way, the depth to the pipe bottom. The only firm check on a
closed pipe’s height is the absence of observed deformation at
the far- field PBO site AC29, 44 km WSW of Augustine (fig. 1).

For both closed and open pipes, the contour correspond-
ing to 25 million m* of volume change runs through the mid-
dle of the plausible regions. This contour also has the prop-
erty—again, for both pipe models—of having a well-defined
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minimum MSE along its length, enabling us to focus on
specific pipe depths and heights. In contrast, the misfit curves
corresponding to the adjacent contours (20 million and 30
million m?) do not exhibit such well-defined minimums. By
this means, we choose our preferred parametrizations for open
and closed pipes from among all possible values within the
plausible regions. The preferred depths and heights for both
pipe models are shown in figure 12 and 13 (white stars), and
the models themselves are depicted in cross section in figure
13. Numeric descriptions of our preferred models are listed
parametrically in table 2.

We note that the 25 million m® volume change value
agrees well with the estimated eruptive output during the
late explosive phase and continuous phase, and might then
conclude that geodetic measurements are imaging a simple
correspondence between magma withdrawal at intermediate
depth and lava and tephra eruption at the surface. Several
questions complicate this simple interpretation. Why, during
the explosive phase, when 30 million m? of material was
erupted, did no corresponding volume-loss signal occur in
the geodetic data? Indeed almost half of this volume was
erupted in the last 2 days of the explosive phase, and yet
still no geodetic signal was observed. Second, why, during
the hiatus, after the magmatic pathway had been thoroughly
reamed out, was there another—albeit minor—episode of
inflation? And third, why, during the effusive phase, was still
another 25 million m? of lava extruded as a lava dome, with
only a negligible deflation signal, much smaller than that
observed during the continuous phase when a similar volume
of lava was erupted?

Experience has shown that geodetic estimates of vol-
ume change are consistently too small relative to observed
erupted volumes (for example, Owen and others, 2000).
Mastin and others, (2008) addressed this discrepancy by not-
ing that the ratio of the eruptive volume (dense-rock equiva-
lent, or DRE) to the geodetically measured deflation volume
depends on both the compressibility of the magma and the
magma reservoir. Specifically:

_:_(+_m)

where V is the erupted volume, AVls the geodetically
inferred volume loss, K, s the magma compressibility and
K, is the compressibility of the magma reservoir. For magma
from the 2004-8 Mount St. Helens eruption, Mastin and oth-

ers (2008) estimated that & fell in the range 3x10-'° to 5x10

0Pa’l, whereas K was about 1x107° to 1.5x10-10 Pa’!, imply-
inga V / AV ratio of about —4. Magma from the Mount St.
Helens 2004 2008 eruption was notably degassed (Gerlach
and others), resulting in an abnormally low compressibility.
For the more gas- and bubble-rich magmas of Augustine,

we estimate X at about 1x10” Pa™'. Because the P-wave
velocity in the vicinity of the magma reservoir at Augustine
is lower (~ 5.6 km/s; see Power and Lalla, this volume) than
at Mount St. Helens, we estimate, using the methodology of

Mastin and others (2008) and accounting for the differently
shaped chamber geometries, x, at Augustine at about 5x10
Pa’'. Together, these two compressibilities values yielda V, /
AV ratio of about —3.

Leaving aside for the time being the question whether
the appropriate deformation model at Augustine is a closed
or open pipe, we argue that the deflation observed geodeti-
cally during the continuous phase accounts for almost all the
material erupted from Augustine in 2006. The 25-million m?
volume, scaled by a V, / AV ratio of about —3, amounts to a
total volume loss of about 75 million m?, quite close to the
geologically estimated eruptive volume (Coombs and other,
this volume). But how was 30 million m* of material erupted
during the explosive phase before any geodetic deflation
occurred? We suggest that during the explosive phase of the
eruption, the gas-rich magma behaved as a “volume buf-
fer.” As the eruption proceeded, the pressure in the magma
reservoir would instantaneously drop, leading to more bubble
creation, which, in turn, kept the pressure (and volume) in
a dynamic balance. Eventually, however, enough gas would
exsolve and enough magma would erupt to overcome the
buffering capacity of the reservoir, leading to a sharp pres-
sure loss, a strong geodetic deflation signal, and the boilover
characterizing the continuous phase. Left behind after all this
activity would be a slug of relatively degassed magma high
in the plumbing system, possibly in the edifice itself, which
would eventually be extruded during the effusive phase,
driven by a small excess pressure created as the main magma
reservoir viscously reequilibrated.

