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ABSTRACT. Airborne thermal images of the Chaitén rhyolite lava dome were obtained on three occasions between
January 2009 and January 2010. These images were useful for understanding the nature and pace of growth of the
newly extruded lava, which formed a complex of lobes and a spine. The images also revealed contrasting growth styles
affecting different parts of the lava dome complex. Observed synchronous endogenous and exogenous growth was likely
the result of multiple flow paths within the lava dome. We suggest that contrasts in morphology and surface texture
between various lava lobes are the result of different extrusion rates.
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RESUMEN. Estilos de crecimiento del domo de lava riolitico del Chaitén (2008-2009): Interpretacion de imagenes
térmicas. Se obtuvieron imagenes térmicas aéreas del domo de lava riolitico Chaitén en tres ocasiones entre enero de
2009 y enero de 2010. Las imagenes fueron utiles para comprender la naturaleza y la tasa de crecimiento de la lava recién
extruida, cuyos productos forman un complejo de 16bulos y una espina. Las imagenes también revelaron contrastantes
estilos de crecimiento que afectaron las distintas partes del complejo de domos de lava. El crecimiento sincrénico
enddgeno y exodgeno observado es probablemente el resultado de multiples trayectorias de flujo en el interior del domo
de lava. En resumen, el analisis de las imagenes térmicas permitio inferir que los contrastes en la morfologia y textura
de la superficie de los l6bulos de lava fueron el resultado de las diferentes tasas de extrusion.

Palabras clave: Volcan Chaitén, Riolita, Domo de lava, Imdgenes térmicas.
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1. Introduction

Chaitén Volcano comprises a 3-km-diameter
caldera occupied by a rhyolitic dome located in
the Southern Volcanic Zone of the Chilean Andes
centered at 42°59’° south and 72°38” west (Fig. 1).
Chaitén’s eruptive history prior to 2008 was not
well known. There is evidence of post-glacial pre-
historic activity dated at 9370 '“C BP that might
represent the age of the caldera (Naranjo and Stern,
2004). Aerial photographs of the Chaitén dome taken
before the 2008 activity show that part of the lava
dome was vegetation free. Considering the location
of this volcano in a high-rainfall maritime climate
where adjacent ranges are heavily forested, this
lack of vegetation suggests that there has been more
recent activity. Recent radiocarbon dating indicates
multiple eruptions younger than 5000 years BP, with a
possible historical eruption in the 17" century (Lara et
al., 2013, this volume; Watt ez al., 2013, this volume).

The most recent eruption of Chaitén Volcano
started in May 2008 (Carn ef al., 2009; Lara, 2009;
Major and Lara, 2013, this volume). The eruption
started with an explosive phase that lasted about
two weeks. This explosive phase was followed by a
transitional explosive-extrusive phase, an exogenous
growth phase, a spine growth phase and finally an
endogenous growth phase (Pallister et al., 2013, this
volume). Although degassing continued into 2013,
dome growth appears to have ceased sometime in late
20009 or earliest 2010. The eruption is of considerable
interest because it is the first caldera rhyolite eruption
for which there exists some monitoring data. This
contrasts with the well-known Katmai/Novarupta
rthyolite eruption of 1912 in Alaska that was essentially
unobserved at the time (Griggs, 1922; Hildreth
and Fierstein, 2012). Also, the 2008-2009 eruption
formed a large, fast-growing and complex lava dome
that eventually covered most of the pre-historic lava
dome (Pallister ef al., 2013, this volume).

Tephra dispersion from the early explosive phase
in May 2008 is discussed by Watt ef al. (2009) and
Alfano et al. (2011). Analysis of leachates from ash
fallout is presented by Durant et al. (2012). Melt-
fracture degassing of H,O from rhyolite at Chaitén
and degassing of CI, F, Li and Be are explored by
Castro et al. (2012) and Lowenstern et al. (2012)
respectively. Vesiculation and fragmentation of
the May 2008 explosive pumice is discussed in
Alfano et al. (2012).

Petrological evidence suggests that the rise of the
rhyolitic magma was particularly rapid, arriving at the
surface from a depth of at least 5 km in just 4 hours
(Castro and Dingwell, 2009). Modeling of surface
deformation observed in InSAR imagery from the
L-band PALSAR instrument on the ALOS satellite
suggests that the magma feeding Chaitén rose through
a dike from an inclined rhyolite magma reservoir at
a depth of 8 to 12 km (Wicks et al., 2011).

In this paper we present our interpretations of
lava dome growth processes and structures based on
thermal images obtained on three separate overflights
that took place on 21 January 2009, 25 February 2009,
and 24 January 2010. We discuss morphological,
textural and thermal features identified in our imagery
in terms of their relevance to hazards monitoring.
We identify changes in dome activity with time, and
analyze observed features in the context of analog
dome-growth models from the literature. We also
consider the relationship between surface textures and
extrusion rates. Finally, we integrate our observations
into the spatial and temporal framework of the 2008-
2009 Chaitén eruption presented by other authors
in this volume.

