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The 2009 eruption of Redoubt Volcano, Alaska, began with a phreatic explosion on 15 March followed by a series of
at least 19 explosive events and growth and destruction of at least two, and likely three, lava domes between 22
March and 4 April. On 4 April explosive activity gave way to continuous lava effusion within the summit crater.
We present an analysis of post-4 April lava dome growth using an oblique photogrammetry approach that provides
a safe, rapid, and accurate means of measuring dome growth. Photogrammetric analyses of oblique digital images
acquired during helicopter observation flights and fixed-wing volcanic gas surveys produced a series of digital
elevation models (DEMs) of the lava dome from 16 April to 23 September. The DEMs were used to calculate esti-
mates of volume and time-averaged extrusion rates and to quantify morphological changes during dome growth.
Effusion rates ranged from a maximum of 35 m*® s~ ! during the initial two weeks to a low of 2.2 m> s~ ! in early
summer 2009. The average effusion rate from April to July was 9.5m>s~ . Early, rapid dome growth was
characterized by extrusion of blocky lava that spread laterally within the summit crater. In mid-to-late April
the volume of the dome had reached 36x 10® m>, roughly half of the total volume, and dome growth within
the summit crater began to be limited by confining crater walls to the south, east, and west. Once the dome
reached the steep, north-sloping gorge that breaches the crater, growth decreased to the south, but the dome
continued to inflate and extend northward down the gorge. Effusion slowed during 16 April-1 May, but in
early May the rate increased again. This rate increase was accompanied by a transition to exogenous dome
growth. From mid-May to July the effusion rate consistently declined. The decrease is consistent with
observations of reduced seismicity, gas emission, and thermal anomalies, as well as declining rates of geodetic
deflation or inflation. These trends suggest dome growth ceased by July 2009. The volume of the dome at the
end of the 2009 eruption was about 72x 10° m>, more than twice the estimated volume of the largest dome
extruded during the 1989-1990 eruption. In total, the 2009 dome extends over 400 m down the glacial gorge
on the north end of the crater, with a total length of 1 km, width of 500 m and an average thickness of 200 m.
Published by Elsevier B.V.
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1. Introduction volcanic hazards, particularly during dome-building eruptions where

changes in eruptive conditions can initiate dome collapse and threaten

Measurements of the volume and rate of growth of active lava flows
and domes are key parameters of volcano monitoring (Stevens et al.,
1999; Hunter et al, 2003; Baldi et al, 2005; Harris et al, 2005;
Schilling et al., 2008; Wadge et al., 2008; Coppola et al., 2010; James
et al, 2010). These values can be used in conjunction with many
datasets (e.g. gas geochemistry, seismicity, geodetic deformation, ther-
mal flux) to better constrain our understanding of eruption dynamics
(Iverson et al., 2006; James et al., 2006; Gerlach et al., 2008; Luckett
et al, 2008). During eruption response, dome volume and rate of
growth are also critical factors to provide effective assessment of
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societal assets on the ground and in the air (Watts et al., 2002; Sparks
et al., 1998; Nakada et al., 1999; Calder et al., 2002).

Hazards associated with dome collapse are especially relevant to
Redoubt Volcano, Alaska (Fig. 1). During the 1989-1990 eruption of
Redoubt Volcano, 14 lava domes were extruded, of which 13 collapsed
by gravitational force and explosive activity, causing large ash clouds
that wreaked havoc for air traffic and local communities in the Cook
Inlet region (Casadevall, 1994; Miller, 1994). A problem during the
1989-1990 eruption response was the inability to assess dome size,
volume and growth rates rapidly. Often, such measurements were
difficult to attain due to hazardous conditions, limited daylight, lack
of resources and/or time constraints.