The question remains of how to choose between the
closed- and open-pipe models. A closed pipe is overall a
deeper and more extensive magma reservoir model than an
open pipe. Accounting for the difference between the top of
the half-space and the top of the edifice, a closed pipe begins
at about 4.5 km below Augustine’s summit and extends for
another 6 km. In contrast, an open pipe begins at about 2.6-km
depth and continues for a little less than 4 km. Are these dif-
ferences in depth sufficient to favor one model over another
on the basis of the constraints from other data? Hypocentral
locations of the relatively few earthquakes that occurred
beneath Augustine cluster near 3.5 km below sea level (Power
and Lalla, this volume), coinciding with the open-pipe-model
position. Larsen and others (this volume) infer that most erup-
tive products during the continuous phase came from a depth
of approximately 4 to 6 km below the summit and that melt-
inclusion analysis suggests crystallization depths of less than
8 km (Roman and others, 2005; see Webster and others, this
volume). Both the hypocenter data and the petrologic analysis
seem to slightly favor an open-pipe model, but neither the data
nor the analysis is absolutely determinative.

Careful examination of the predictions data from the two
pipe models shows two potentially distinguishing characteris-
tics: first, the closed-pipe model fails to capture the near-field
curvature (sign change) in the radial deformation; and second,
the open-pipe model systematically underpredicts the vertical
deformation. These two shortcomings lead to speculation as to
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whether a hybrid, or “partially open,” source may be at work.
Indeed, distinguishing “open” from “closed” sources may not
be just a simple choice of one over the other but, instead, the
identification of a point on a continuum between a completely
closed and a completely open magmatic system. Along with
fitting the data better, a hybrid model might also be more
physically realistic, in that it would capture the essential
openness of an erupting system, while also accounting for the
capacity of the extruding magma to sustain a pressure gradient
over the height of its column.

Timing

Under ideal circumstances, GPS data can be used to
precisely resolve the timing of changes in deformation style.
Of particular interest for the continuous phase of the 2006
Augustine eruption is the moment when inflation gave way to
deflation, which would be useful for estimating magma-ascent
rates. We reprocessed the available GPS data into subdaily
solutions, using the RTD software (Bock and others, 2004) as
above, but the small SNR of the deflationary signal made our
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efforts ineffective. We are simply unable to identify the precise
time when deflation began. Our best estimate, based on both
daily and subdaily solutions, is that it began within 12 hours of
1200 January 29, 2006 UTC.

Hiatus and Effusive Phases

By the time of the hiatus and effusive phase, the deforma-
tion signal had begun to diminish. This fact, in combination
with the loss of the three close-in GPS receivers due to explo-
sions, pyroclastic flows, and ballistics, makes interpretation
of the deformation during these periods difficult. The vertical
signal from stations AV01 and AVO02 (fig. 2) with respect to
station AC59 are plotted in figure 14. Stations AVO1 and AV02
were the only ones to show a deformation signal during the
hiatus and effusive phase. Although subsidence (deflation)
associated with the continuous phase is the most conspicuous
signal, we also see a hint of uplift (inflation) during the hiatus.
A generous interpretation of these data also shows a small
subsidence (deflation) concurrent with the effusive phase, but
the purported signal is not statistically significant. Indeed, no
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Long-term vertical time series from stations AV01 (top) and AV02 (bottom) with respect to AC59 (fig. 2). These close-in stations

are the only two to have survived the course of the eruption intact. Cumulative eruptive volume from Coombs and others (this volume).
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single velocity vector calculated from either the apparent hia-
tus uplift or effusive subsidence lies outside its error ellipse,
although taken as whole, the deformation signal appears to
slightly exceed the noise.