2. Previous Thermal Imaging Studies of Lava Domes

Monitoring of volcanoes using thermal infrared
(TIR) imagery began several decades ago; however,
the growing availability of portable TIR imaging ca-
meras has increased their use in monitoring volcanic
activity. As the examples in this section show, TIR
images have been especially useful for monitoring the
exogenous and endogenous growth of lava domes. The
advantages and utility of TIR cameras for monitoring
lava domes include the capability to: 1. Monitor erup-
tive activity from a safe distance; 2. Image eruptions
through thin cloud cover and fumarole condensation
plumes; 3. Locate the hottest and most active parts of
a lava dome; 4. Interpret growth structures and their
evolution with time; and 5. Identify the parts of the
dome that present the greatest hazards.

Many thermal imaging studies have focused on
lava flows, fire fountains, and lava lakes (a com-
prehensive listing of relevant papers can be found
in Spampinato ef al. (2011) and Ramsey and
Harris (2013)). Relatively few thermal studies have
been conducted at lava domes. One reason for this
discrepancy is the time scale over which the eruptive
phenomena occur. Whereas high intensity volcanic
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FIG. 1. a. Location map for Chaitén Volcano. b. Geologic map of the Chaitén Volcano as of January 2010 from Pallister e al. (2013,
this volume). The feature names on the map differ from those used in reports by the Observatorio Volcanologico de los Andes
del Sur and in this paper (see Table 1 for a correlation). All dated lobes are parts of Dome 1, except for the Aug.-Sept. 08 lobe,
which is Dome 2, and the Post-Feb 09 lobe, which is Dome 3. The Spine is located between Domes 2 and 3. The blue numbered
arrows indicate the approximate viewing direction of the thermal images.

processes, such as fire fountains or density currents,
occur over seconds to hours, tracking the growth of a
lava dome requires weeks to months and sometimes
years of monitoring. Unfortunately, observing conditions
and logistical issues often interfere with continuous
monitoring at these time scales. This is particularly
true at Chaitén Volcano, which is relatively remote and
often shrouded in clouds. As a result, opportunities to
acquire optical observations of a lava dome’s activity
are commonly limited.

The first lava dome eruption to be monitored
using airborne thermal imaging was the extrusion
of the post-climactic dacite lava dome at Mount
St. Helens, USA, in 1980. Despite equipment
limitations, Friedman et al. (1981) and Kieffer et
al. (1981) were able to identify heating of the crater
floor prior to dome extrusion, and to identify dome-
growth-related fractures in the crater floor and the
dome. These studies showed that thermal imaging
had potential utility as a lava dome monitoring tool.

During the 1990-1992 eruption of Unzen Volcano,
Japan, Umakoshi ef al. (1992) used a TIR video
camera to obtain spot temperatures of the andesitic
to dacitic domes, flow lobes and associated block-
and-ash-flow deposits. As a result, they were able to
constrain the source regions of flows and lobes and
areas of active dome growth. High temperatures were
consistently found at the active faces of extruding
shear lobes from which rockfalls and block-and-ash
flows occurred. This work demonstrated the ability
of thermal imaging to identify the actively hazardous
parts of a lava dome.

Studies of Bezymianny and Sheveluch Volca-
noes, Kamchatka, in 2005-2007 captured dome
lobe and crater morphology with a 320x240 pixel
TIR camera. (Carter et al., 2007; Carter et al., 2008;
Carter and Ramsey, 2009; Ramsey et al., 2012).
These studies showed that thermal imaging can identify
structures and processes that may not otherwise be
visible, and that airborne or ground-based thermal
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TABLE 1. CORRELATION AMONG CHAITEN LAVA DOME LOBE TERMINOLOGIES.

OVDAS This paper Pallister et al. (2013, this volume)
May-July 08 lobe

Domo 1 Dome 1 08-09 lobe
Aug. 08 lobe

Domo 2 Dome 2 Aug.-Sep. 08 lobe

Domo 3 Dome 3 Post-Feb. 09 lobe and
endogenous growth

Pinaculo Spine Sep. 08-Feb. 09 Spine

imaging has an important role in ground-truthing
satellite thermal data.

The Caliente vent at Santiaguito, Guatemala, was
imaged in 2005 with a 640x480 pixel thermal camera
(Sahetapy-Engel and Harris, 2009). Caliente is often
referred to as a lava dome. However, Sahetapy-Engel
and Harris (2009) confirmed that rather than being
occupied by a typical dome, the Caliente vent is
occupied by a pancake-shaped blocky lava flow.

Thermal imaging was used extensively by the
United States Geological Survey’s Alaska and Cas-
cades Volcano Observatories to monitor the nature
and pace of lava dome growth and collapse during
recent eruptions of Mount St. Helens, Washington
(Vaughan et al., 2005; Schneider et al., 2008; Vallance et
al., 2008), Augustine Volcano, Alaska (Wessels et
al.,2010), and Redoubt Volcano, Alaska (Diefenbach et
al., in press; Wessels ef al., in press).