After 19 years of eruptive repose and several months unrest (Bull
and Buurman, 2013), an eruption began at Redoubt Volcano with a
phreatic explosion on 15 March 2009. A series of 19 major explosions
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Fig. 1. Location map of Redoubt Volcano and other Cook Inlet volcanoes (black triangles) as well as nearby communities and locations mentioned in the text.

occurred between 22 March and 4 April, each sending ash clouds more
than 5 km into the atmosphere. During this time, visual and seismic
observations suggest that two and possibly three lava domes grew
inside the 2009 explosion crater just south of the last dome emplaced
in 1990. All three domes were subsequently destroyed by explosions.
On 4 April the largest and final explosion occurred, resulting in the
removal of previously emplaced 2009 material as well as most, if not
all, of the remaining 1990 dome material. This explosion sent an ash
cloud to 18 km above sea level (a.s.l.) that traveled southeast over near-
by communities, produced pyroclastic flows and caused lahars in excess
of 60x 10° m? that extended 40 km down the Drift River Valley (Bull
and Buurman, 2013; Schaefer, in press; Schneider and Hoblitt, 2013;
Wallace et al.,, 2013; Waythomas et al,, 2013). Following the 4 April
event, the explosive phase of the eruption ended and was followed by
a period of continuous extrusion that produced the fourth lava dome
of the eruption.

Concern regarding the activity and stability of the lava dome
during this effusive phase led to the application of a safe, rapid and
effective photogrammetry approach to quantify dome growth.
Like previous studies that have used photogrammetry to model and
study active volcanic processes (Cecchi et al, 2003; Donnadieu
et al,, 2003; Herd et al., 2005; Schilling et al., 2008; Wadge et al.,
2008; Darnell et al., 2010; Ryan et al., 2010; Wadge et al., 2010;
Diefenbach et al., 2011), oblique photogrammetry was employed dur-
ing the 2009 Redoubt Volcano eruption to produce a series of digital
elevation models (DEMs) of the growing lava dome. We used the
DEMs to calculate dome volumes and time-averaged extrusion rates,
and to evaluate evolving dome morphology and assess potential hazards.
We will show that oblique photogrammetry is a flexible and rapid tool for

monitoring lava dome growth, especially when used in conjunction with
other monitoring techniques. Here, we describe the growth of dome 4
during the last effusive phase of the eruption from April to July and com-
pare and contrast the 1989-1990 and 2009 dome-building eruptions.

2. Methods

During the 2009 eruption of Redoubt Volcano, visual observation
and FLIR (Forward Looking Infrared Radiometer) helicopter flights
as well as fixed-wing airplane gas surveys provided platforms to
acquire hand-held oblique imagery of the growing lava dome. These
photographs were processed using a simple and accurate oblique
photogrammetry method to produce a series of DEMs from which
volume, subsequent time-averaged extrusion rates and morphologi-
cal changes were quantified. Typically, imagery was processed and
volume and rates calculated within a few hours of acquisition,
which enabled rapid analysis of dome growth and evaluation of
potential volcano hazards during the ongoing eruption response.

The photogrammetric software PhotoModeler Pro! was used for
this study and provides a general case geometric solution for a series
of convergent (typically 45°) oblique images where some exterior
control and interior camera parameters, such as ground control and
camera focal length, are known. Oblique images of the dome were
acquired with a digital single lens reflex (SLR) camera (Nikon D70,
Nikkor 24-120 mm lens, 6 megapixel resolution) and a lens set at a
fixed focal length of 24 mm. Photographs were taken at various

! Use of trade names in this manuscript is for identification purposes only and does
not constitute endorsement by the U.S. Geological Survey.
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altitudes (250-1800 m) above and distances (1-4 km) from the
dome, and provided almost 360 degree coverage of the dome when
atmospheric and volcanic conditions (i.e. dense steam or ash plumes,
low cloud-cover) permitted (Fig. 2a). The location of the aircraft at
the time each photograph was captured was calculated by the photo-
grammetric software with the input of ground control coordinates
through the process of resection. Ground control targets to constrain
model geometry and spatial orientation could not be deployed during
the eruption due to difficult access and hazardous conditions, so
control points were obtained by choosing features recognizable in
oblique images and on a 10 m DEM of Redoubt Volcano made from
1990 topographic data (Fig. 2b-c). A minimum of four ground control
points (GCPs) were input into each model for exterior orientation and
an additional six to ten homologous points were identified to spatially
tie series of images together. Interior orientation was achieved
through camera calibration by means of an automated calibration
procedure with input of photographs of a gridded calibration target
taken at different angles. Topographic reconstruction of the dome
was completed with manual identification of common points in
pairs and series of photographs. The average ground sample distance,
represented in meters per pixel, in the area of the dome was 1 m.
Each pair of sequential photographs (a photogrammetric model)
yielded a cloud of three-dimensional points (average of 1,000 points)
having irregular spacing.