Modeling these data proved fruitless, although a few
constraints on the dimensions and position of the magmatic
sources operating over the hiatus and effusive phase can
be imposed by the absence of an observed signal. A strong
tradeoff exists, however, between source strength and depth
that results in an insurmountable ambiguity. The same source
that deflated during the continuous phase could have been
repressurizing during the hiatus, although a weaker, shallower
source is also consistent with the data. Another complicating
factor, not considered so far, is the effect of viscoelastic relax-
ation of the hot material surrounding the subterranean magma.
Newman and others (2006) showed that viscoelastic processes
can have significant effects on observed deformation, although
the short time scales characterizing the phases of the 2006
Augustine eruption probably minimized these effects.

Cumulative Deformation

The question of how much deformation remains after an
eruption ends is important for several reasons. First, cumula-
tive deformation is generally the only measurable variable of
surface change, in the absence of a continuously recording
network of geodetic instruments—a state of affairs character-
izing nearly all of the world’s volcanoes. Cumulative deforma-
tion also provides insight into volcanic processes occurring
over the course of an eruption by providing at least partial
answers to such questions as: (1) how does the overall shape
of the edifice change during an eruption? (2) was there a
net volume loss or gain to the edifice? (3) what proportion
of the magma that passes through the shallow crust remains
behind in comparison with the proportion that is erupted?
and (4) what are the quantity, location, and orientation of the
net stress change in the edifice after the eruption, and has the
stress change contributed to flank instability? Finally, from
a geodetic perspective, cumulative deformation amounts to a
permanent record of an eruption. If the cumulative deforma-
tion is typically much smaller than, or even negligible relative
to, coeruptive deformation, this difference will have important
ramifications for the use of campaign versus continuous GPS
stations for volcano monitoring and research.

To calculate cumulative deformation, we used both cam-
paign and continuous GPS data, of which the campaign data con-
sist of about a dozen bench marks on Augustine Island that were
occupied in 2000 and then again after the eruption in summer
2006. Other bench marks exist that had been surveyed in 2000
but were not reoccupied in 2006, either because they could not
be found or were inaccessible for logistical or safety reasons. Of
interest is the net deformation that occurred over the course of the
eruption. By necessity, we employ a proxy for this quantity con-
sisting of the displacement from summer 2000 to summer 20006,

subtracting out, to the extent possible, any nonvolcanic deforma-
tion (mainly plate motion) that occurred over this interval.

Ideally, a reference station would be located close enough
to Augustine to undergo basiclly the same plate motion as
the island but far enough away to be isolated from volcanic
deformation. Several oft-island stations meet this description
(STEP, A18, AB22), but none of these stations were occupied
throughout both the 2000 and 2006 campaigns. The reference
station should be occupied simultaneously with other sta-
tions so that the subtraction needed to eliminate plate motion
can be performed on each set of daily solutions. This proce-
dure—differencing the daily solutions and then calculating
the net displacement from the differences—is preferred over
the converse because it (mostly) eliminates the effect of daily
reference-frame errors. The only station occupied throughout
both the 2000 and 2006 campaigns is A5, located on the north-
west coast of Augustine Island (fig. 2). Because of its proxim-
ity to the volcano, this station would seem to be unsuitable for
use as a reference station; however, calculating the average
velocities between station A5 and the distal (15-20 km from
Augustine) stations STEP and A18 over the 6-year interval in
question reveals no motion distinguishable from zero. For this
reason, we decided to use station A5 as a reference station in
the following analysis.

The horizontal components of the permanent deformation
that accumulated over the course of the 2006 Augustine erup-
tion are mapped in figure 15. Though calculated over different
intervals, the displacements from the campaign and continuous
data should be comparable, assuming that little or no volcanic
deformation occurred between summer 2000 and summer
2005. Lee and others (this volume) suggest island wide uplift
from 1992 to 2005, but their results should have little effect on
our analysis here because we focused on the intra island defor-
mation gradients rather than the absolute deformation field.