The various studies noted demonstrate that thermal
imaging has become an important tool for monitoring
spatial and temporal lava dome evolution as well as for
understanding growth processes. However, previous
thermal imaging studies of active lava domes have
been conducted at andesitic or dacitic volcanoes.
Here we present the first TIR imaging study of a
rapidly-growing rhyolitic dome. The Chaitén lava
dome complex exhibited dome growth rates in the
early stages of the 2008-09 eruption that were two
to three times greater than those typically seen at
andesitic and dacitic lava domes (Pallister et al.,
2013, this volume).

3. Methods

In this section we describe the operational setting,
and the hardware and software used for acquiring and

processing imagery and extracting temperatures. We
also discuss the corrections applied to the raw images.
Due to thermal camera availability, the three survey
flights were conducted with three different cameras.
The methodology is described in detail for only the 21
January 2009 observation flight. Similar techniques
were utilized on the subsequent flights.

The observation flight of 21 January 2009 was
conducted on a Fuerza Aérea de Chile (FACH) de
Havilland Canada DHC-6 Twin Otter. The aft entry
door was removed and the camera operator strapped
to the floor of the aircraft. The survey was flown at an
altitude of about 2,000 m and a slant range distance
of approximately 1,500 m from the dome. We used
a FLIR Systems ThermaCAM™ SC640 fitted with
a standard 38 mm lens with a 24° field of view. The
instantaneous field of view per pixel is 0.66 mrad
giving a spatial resolution of 0.99 m at a distance of
1,500 m. The instrument has a broadband detector
covering the TIR portion of the spectrum from 7.5 to
13 um. The detector is 16x12 mm with 640x480 pixels
(0.3 megapixels). The camera has three calibrated
temperature ranges: -40° to 120°C (default setting),
0° to 500°C, and 300° to 1,500°C. On this flight
we operated the camera in the -40° to 120°C range.
According to the manufacturer the specified accuracy
is £2°C or 2%, whichever is greater.

Calibrated thermal video sequences were acquired
and recorded directly to a laptop computer connected
to the camera. Still images were extracted from the
video sequences. These images were processed using
FLIR Systems ThermaCAM Researcher™ version
2.3 software. Atmospheric corrections were made
using the following parameters: thermal emissivity
0.95, distance 1,500 m, air temperature 18°C, and
relative humidity 80%. Temperatures were not
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corrected for mixed pixels, surface orientation,
daytime solar heating, or attenuation by volcanic
ash or gases between the camera and the target (Ball
and Pinkerton, 2006; Sawyer and Burton, 2006). We
assumed that temperatures were homogeneous within
each 1-m-resolution pixel size, that surface orientation
was approximately perpendicular to the line of sight
and that there were no attenuating gases or ash between
the camera and the dome as flights were made in clear
air. There are no nighttime thermal images of the
dome from which to extract the daytime solar heating
correction. Except for the daytime solar correction,
which would reduce the apparent temperature, the
other unapplied corrections would all increase the
apparent temperature. Therefore, the temperatures
obtained are probably minimum temperatures.

The second observation flight was conducted
on 25 February 2009, about one week after a major
dome collapse and generation of a pyroclastic density
current (Major et al., 2013, this volume; Pallister et
al., 2013, this volume). The thermal camera used on
this flight was a FLIR Systems ThermaCAM™ P660
also with a 38 mm lens with a 24° field of view. The
specifications of the instrument are the same as for the
SC640 described above. The calibrated temperature
range was set to 0° to 500°C. Corrections were applied
for distance, thermal emissivity, air temperature and
relative humidity.

The observation flight on 24 January 2010 was
conducted from a Bell 206 Long Ranger III helicopter
at altitudes of 1,500 and 3,000 m. A Jenoptik (InfraTec)
VarioCAM® thermal camera was used, operating
within the wavelength range of 8 to 13 um, with a
resolution of 320x240 pixels and a field of view of
32°x24°. The calibrated temperature range used was
0° to 300°C. Images were processed using InfraTec
Irbis Plus 2.2 software. Similar correction values as
used in the previous flights for thermal emissivity, air
temperature and relative humidity were used in this
flight. Details of the processing to produce temperature
values are provided by Stevenson and Varley (2008).

Because our thermal images were obtained
with three different cameras operating in different
temperature calibration ranges, and because they were
processed using two different software packages,
the calibrated temperatures and temperature scales
obtained from each survey may not be directly
comparable. Furthermore, because the Chaitén lava
dome complex is about 2x3 km in size there are also
important differences in distance and atmospheric
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attenuation between near and distant parts of the
dome in a single image. We therefore, do not include
temperature scales on the images. We present and
interpret our results mostly qualitatively rather than
quantitatively. We do, however, reference specific
temperatures, rounded to the nearest 10°C, where
they are relevant to the discussion.