Post-processing of the photogrammetric data was carried out
using ArcGIS 9 software. Spatial coordinates from each photogram-
metry model were triangulated by means of Delaunay triangulation
to construct a series of triangulated irregular networks (TINs). TINs
were interpolated to 10 m raster DEMs, a resolution consistent with
the pre-eruption DEM used for volume calculations (Fig. 2b). Vol-
umes were calculated by subtracting a pre-eruption (basal) surface
model from each new successive dome DEM. Topographic

reconstruction of a basal surface was estimated by projecting the low-
est (z-value) of the dome base, identified in the first photogrammetry
model (16 April), across the crater floor. This surface was merged
with the part of the 1990 DEM that represented pre-eruption topog-
raphy of the gorge at the breach of the north side of the crater to
provide a more accurate account of basal topography where it was
known. Each successive volume measurement includes newly ex-
truded material retained on the lava dome. Rockfall events during
the last effusive phase happened infrequently and those that did
occur were small and probably did not remove significant amounts
of dome material. No attempt was made to estimate the amount of
material removed by these rockfall events. Time-averaged extrusion
rates were calculated by dividing the net volume change by the
elapsed time between successive photogrammetric surveys. A de-
tailed technical description of the oblique photogrammetry approach
is given by Diefenbach et al. (2011).

3. Dome growth

A series of 8 DEMs were constructed that documented dome
growth of the final dome (dome 4) during the last effusive phase of
the eruption between 16 April and 1 July 2009 (Table 1; Fig. 3). Dur-
ing this time, dome growth was continuous. An additional two post-
eruption (20 August and 23 September) DEMs were constructed
for monitoring purposes and to confirm the final dome volume
(Table 1; Fig. 3). We used these data, combined with visual observa-
tions, to quantify the evolution of dome 4 and estimate the total
erupted dome volume during the 2009 Redoubt Volcano eruption
using an average magma discharge rate.

Following the 4 April explosive event, FLIR and satellite data sug-
gest that the growth of dome 4 began within the excavated summit
crater (Fig. 4a). Direct confirmation of lava dome growth came from

Fig. 2. a. An example of a series of oblique convergent images taken of the lava dome on 26 May 2009 during a fixed-wing gas survey. These images were later used to estimate
dome volume using photogrammetric techniques described in the text. b. Shaded relief image of Redoubt Volcano showing edifice topography and 26 May 2009 lava dome.
Topographic data from 1990 DEM; lava dome configuration from oblique photogrammetry techniques described in text. View is toward the south. c. Oblique image from 26
May having the same perspective as the shaded relief image. Red boxes in b and ¢ represent control points used in photogrammetric analyses.
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Table 1

Dome volume and effusion rate calculations syn- (April to July) and post-eruption
(August to September) at Redoubt. Associated error estimates are rounded to one sig-
nificant figure.

Date Observation platform Volume Effusion rate
(MM/DD/YYYY) (10° m?®) (m*s™1)
04/04/2009 Dome 4 effusion begins

35+1.0
04/16/2009 Helicopter 36+1.0

42408
05/04/2009 Fixed-wing 4240.6

14+2.0
05/08/2009 Helicopter 474+0.6

14+4.0
05/14/2009 Fixed-wing 54+1.38

27+12
05/16/2009 Helicopter 59+1.0

47410
05/26/2009 Fixed-wing 63+0.6

38406
06/09/2009 Helicopter 68+0.4

22404
07/01/2009 Helicopter 72+0.6
08/20/2009 Helicopter 71+2.0 -
09/23/2009 Helicopter 70+0.3 -

the first clear views during an observation flight on the 16 April. Ini-
tial dome growth was characterized by rapid extrusion of blocky
lava that spread laterally from a single vent within the summit crater
(Fig. 4b—-c). On 16 April, twelve days of effusion had filled the summit
crater with 36x10°m> of lava at an average rate of 35m>s™!
(Table 1; Fig. 3). By this time, dome growth was limited by the crater
walls to the south, east and west and the toe of the dome had reached
the breach on the north side of the crater (Fig. 4b-c). A talus apron
had also developed on the north side of the dome that covered an
area of roughly 43,000 m? (~15% of dome area) (Figs. 4b-c; 5).
From the 16 April to the 4 May, effusion had slowed significantly to
about 4.2 m3 s~ ! (Fig. 3). Primary growth was focused near the toe
of the lava dome, which had advanced more than 200 m (average
advancement rate of ~11 md~ ') down the gorge (Figs. 4e; 5; 6).
The effusion rate abruptly increased to 14 m>s~! between 4 May
and 8 May and by 8 May the dome had a volume of 47x10°m?
(Table 1; Fig. 3). Interestingly, this increase in extrusion rate in early
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Fig. 3. Cumulative dome volume and time-averaged extrusion rates during the last
effusive phase of the 2009 eruption. Additional dome volumes were calculated for
dates in August and September 2009 for general monitoring purposes and to verify
that dome growth had ceased and the eruption ended. Error bars represent the average
uncertainty in volume change between successive dates (13%) and average effusion
rates (20%).