The cumulative deformation at Augustine Volcano is
plotted as a function of distance from the summit in figure
16. The horizontal component of the deformation, which is
calculated by determining taking the magnitude of the east and
north components of the displacement vector, should not be
confused with the “radial” data plotted in figure 9, where the
component of deformation is determined in the direction from
individual stations to Augustine’s summit.

Figures 15 and 16 show that the horizontal signal decays
rapidly away from the summit, reaching zero by about 2.5-km
distance. The vertical signal is negligible in comparison with
the uncertainties in the data. Thus, in spite of the fact that three
stations (A1, AV01, AV02, fig.2) show a statistically signifi-
cant drop, we have little confidence of any overall vertical
trend, although a slight tendency toward subsidence may exist.

The overall pattern of cumulative deformation resists
straightforward modeling efforts. The large displacements
close to the summit and the quick decay to zero suggest a shal-
low source of volumetric increase near the top of the edifice.
We suspect that during the effusive phase of March 2006, the
construction of a lava dome at the top of the edifice resulted
in a permanent dilation of the magma conduit, along with the
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accumulation of a small amount of new eruptive material there.
If so, we would expect some vertical signal (uplift) as well.
However, the loading effect of the new lava dome would result
in subsidence and potentially cancel or attenuate the uplift pre-
dicted by a dilated conduit. Modeling the expected deformation
signal from the new lava dome would entail a fairly involved
analysis, taking full account of the edifice topography and the
shape and extent of the dome. A finite-element approach seems
feasible and is an avenue for future research.

Regarding the question of stress changes within the
edifice, we can speculate about a few possible consequences
of the cumulative deformation. We are confident that at least
a small permanent change occurred in the internal volume of
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the edifice during the 2006 eruption. Depending on where the
volume was added, the competency of the new material, and
the change in slope induced by the addition, the strength of
the edifice might have been subverted and potentially brought
closer to failure. Given Augustine’s history of repeated sector
collapse (Begét and Kienle, 1992), we expect that a tendency
toward instability is the norm and that, on average, each new
eruption is more likely to weaken than strengthen the edi-

fice. Reinforcing this notion is the absence of deformation at
the more distal stations, which implies that the largest stress
changes were concentrated within the steep upper slopes of the
volcano. Moreover, the magnitude of the displacements around
the circumference of the summit is larger at higher elevation
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Figure 15.

Augustine Volcano (fig.1), showing vectors of cumulative displacement from well before beginning

of unrest to after eruption had decisively ended. Red, remaining intact Plate Boundary Observatory stations; blue,
campaign bench marks. Only the four closest stations to Augustine’s summit show significant deformation, with the
maximum horizontal displacement at station A12 exceeding 20 cm.
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(~20 cm at station A12, fig. 1) and declines downslope, also located approximately 8.5 km from the center of the crater. In
suggesting a trend toward steepening over time. contrast, the most distal Augustine GPS instrument, at station
AUGL (fig. 2), was about half that distance from the summit.
The total displacement at station AUGL during the precursory
phase at Augustine was approximately 1 cm. If the depth of the
source responsible for precursory pressurization was about 1.5
km (as we modeled it), then the corresponding displacement
at a station 8.5 km laterally distant from the source (such as

Discussion and Conclusions

|mp|ications for Network Design station JRO1 at Mount St. Helens) would be about 3 mm. Such
displacement, emerging over 6 months, would be quite difficult
In our previous report on surface deformation at Augus- to detect, especially without additional stations. What was