4. Thermal imagery interpretation in the context
of the eruption

This section summarizes the evolution of the 2008-
2009 Chaitén lava dome complex, describes its state
on the dates of the three thermal imaging overflights,
and notes changes between observation dates. The
following descriptions of the evolution of the lava
dome complex are based upon information provided
in a series of 120 activity reports issued at regular and
frequent intervals between 3 May 2008 and 15 June
2010 by the Observatorio Volcanologico de los Andes
del Sur (OVDAS) operated by the Chilean Servicio
Nacional de Geologia y Mineria (SERNAGEOMIN),
and obtained from the SERNAGEOMIN website
(www.sernageomin.cl). It should be noted that
there were lengthy periods of time during which the
growth of the dome and changes in its morphology,
particularly the timing and initial appearance of new
lobes, could not be monitored due to poor visibility,
low clouds, or lack of observation flights. Descriptive
terms for the dome complex (e.g., Dome 1, Dome 2,
Dome 3) used in this paper follow the terminology
used by OVDAS in their reports (Domo 1, Domo 2,
Domo 3 and Pinaculo). However, we replace pin-
nacle with spine, which is the commonly accepted
nomenclature for this feature. Pallister ez al. (2013,
this volume) use a different terminology to describe
the main features on the dome, labeling lobes by their
date of extrusion. The OVDAS Domes 1, 2 and 3
respectively correspond to the May 2008, August
and September 2008 and post-February 2009 lobes of
Pallister et al. (2013, this volume) (Fig. 1, Table 1).
Pallister et al. (2013, this volume) also provide a
summary of the various phases of the eruption.

4.1. Lava dome evolution from 1 May 2008 to 21
January 2009

The initial explosive phase of the eruption (Phase 1
of Pallister et al., 2013, this volume) started late
on 1 May 2008 (local time). On 3 May two vents
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(200 and 400 m in diameter) were seen on the north
flank of the pre-existing lava dome. These vents were
the source of the initial plinian eruptions. By 6 May
they had merged into a single 800 m diameter crater
that had grown to 1,000 m by 12 May. A new lava
dome lobe occupying this crater was first observed
on 21 May although seismicity indicates extrusion
probably started on 12 May (Basualto et al., 2008).
This lobe later came to be referred to as Dome 1
by OVDAS, and its appearance marks the start of
the transitional explosive to exogenous phase of
the eruption (Phase 2 of Pallister ef al., 2013, this
volume). By 25 May this new lobe extended above
the old lava dome and a new 200-m-diameter crater
had appeared south of the old lava dome summit. On
27 May two new craters were seen on the southern
part of the old lava dome. 31 May is considered to
be the end of the transitional phase and the beginning
of the exogenous phase of the eruption (Phase 3 of
Pallister et al., 2013, this volume). Northerly growth
of the dome was noted on 4 June with additional
southerly growth on 14 June. The upper surface of
the old lava dome was mostly covered by 30 June.
On 24 July a large depression, likely an explosion
crater, was seen on the southern part of the lava
dome complex. Sometime in the last week of July
a partial lava dome collapse occurred on the eastern
flank leaving a 500-m-wide by 200-m-high horseshoe
shaped collapse scar. Assuming an angle of repose
of 33° for the slope of the talus abutting the lava
dome within the crater moat, the volume of this partial
lava dome collapse was probably on the order of
10x10° m®. Lower seismicity and ash column heights
from early July to mid-September suggest a reduction
in the extrusion rate. By 30 September the collapse
scar had been enlarged by erosion, talus from lava
dome growth toward the northeast had reached the
caldera wall, the south sector depression appears to
have filled in, and the maximum lava dome height
exceeded the height of the caldera wall.

During an observation flight on 6 December
2008, OVDAS discovered that a second lava dome
(called Dome 2) had extruded through and onto the
northern part of Dome 1. Rockfall and block-and-
ash flow activity was high on all flanks of Dome 2,
including to the south onto the upper surface of
Dome 1. Extrusion of Dome 2 could have started
as early as late August 2008. The beginning of
October 2008 corresponds to the start of a phase of
spine extrusion and endogenous growth (Phase 4 of

Pallister ef al., 2013, this volume). By 9 Jan 2009
talus from Domes 1 and 2 had reached the caldera
walls on all sides, and a significant spine could be
seen at the southeast edge of Dome 2 on the east-
central side of the complex. Small failures from this
spine generated numerous rockfalls, block-and-ash
flows, and a small collapse to the east-southeast on
19 January 2009.

4.2. The lava dome complex on 21 January 2009

Several distinct components of the Chaitén lava
dome complex are present in thermal images obtained
during the 21 January 2009 overflight (Fig. 2). These
include: 1. The pre-2008 lava dome, lying below
Dome 1 talus on the north and south sides of the
complex (cold); 2. Dome 1, mostly exposed in the
southern half of the complex; 3. Dome 2, which is
visible over the northern half of the complex flowing
towards the north-northeast; 4. A large spine (pinaculo
in OVDAS reports) on the central-eastern part of the
lava dome complex; 5. Talus deposits, both on top of
Dome 1 and as an apron surrounding the lava dome
complex; and 6. Extensive rockfall, block-and-ash
flow, and collapse deposits in the moat between the
lava dome complex and the caldera wall.