May corresponds to a transition in dome morphology from a blocky
lava (blocks 5-42 m in diameter) to a more rubbly (blocks <1 to 9 m
in diameter), darker surface (Fig. 4b-h). The primary process of growth
also transitioned from accelerated advancement of the flow front to in-
flation or accumulation of material from a central spreading center
(Figs. 4g; 5; 6). From 5-6 May, a swarm of repeating earthquakes oc-
curred and it contained the greatest number of events during the last ef-
fusive phase of the eruption (Buurman et al,, 2013; Haney et al., 2013).
The swarm also was associated with elevated gas emissions of CO, and
SO, (Werner et al., 2013).

Between 8 May and 14 May, extrusion rate remained relatively
constant (14m3s~!) and the volume of the dome reached
54x10° m> (Table 1; Fig. 3). By 14 May, a significant portion of the
northern talus apron had either been removed by continued
rockfall activity, or was overridden by advancing dome lava. As of
14 May, the talus apron accounted for less than 5% of the dome
area (Fig. 4f). The effusion rate doubled between 14 May and 16
May to 27 m® s~ !, adding an additional 4.6 x 106 m> of lava to the
dome (Table 1; Fig. 3). From 16 May to the beginning of June, the
rate of effusion declined and by 9 June the dome volume was
about 68x10°m3. From 9 June to 1 July, the rate of effusion
was~2.2m>s~! (Table 1; Fig. 3).

Cessation of effusive activity occurred sometime after mid-June to
early July. We use an end date of 1 July for the eruption, which is con-
sistent with reduced levels of gas emission, seismicity and deforma-
tion (Fig. 4h). In addition, DEMs from August and September show a
slight decrease in dome volume (note this is within the estimated
error of each measurement), which may suggest relaxation of dome
material, in the form of settling and slumping, in a post-eruption
phase (Table 1; Fig. 3; Fig. 5). In total, the final dome extends over
400 m down the glacial gorge, with a total length of 1 km, maximum
width of 500 m and average thickness of 200 m (Fig. 6). We estimate
the total volume of andesitic lava erupted during the effusive phase to
be 72x10° m> (Table 1; Fig. 3). Considering an emplacement time
of 88 days, this equates to an average eruption rate of 9.5m>s™!
for the effusive phase of the eruption. To estimate the entire volume
of dome material erupted during both the explosive and effusive
phases, we extrapolate the magma supply rate of dome 4 to the
time period of emplacement of the three previous domes. This yields
a volume of 0.82x10° m> for dome 1 (assuming <1 day emplace-
ment), 49x10°m> for dome 2 (assuming 6day emplacement),
2.1x10°m?> for dome 3 (assuming a 2.5 day emplacement) and a
total erupted dome volume of 80x 10 m? value for the entire 2009
eruption. This equates to a dense-rock equivalent (DRE) volume of
60x 10° m? using a multiplicative correction factor of 0.75 (Bull et al.,
2013; Coombs et al., 2013) that corrects the measured dome volume
based on conservative vesicularity measurements of dome samples.
Void space in talus was not incorporated in the correction factor be-
cause talus was not included in dome volume measurements. Vesicular-
ity measurements of dome samples were highly variable and difficult to
make because of the irregular vesicle shapes (see Bull et al., 2013),
therefore there is considerable uncertainty in the measured values.
High vesicularity measurements (> 40%; Bull et al., 2013) are likely rep-
resentative of only a thin frothy carapace to a much more dense, less ve-
sicular lava (e.g., Mount St. Helens 1980-1986; Cashman, 1988).