tine (Cervelli and others, 2006), we noted that the absence of needed before the 2004 Mount St. Helens eruption may well
evident precursory deformation at Mount St. Helens before its have been instrumentation and not signal. However, the magma
2004-2008 eruption (Dzurisin and others, 2008; Lisowksi and composition at Mount St. Helens was much less gas rich than
others, 2008) prompted concern about whether continuous GPS ~ Augustine. Thus, at Mount St. Helens, little or no gas-driven
was a useful monitoring tool on stratovolcanoes. We pointed precursory pressurization may have occurred, although at least
out, however, that the only continuous GPS receiver operat- some gas (mostly steam) was released in the initial explosion
ing immediately before the 2004 eruption was station JRO1, of the eruption on October 1, 2004 (Scott and others, 2008).
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Figure 16.  Horizontal (A) and vertical (B) sections of cumulative displacement over course of eruption 2006 of
Augustine Volcano (fig. 1) as a function of distance from volcano’s summit. Magnitude of horizontal displacement
decreases drastically with distance, reaching zero about 2.5 km from summit. Vertical displacement is
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From the perspective of continuous GPS network design
on stratovolcanoes, the main lesson of the 2006 Augustine
eruption—especially in comparison with the 2004 Mount St.
Helens eruption—is that close-in stations (<2 km from the
summit) are extremely desirable for both volcano monitor-
ing and research purposes. Installing stations this close to the
summit presents many challenges, including steep slopes,
friable rock, snow and ice at high latitudes, longer telemetry
paths, and permitting issues; however, these challenges were
overcome by UNAVCO (Pauk and others, this volume), and
their efforts proved worthwhile. In addition to installation
challenges, close-in stations are also prone to damage or
destruction at even the earliest stages of precursory unrest; for
example, several seismic stations became inoperable because
of relatively minor phreatic explosions in early December
2005, and three GPS stations were lost in the initial explosive
phase of the eruption. Mitigation strategies against station loss
can take the form of hardened and (or) redundant installations.
Neither strategy is likely to be completely effective, however,
and both are expensive. The unavoidable fact is that the most
interesting and important signals are commonly obtained in
dangerous and inconvenient places. As volcanologists, we
must accept this fact and explicitly acknowledge that a work-
ing instrument at risk of destruction is far more useful, and
indeed, cost-effective than its undeployed counterpart resting
safely on a shelf.

Because the cumulative, permanent deformation that
accrued over the course of the eruption was concentrated
quite close to (~2.5 km) the summit, in the absence of close-
in bench marks the 2006 eruption would have been nearly
invisible to campaign GPS. This fact reinforces our conclusion
above that close is better when it comes to comprehensively
imaging the deformation that occurs during unrest at stratovol-
canoes, whether for continuously recording instruments or the
establishment and occupation of campaign bench marks.

Deformation during the 2006 Augustine eruption arose
from multiple sources, and our efforts to interpret these
sources have several implications for network design. Two of
the deformation sources (the precursory inflation and the defla-
tion during the continuous phase) were clearly characterized
by a radially symmetric deformation pattern. Distinguishing
among different source types and depths requires a good dis-
tribution of stations over a range of distances from the summit.
The station distribution at Augustine during the 2006 eruption
was adequate, although it initially was hampered by a lack of
intermediate (~5 km)-distance stations, which made it difficult
to constrain source depths, particularly for sources deeper than
a few kilometers. We improved the station distribution by add-
ing temporary instruments at campaign bench marks AUGB,
AUGK, AUGS, A5, and A11 (fig. 2). After the destruction of
the summit sites, our ability to discriminate different deforma-
tion sources was significantly impaired—inflection or sign
changes in near-field deformation can be tell tale indicators of
deformation-source type.

Length measurements across the summit of a volcano
have been used for decades for volcano monitoring (for
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example, Lipman and others, 1981). Summit-crossing base-
lines are easy to calculate, relatively insensitive to reference-
frame error, and readily interpretable. The station pair AV02/
AVO03 (fig.2) proved especially useful for this purpose and
played an important role in forecasting volcanic hazard. Dur-
ing the 10-day lull between the explosions of mid-January and
those on January 27, considerable uncertainty existed about
whether the quiescence represented the end of the eruption or
only a brief pause. Not only had seismicity declined, but gas
measurements were also showing the lowest levels of SO, flux
since mid-December 2005 (McGee and others, this volume).
During the lull, however, the baseline between stations AV02
and AV03 continued to indicate slow, but unmistakable, exten-
sion, indicating continued pressurization of the magma system
and leading us to conclude that the eruption was not over.
Explosions resumed on January 27, 2006, and the continuous
phase began shortly thereafter.