It is apparent from visible and thermal images that
Domes 1 and 2 have quite different morphologies and
surface textures (Figs. 2-4). Dome 1 has a massive
aspect with an irregular coarse spiny surface texture,
whereas Dome 2 has a smoother surface texture that
exhibits fractures. The upper part of the Dome 2
lobe is mostly axisymmetric around its inferred
vent (Fig. 3). The hemispherical shape of the upper
part of Dome 2 suggests that it was extruded onto a
relatively flat part of the pre-existing surface where it
grew symmetrically around the vent until it impinged
on the northern slope of the dome complex and
developed into a large coulée (Fig. 3).

The Spine near the center of the lava dome
complex was originally described in OVDAS reports
as being part of Dome 2. It is not clear from these
reports when the Spine started growing. Based on
our interpretation of the thermal images from 21
January 2009, we consider Dome 2 and the Spine
to be structurally independent. There appears to be
a ‘thermal divide’ between Dome 2 and the Spine
(Fig. 3b) suggesting that Dome 2 does not originate
from the same location as the Spine. We also interpret
the area of highest temperatures at the summit of
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FIG. 2. a. View of the Chaitén lava dome complex looking southeast on 21 January 2009. b. Thermal image of Chaitén dome complex
looking east on 21 January 2009 showing contrasting surface textures of Domes 1 and 2. Scale is approximate.

Dome 2 to be the likely location of its vent, more
than 200 m away from the Spine (Figs. 3a and b).

A profile view of the southern part of Dome 1
looking west shows structures that can be inter-
preted as thrust faults or shear surfaces within the
Dome 1 lobe (Fig. 3d). Alternatively, those structures
may be contacts between sequentially stacked lobe
units. The alternation of steeper and shallower slopes
suggests lobe fronts and their associated talus deposits
respectively. Shear-lobe-type extrusive structures
are known from other lava domes. For example,
at Soufriére Hills Volcano in Montserrat, such
structures are typically the result of slow extrusion
of relatively degassed magma detaching from the
conduit wall (Watts ez al., 2002). If the structures at
Chaitén are thrust faults, they may have originated
from displacements generated by the extrusion and
growth of the large spine in the center of the lava
dome complex.

Notably colder areas are visible on the lava
dome complex in the thermal images (Figs. 2 and 3).
Some of these cold areas are parts of the pre-2008
lava dome beneath Domes 1 and 2; others are recent
talus deposits. Some of these colder areas may be
isolated remnants of pre-2008 lava dome that were
uplifted by endogenous growth of Dome 1, or early
carapace of new lava that had already thickened
and cooled to near ambient temperature. Because
these cold areas are visible in several images taken
from different orientations they are unlikely to be
the result of attenuation by gas or ash between the
camera and the dome.

4.3. Lava dome evolution between 21 January
2009 and 25 February 2009

Between the January and February 2009 overflights,
OVDAS reports indicate that all three components of
the lava dome (Domes 1, 2, and the Spine) continued to
grow. This implies that there was simultaneous growth
of Domes 1| and 2 and the Spine from distinct vents.
On 19 February, a large partial dome collapse occurred
marking the beginning of the final endogenous phase
of the eruption (Phase 5 of Pallister et al., 2013, this
volume). The collapse scar was oriented southwest
from the Spine and was about 500 m long, 300 m wide
and had walls up to 200 m high. Collapse volume is
estimated around 20x10° m®. Even though the upper
part of the collapse scar surrounds the Spine from
SE to NW the Spine itself appears not to have been
significantly involved in the collapse (Fig. 3b of
Pallister et al., 2013, this volume). Collapse deposits
fill the moat between the lava dome complex and the
caldera wall from the south through the west (Fig.1).
Seismicity indicates the partial dome collapse and
related phenomena lasted 3 hours and 18 minutes
(OVDAS reports from 19 and 20 February 2009).
One possible trigger for the partial dome collapse is
disruption and structural destabilization of Dome 1
resulting from penetration of the Spine immediately
adjacent to the region involved in the collapse. Another
possible trigger is the loading of the upper part of
Dome 1 adjacent to the Spine by material shed from
the Spine. Hydrothermal alteration of the underlying
pre-2008 lava dome may also have played a role.
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Dome 2 vent