4. Data limitations and assumptions

Photogrammetric analyses incur both systematic and non-
systematic error. Potential sources of error related directly to the
design of the photogrammetric survey include camera calibration,
sensor resolution, distance to object, ground control, precision of
measurements in the imagery as well as random factors such as at-
mospheric conditions (i.e. steam, cloud cover), operator error and
the nature and complexity of the terrain being modeled. Therefore as-
sessment of error involved in terrain modeling is not always
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Fig. 4. a. Oblique photograph taken one day after final explosive event in 2009. Persistent steaming obscured direct observations of the lava dome that began growing within the
excavated summit crater and it was not possible to obtain images useful for photogrammetric analysis of dome volume. b. 16 April 2009, nearly two weeks of dome growth filled the
summit crater with a blocky lava dome. c. Close-up view, looking south, of the blocky lava dome on 16 April at the breach of the north side of the summit crater. An extensive talus
apron surrounds the north side of the growing dome. d. First clear view of the south side of the lava dome on 28 April. e. Oblique images from 4 May showed the continued
migration of dome growth north, down the steep glacial gorge and the initial transition of dome texture from blocky to rubbly. f. Exogenous dome growth continued on 16
May. By this date the talus apron was limited to 5% of the dome area. g. June 6 image captured radial block movement away from a slightly concave area on top of lava dome,
which likely represented the surface expression of the vent. h. July 1 marked the end of the 2009 eruption. Minor snow accumulation was visible on the lava dome.

straightforward; particularly when using convergent, oblique imager-
y from a non-metric camera.

Using a calibrated camera reduced systematic errors. The accuracy
of each photogrammetry model was determined from the root mean
square (RMS) residual, which measures the difference between an
operator-selected reference point and the expected coordinates
calculated by the software. These coordinates are defined by the pro-
jection and ground control network. Any error associated with the
ground control used to orient each model is propagated to the resid-
uals of reference points. To calculate the uncertainty in volume esti-
mates we propagated RMS residual values and uncertainty in GCP

locations (i.e. 0.17 m; Schilling et al., 2008) throughout our calcula-
tions using standard error equations (e.g. Wolf and Ghilani, 1997)
(Table 1). We estimate the average uncertainty in dome volume mea-
surement to be + 8.7 x 10°> m? (1.5% of the average dome volume cal-
culated from each DEM). Differencing measured elevation values
increases the relative uncertainty of those measurements. We esti-
mate the average uncertainty in volume change between successive
DEMs to be 1.2x10° m? (about 13% of the average volume change).
Error associated with extrusion rate values were calculated using
standard error propagation methods (e.g. Stoer and Bulirsch, 2002)
(Table 1). The uncertainty in time between photogrammetric surveys
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Fig. 5. Height difference maps that highlight changes in the locus of dome growth throughout the last effusive phase of the 2009 eruption. a. Dome height change from 4 April to 16
April—dome growth was focused within the summit crater. A to A’ line represents cross section in Fig. 6. b. 16 April to 4 May—dome growth was focused near toe of lava dome,
which during this time had advanced more than 200 m north, down the gorge. c. 4 May to end of eruption 1 July—dome growth was focused from a central spreading center.
Lava accumulation was predominately on the north side of the dome. d. Post-eruption dome changes from 1 July to 23 September. Central spreading center was the main focus

of loss of dome height. Height loss may represent settling and slumping of dome material.

is the sum of the durations of the photo acquisition between succes-
sive dates. The average extrusion rate uncertainty is 2.8 m>s~!; ap-
proximately 20% of the average of all extrusion rates.

Perhaps the largest source of uncertainty in the volume estimates
comes from the assumed basal topography underlying the area of
the new dome. As discussed in the methods section, to model the
basal surface the lowest z-value found on the first photogrammetry
model (16 April) was used to project a flat surface across the crater
and was merged with the pre-eruption DEM of the gorge (Fig. 6).
Visual observations of Redoubt Volcano shortly after the 4 April ex-
plosive event suggested explosive activity caused a deeply excavated
crater. The flat base model of the summit crater is a conservative es-
timate of the volume and does not include subsurface volume of the
explosion crater.