One of the main shortcomings of continuous GPS is its
relative insensitivity to high-frequency signals, particularly
when sub daily solutions are sought in near-real time. This
deficiency was felt acutely during the 2006 Augustine erup-
tion, and in retrospect several important signals were clearly
missed, at least from the perspective of short-term monitoring.
For example, the deformation associated with the energetic
earthquake swarm preceding the initial explosions would
have been useful for forecasting purposes, had it been recog-
nized at the time. Even after-the-fact post processing can be
insufficient to resolve the level of temporal detail required to
constrain such variables as the rate of magma ascent or dome
growth. For these reasons, we strongly advocate that geodetic
instruments with higher temporal precision, such as tiltmeters,
be a part of any stratovolcano research and monitoring net-
work. Tiltmeters are in routine use at other volcanoes and have
repeatedly proved their usefulness (for example, Eaton, 1959;
Dvorak and Okamura, 1987; Cervelli and Miklius, 2003), but
nonetheless, instruments of this type remain far less common
than continuous GPS. Another advantage of tiltmeters is that
they are generally installed a few meters beneath the surface,
making them considerably more resistant to damage than
delicate GPS antennas. Even if their exposed telemetry system
is swept away, tiltmeter data can still be retrieved after the
end of the eruption, provided that those data are logged in the
instrument and not at the surface and that the instrument is not
buried beneath thick new deposits.

Summary

We have analyzed the geodetic data associated with the
2006 eruption of Augustine Volcano. Our main results are
summarized as follows: (1) Deformation during the precur-
sory phase of the eruption consisted of shallow (approx. sea
level) inflation, probably attributable to volatile pressuriza-
tion at the impermeable base of the edifice. The negligible
volume change calculated during this phase, along with
petrologic depth constraints, indicates that this source was
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not the primary magma body. (2) In the 60 days preceding the
eruption, a dike probably propagated into the edifice, nearly
reaching the surface by early January 2006. Evidence for

this dike includes a characteristic, easily modeled geodetic
signal, consistency with petrologic analysis, and large phreatic
explosions on January 11, 2006. (3) In the 2 days before the
explosions of January 13, 2006—the first explosions with a
clearly juvenile product—the summit deformed rapidly, prob-
ably in response to the final ascent of the dike, followed by
the initiation of dome growth. (4) During the eruption hiatus
between January 17 and January 27, 2006, the edifice contin-
ued to inflate, suggesting that magma pressurization continued
over this interval and that, from a hazard-forecasting perspec-
tive, the eruption was not over. (5) Beginning around January
29, 2006, deformation at Augustine abruptly switched from
inflation to deflation. We interpret this deflation as partial
draining of the primary magma reservoir, which we model

as a cylindrical body starting from a top depth of 2.5 to 4.5
km below Augustine’s summit and extending to between

6.5 to 10.5 km at its bottom. This model is consistent with
petrologic analysis and earthquake locations. (6) After the
end of the effusive phase, declining geodetic signal strength,
in combination with the attrition of the GPS network, made
quantitative interpretation difficult. Nonetheless, we argue
that the geodetic data show a small inflation following the
effusive phase, which gradually changes to deflation immedi-
ately before the dome building and lava flows of March 2006.
Finally, (7) the total accumulated deformation over the course
of the eruption is restricted to within about 2.5 km of the
volcano’s summit, although within this region the deforma-
tion is large and spatially coherent. This observation implies
the permanent emplacement of new volume within the
edifice. However, the absence of a cumulative deformation
signal beyond the 2.5-km radius implies almost total recovery
of the volume lost from the midcrustal chamber during the
continuous and effusive phases. These implications suggest a
magmatic system that over years to decades is relatively open
from the lower crust to midcrust upward, but that closes at the
summit after eruptions.
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