Dome 2 vent

FIG. 3. Thermal images of the Chaitén lava dome complex on 21 January 2009. Scales are approximate. a. Oblique view from the north
of the northern part of the Chaitén dome complex on 21 January 2009. The asterisk indicates the location of the thermal feature
on the lower eastern side of Dome 2 discussed in the text. b. Same location as Fig. 3 A looking southeast. The brightest area
in both images indicates the hottest temperatures associated with the likely location of the Dome 2 vent. Note that the Spine is
thermally and structurally distinct from Dome 2. ¢. Oblique view looking east of the northern part of the dome complex. Dome 2
is flowing north-northeast over the top of the northern portion of Dome 1. The base of the coulée is indicated by a dashed line
at the top of the talus slope. Contrast the spiny texture of Dome 1 in the foreground with the smoother axisymmetric profile
of the summit portion of Dome 2 on the horizon. d. Profile view of the southern part of Dome 1 looking west. The dashed
lines indicate the locations of possible shear planes between stacked extrusive shear lobes. Note the alternation of steeper and
shallower slopes corresponding to the active flow faces (lobe fronts) and adjacent talus respectively. Alternatively, these planes
could be thrust faults caused by deformation due to invasive growth of the Spine to the north.

4.4. Lava dome complex on 25 February 2009

Thermal images acquired on 25 February (Figs. 4a
though d) are consistent with the reported continued
growth of both Dome 1 and the Spine. The Spine had
temperatures near 400°C around the western side of
its base, indicating that it was recently emplaced.
Some of the hot areas on the Spine may also have
been arcas where carapace had been removed
by recent rockfalls exposing hotter interior. The
extensive thermal features on the west side of the
Spine might be a result of destabilization of this
side of the Spine as the result of the partial dome

collapse of 19 February 2009. Dome 2 appeared
to have changed little between the sets of thermal
images acquired on 21 January and 25 February.
It displayed fewer areas of enhanced temperature in
February than it did in January. The lack of physical
change and apparently diminished temperature
indicate that the rate of growth of this part of the
lava dome complex had decreased and may have
stagnated. On 25 February, there was a hot spot on
the lower eastern flank of Dome 2 with temperatures
near 300°C (Figs. 4b and c). This area also existed
on 21 January 2009 (Fig. 3a). This hot spot likely
is a persistent fumarole, although no condensation
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FIG. 4. High-angle oblique thermal images of the Chaitén lava dome complex on 25 February 2009. Scale is approximate and applies
to all images. a. West side of the Spine with active mass wasting into the adjacent 19 February 2009 collapse scar in the
foreground. Maximum temperatures are near 400°C, indicating the Spine is either still extruding, or that the hot interior of the
Spine core has been exposed by mass wasting. b. Image of the eastern side of the dome complex. ¢. View of Dome 2 looking
east. The asterisk indicates the location of the hot spot with temperature near 300°C discussed in the text. Spine is on right
side of image shedding hot rockfalls. d. View looking north with Spine perched above a crescent-shaped collapse scar that
has been excavated into Dome 1.

plume is visible on any of the images. It also may be a
local collapse feature or fracture in the lobe carapace
exposing the hotter interior. Another possibility is
that it is a diapir of hotter and less dense material
that has risen through the denser and cooler outer
part of the flow lobe, similar to features described in
rhyolite flows at Little Glass Mountain, California
(USA) (Fink, 1983; Fink and Manley, 1987).

The location of the Dome 2 vent is not as clear in
the 25 February images as it was in the 21 January
2009 images. Several factors may account for this:
1. The vent of Dome 2 may have migrated southward
toward the Spine; 2. The upper part of Dome 2 may
have sagged into the topographic saddle between
Dome 2 and the Spine; 3. The vent for Dome 2

may have been incorrectly inferred in the earlier
images; or 4. The vent was no longer active. Some
temperatures exceeding 200°C on Dome 1 adjacent
to the collapse scar may be the result of removal of
colder carapace during the 19 February 2009 partial
dome collapse.

4.5. Lava dome evolution between 25 February
2009 and 24 January 2010

According to OVDAS weekly reports, overall lava
dome growth continued throughout the remainder of
2009 and possibly into January 2010, albeit at a very
slow rate. Between February 2009 and January 2010,
dome growth appeared to be concentrated in the
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central and southwestern parts of the lava dome
complex. This concentrated growth generated
numerous rockfalls, small collapses of the dome,
and small block-and-ash flows that were trapped
mainly within the southwest part of the caldera. The
most noteworthy event during this period was the
appearance of Dome 3 (OVDAS Domo 3) within
the 19 February 2009 collapse scar, first observed
during a flight on 29 September 2009.

Due to poor weather conditions and limited
observations, the growth history of Dome 3 is poorly
constrained. It could have started growing in the
collapse scar as early as February 2009, shortly after
the 19 February dome collapse, although it is not
visible in the 25 February 2009 images (Fig. 4d).
At the Soufriére Hills Volcano in Montserrat, new
dome growth within a collapse scar immediately
following a dome collapse was relatively common
e.g., on 20 May 2006 (Loughlin et al., 2010).