Photographic coverage of the southern portion of the dome was
often hampered by persistent steaming from the contact of hot rock

with snow, ice and ponded water. The first clear view of this section
of the dome came twelve days after the first series of photographs
were captured (16 April) (Fig. 4d). Subsequently, data that covered
the south portion of the dome from nearly two weeks later were
merged with the photogrammetry model of 16 April to provide a
more comprehensive volume estimate. This assumption was based
on visual observations that suggested dome growth had stagnated
in the south by the 16 April, but nonetheless leads to uncertainty
in the volume estimate reported for this date (Table 1, Fig. 3). In
addition, the limited photographic coverage in the south led to a con-
sistent underestimation of the southern extent of the dome. Compar-
ison of DEMs with satellite imagery (i.e., Quickbird and WorldView)
suggests the southern extent of each DEM is consistently underesti-
mated, by as much as 50 m.

Furthermore, any short-term fluctuations in extrusion rate last-
ing hours to days could not be captured by these surveys which
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were on average 11 days apart. Had access to the volcano been less
restricted by weather and hazard conditions, an improved temporal
resolution of observational flights and photogrammetric surveys
may have helped us capture the short-term oscillatory nature of
lava extrusion, particularly during the early stages of dome effusion.

5. Dome growth: 1989-1990 and 2009

The 2009 eruption of Redoubt Volcano has both similarities and
differences to the previous eruption in 1989-1990. Both eruptions
had periods of dome growth in the summit crater where lava extrud-
ed from a vent near the breach on the north side of the crater. Dome
growth in 1989-1990 consisted primarily of episodic, short-lived,
moderate-to-high-flux rate extrusion of blocky lava (Fig. 7a). Be-
tween 22 December 1989 and 15 June 1990, 14 domes were extruded
and 13 subsequently destroyed, primarily by gravitational collapse
(Miller, 1994). Most of the individual domes persisted for 3-9 days
before being destroyed, the longest period of continuous effusion oc-
curred over 55 days during the growth of the final dome (Miller,
1994) (Fig. 8). Throughout the 1989-1990 eruption, the rate of
lava effusion progressively declined from about 26 to 2.1 m>*s™!
and the average effusion rate for all episodes of dome growth
was 5.8 m3s~! (Miller, 1994). Total erupted dome volume during
the 1989-1990 eruption is estimated at 88x10°m? (Miller, 1994)
(Fig. 8).

The 2009 magma supply rate was oscillatory, with pulses of high
extrusion in between periods with lower rates. Bull et al. (2013)
show that early dome growth was characterized by blocky lava that
transitioned to a finer, rubbly texture (Fig. 7b). The longest period
of continuous effusion lasted 88 days during the growth of dome 4
(Fig. 8). The range of effusion rates is similar to that for 1989-1990;
35m3s~!to22m>?s™ !, but the average lava discharge rate during
the 2009 eruption (about 9.5m>s™') is nearly twice that of
1989-1990. In addition, the largest dome erupted in 2009
(72x10° m?) is more than twice the estimated volume of the largest
dome extruded in 1989-1990 (30x 10° m3; Miller, 1994) (Fig. 7c-d).

The variations between volumes reported for each eruption
are influenced by the use of different surveying techniques. The
1989-1990 dome volumes were estimated assuming a conical shape
based on dimensions from rough helicopter altimeter and electronic
distance measurement (EDM) points of the summit and base, qualita-
tive comparison of photographs and visual field estimates, when

weather and hazard conditions permitted (Miller, 1994). In 2009,
oblique photogrammetry permitted the three-dimensional recon-
struction of the dome topography, providing a more accurate mea-
sure of dome volume, extrusion rate and error. Moreover, the
oblique photogrammetry technique has been tested at other erup-
tions, most notably during the 2004-2008 eruption of Mount St.
Helens where volume estimates were consistently within 5% of
those made by traditional vertical photogrammetry (Diefenbach,
2007; Diefenbach et al., 2011). Fig. 7c-d illustrates the potential
uncertainties in dome volume reporting between the two eruptions
based on qualitative comparison of the largest domes from each
eruption.

With the exception of the first three domes extruded in 2009,
which were destroyed by explosive activity, the most remarkable
difference between the two episodes of dome growth is the stability
of the final dome extruded during the 2009 eruption. Bull et al.
(2013) suggest the stability of the dome is likely a function of lava
mechanics (mode of dome growth) as reflected by the transition in
lava dome texture during the last effusive phase. The transition in
style of growth in early May 2009, from endogenous blocky lava to
exogenous scoriaceous lava, was concurrent with an increase in seis-
micity (Buurman et al., 2013; Haney et al., 2013) and CO, and SO,
gas emissions (Werner et al., 2013). The high vesicularity of the sco-
riaceous lava may be evidence of efficient gas release from the con-
duit (Bull et al., 2013; Werner et al., 2013). Perhaps this gas
exsolution slowed magma ascent rates enough to eventually cap
the system before volumetric overpressure or over steepening of
the flow-front could induce gravitational collapse of the dome.

We suggest that local topography, either independently or
coupled with lava mechanics, may have played a role in the stability
of the final dome extruded during the 2009 eruption. In 1989-1990
all 14 domes were tightly confined by ice and bedrock on three
sides and were forced to grow vertically and eventually north down
the steep gorge. Miller (1994) attributes the majority of the dome
failures in 1989-1990 to the recurrent development of an over steep-
ened flow front. The small crater where dome growth was focused
left little room for dome growth to propagate to the south. Miller
(1994) estimated that only 20% of the summit crater floor was occu-
pied by any single dome during the 1989-1990 eruption. In contrast,
the explosive activity at the onset of the 2009 eruption caused signif-
icant excavation of the summit crater, leaving a funnel-shaped crater
several hundred meters across and as much as a few hundred meters
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Fig. 7. a. June 1990 image of final lava dome extruded during 1989-1990 eruption. Illustrates typical blocky texture of lava domes extruded during the 1989-1990 eruption. b. June
2009 image of the lava dome from a similar vantage point. The surface of the lava dome was dominated by a more rubbly texture than that of 1990 dome. c. View to the south east
of the largest dome extruded during the 1989-1990 eruption estimated at 30x 10°m> (Miller, 1994). The southern extent of the dome was restricted by summit ice. d. View to
the south east of final 2009 lava dome estimated to be 72x 10°m?>, more than twice the largest 1989-1990 dome (c). The 2009 dome extends more than 400 m down the glacial
gorge. e. View to the south of a typical small-volume lava dome erupted in the later stages of the 1989-1990 eruption. The dome was constrained to the north side of the summit
crater. f. View to the east of the final 2009 lava dome which extends more than 200 m south in the summit crater than any dome during the 1989-1990 eruption.
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Fig. 8. Comparison of dome growth duration and cumulative volume during the
1989-1990 and 2009 eruptions of Redoubt. Each diamond and square marks the begin-
ning of the growth of an individual lava dome in 1989-1990 and 2009, respectively.

deep. The large open crater allowed the dome lava to spread laterally
before it encountered the steep topography in the upper Drift glacier
gorge. Consequently, the final 2009 dome extends over 200 m beyond
the southern extent of the final 1989-1990 dome and covers more
than 75% of the summit crater. As in 1989-1990, growth of the final
2009 lava dome also began to flow preferentially to the north and
down the gorge, but the 2009 summit crater provided storage room
for a significant portion of the dome, which was therefore not subject
to gravitational instability.

Further investigations of the dome structure and subsurface are
required to fully understand the mechanisms responsible for the sta-
bility of dome growth during the effusive phase of the 2009 eruption.
The dynamic nature of eruptions and volcanic systems suggest sever-
al processes may have contributed to the stability of dome 4.
Although the fourth lava dome of the 2009 eruption remained intact
throughout the effusive phase, its presence creates a significant haz-
ard in the event of reactivation of Redoubt Volcano's magmatic
system. Independent of what factors may be responsible for the
stability of the final 2009 lava dome any new pulse of magma will
likely follow the existing conduit and lava extrusion could cause
structural instability of the 2009 dome that could culminate in partial
or wholesale dome-collapse.
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6. Summary

Oblique photogrammetry surveys during the last effusive phase of
the 2009 eruption of Redoubt Volcano enabled measurement of dome
volume and extrusion rate as well as supplemented visual obser-
vations to evaluate evolving dome morphology and hazards. This
approach to monitoring dome growth allowed us to make estimates
of dome volume and effusion rate where other types of ground
based measurements would have been impractical. The photogram-
metric analysis contributed to a detailed dome growth chronology
and understanding of the lava dome and eruption processes operat-
ing during the eruption, and provided a convincing demonstration
of the utility of digital photographs collected during routine observa-
tion flights in tracking and understanding an ongoing dome-building
eruption.
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