Other major changes in the overall morphology
of the Chaitén dome complex on 29 September 2009
include the inferred collapse of the Spine and the
appearance of an elongated depression extending
eastward from Dome 3. The origin of this depression
is speculative; it could be structural such as a cleft
between two lobes extruding in different directions,
or it could be an explosion crater, though no large
explosions were reported during this phase of
eruption. It could also be the result of a westward
expansion of the scar from the partial dome collapse
on the east side of the lava dome complex in July
2008, or perhaps an undocumented collapse event
sometime in late 2009.

4.6. Lava dome on 24 January 2010

By 24 January 2010 the number, size and
temperatures of hot areas on the lava dome complex
had decreased significantly (Figs. 5S¢ and d). Zones
with elevated temperatures were found close to the
rim around the scar left by the 19 February 2009
collapse from the southwest sector of the dome
complex. A small lobe had temperatures near 200°C,
and another area on the dome had maximum pixel
temperatures near 270°C. These hotspots could be
isolated areas of residual dome growth or possibly
hot rock surrounding active fumaroles, though there
is no obvious correlation between the hot areas and
active fumarole condensation plumes (Fig. 5d).
Dome 3 cannot be seen in the January 2010 images

due to an extensive fumarolic and degassing plume
from the central part of the complex.

5. Discussion

Between January 2009 and January 2010, three
sets of thermal images of the Chaitén lava dome
complex indicated a general decrease in extrusive
activity. That decrease in activity is apparent in
decreased surface temperatures and the gradual
disappearance of thermal features. The initially
extruded lava, Dome 1, is active throughout the
period of observation, but its extrusion rate decreased
significantly. By January 2010, only one possible
area of growth on Dome 1 remained visible. A second
area of extrusion on the dome complex, Dome 2,
appears to have stopped growing in early 2009,
because no new thermal features were visible on it
in images acquired in February 2009. A prominent
spine visible in the January 2009 images is less
prominent in the February 2009 images. Its decreased
prominence might be the result of mass wasting of
its western side into a collapse scar that formed on
19 February 2009. A third extrusion of lava, which
formed Dome 3, was not directly observed during
our thermal imaging flights.

One of the more interesting aspects of the Chaitén
lava dome complex is the variety of simultaneous
lava-dome-growth behavior exhibited. It appears
that in January 2009, Dome 1 was growing both
endogenously (spiny carapace texture) and exogenously
(shear lobes), Dome 2 was flowing northward, and
a degassed spine was being extruded. There were
also multiple explosion craters and simultaneous
explosive and extrusive activity in May 2008
(Pallister et al., 2013, this volume). Although some
lava domes, such as the Brujo dome at Santiaguito,
Guatemala, may exhibit all of these growth styles at
some point in their development, it is less common
to see them occurring simultaneously in a single lava
dome. Simultaneously active features on the Chaitén
lava-dome complex suggest that lava extruded from
multiple flow paths from the underlying conduit
to the surface of the lava dome. Separate vents
for Dome 2, Dome 3 and the Spine are further
evidence for this. Multiple flow paths have been
shown to form in analog models of lava flows, and
they most likely exist in lava domes (Anderson et
al.,2005). An example is the Soufri¢re Hills Volcano
in Montserrat. At various times between 2008 and
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FIG. 5. Visible and thermal images of the Chaitén lava dome complex on 24 January 2010. Scales are approximate. a and ¢. High-
angle oblique visible and thermal views of the southwestern part of the Chaitén lava dome complex looking east. The boxes
in 5a and 5c indicate the approximate corresponding locations. Maximum temperature is about 110°C. b and d. Close-up
visible and thermal views of an area on the southwestern flank. The hot area (maximum temperature near 200°C) may be
the result of minor residual lava extrusion or of recent rockfalls that have exposed the hotter interior beneath the carapace.
This may also be fumarole-heated rock, although no condensation plume appears to be associated with the hottest areas.

2012, the dome complex at SHV has vented tephra
from its summit crater, from the base of a collapse
scar on its north flank, and from the Gages vent on
its west side (Cole et al., 2010).

At Chaitén Volcano, the depth of the conduit from
which multiple flow paths diverge is not known. That
conduit could be located at the base of the pre-2008
dome or deeper. The original depth of the pre-historic
caldera is unknown. Alternatively, divergence to
multiple flow paths could occur within the pre-2008
dome complex. The concept of multiple pathways is
probably untenable if the divergence originated at
the altitude of the caldera moat when the eruption
began in May 2008. Divergence at that altitude would
require unrealistic changes in flow direction within the
dome complex. If the point of divergence is deeper,
it could be at an altitude corresponding to the base

of the caldera floor beneath the base of the old lava
dome, which could be several hundred meters below
the level of the moat. In order to generate multiple
flow paths, rising magma must work its way through
and diverge within the brecciated caldera fill, or there
could be several feeder dikes underlying the old lava
dome. In either of those scenarios, there could be
more than one path of least resistance between the
top of the conduit and the surface (Fig. 6).
Contrasts in growth styles between Dome 1,
Dome 2 and the Spine reflect the rheology of the
lava. In the classification of Fink and Griffiths (1998),
derived from analog experiments, Dome 1 is a spiny
textured lava dome, and Dome 2 (the lower part of
which is morphologically a coulée) is an axisymmetric
textured lava dome that has been elongated by gravity
along slope. These surface textures are indicative of
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slow growing/fast cooling, and fast growing/slow
cooling lava lobes, respectively. The apparent contrast
in surface textures also could be due to differences
in temperature, SiO, content, water content, and
crystal and vesicle content, as well as to extrusion
rate. Petrological data, however, indicate that there
is little or no compositional difference between the
different lobes (Pallister et al., 2013, this volume).
Therefore, the simplest explanation for the difference
in morphology and surface textures between Domes 1
and 2 is that Dome 2 had a higher extrusion rate.
Although the overall rates of dome growth
obtained from volume differences by Pallister ez al.
(2013, this volume) decreased from the time Domel
was extruded to the time Dome 2 was extruded
(May through September 2008), the overall trend of
decreasing growth rate does not distinguish between
the relative growth rates of individual lobes, or
between endogenous and exogenous growth. The
diminishing rate of dome growth therefore does not
contradict Dome 2 having a higher extrusion rate

than Dome 1 during August and September 2008.
Faster extrusion of Dome 2 could have compensated
slower extrusion of Dome 1 and the Spine, and/or a
reduced endogenous growth rate. Pallister ez al. (2013,
this volume) also report that the obsidian in Dome 2
tends to be more devitrified than the obsidian of
Dome 1, and it has a higher microlite content. This
is consistent with Dome 2 having a greater ratio of
advection rate to cooling rate than does Dome 1, as
indicated by its axisymmetric morphology around its
vent. Pallister ef al. (2013, this volume) show that
the newly effused lava and the pre-2008 rocks are
compositionally indistinguishable. Since all the lobes
are compositionally similar and separate batches of
magma supplied the 2008-2009 lavas and the pre-
2008 lavas, it is conceivable that separate batches of
magma fed Domes 1 and 2 at different rates. The Spine
evidently had greater yield strength and viscosity than
Domes 1 and 2, as it extruded as an essentially solid
body. It may have been more extensively degassed,
had a lower extrusion temperature, or perhaps a
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FIG. 6. Conceptual cross-section of the Chaitén lava dome complex illustrating possible multiple flow paths between the top of the
magma chamber and the upper part of the dome complex. Variations in flow path lengths within the lava dome and corresponding
differences in transit times may have an effect on the properties of individual lobes. Most of the dome core probably predates

the 2008-2010 activity. Figure is not to scale.
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higher crystal content. There are no compositional
or petrographic data available for the Spine.

Another variable that could affect the morphology
of Dome 2 is the slope of the underlying surface. Studies
at Mount St. Helens have shown that the angle of the
underlying slope onto which lava extrudes can be an
important factor in controlling lobe texture (Anderson
and Fink, 1990). However, at Chaitén the upper part
of Dome 2 can be seen to have an axisymmetric
geometry about the presumed location of the vent
(Fig. 3). This geometry implies that the underlying
surface beneath the upper part of Dome 2 is relatively
flat. So even though the lower part of the coulée clearly
exists because of the slope, this does not explain the
axisymmetric texture and shape of the upper part of
Dome 2, which most likely resulted owing to its high
extrusion rate (Fink and Griffiths, 1998).

Differences in extrusion rate and rheology could
also be related to different transit times caused by
dome pathway effects (Fig. 6). Lava domes are
heterogeneous constructs made up of multiple domains
with varying rheological, mechanical and structural
properties. Magma rising through more resistant
portions of the heterogeneous dome would progress
more slowly towards the surface and therefore have
more time for degassing, crystal growth and cooling
to occur. Upon reaching the surface of the dome, a
more degassed, crystal-rich lava would likely extrude
relatively slowly. Generally, magma rising through
the dome will follow the path of least resistance to
the surface. Therefore, parts of the dome complex
that are hotter, less viscous, more fractured, and have
a thinner more easily penetrated carapace are the
most likely pathways through which magma will rise.
Conversely magma intruding into the dome complex
through a less preferential pathway (colder, more
viscous, or less fractured part of the dome) would
take longer and be subjected to time-dependent
rheological changes that could impact its extrusive
growth style. Unfavorable pathways may also cause
intruding magma to pond and stagnate within the
dome resulting in endogenous growth.

6. Summary

Airborne thermal images of the Chaitén rhyolite
lava dome were obtained on three occasions between
January 2009 and January 2010. These were useful for
understanding the nature and pace of growth of the
newly extruded lava. They also revealed contrasting
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growth styles affecting different parts of the lava dome.
Observed synchronous endogenous and exogenous
growth habits were likely the result of multiple flow
paths within the lava dome. We suggest that contrasts
in morphology and surface texture between Domes 1
and 2 are the result of Dome 2 being extruded rapidly
relative to Dome 1.
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