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Establishing a time series of deformation is one of the keys to understanding and predicting the magmatic
behaviour of active volcanoes. Satellite techniques represent an increasingly useful tool for measuring
volcanic deformation over timescales spanning days to decades. Colombia contains numerous young or active
volcanoes, many of which are inaccessible. We use L-band (23.6 cm wavelength) radar data acquired between
2006 and 2009, to survey 15 active volcanoes along the Colombian segment of the Northern Volcanic Zone.
Analysis of 100 interferograms showed that the majority of volcanoes were not deforming. However,
independent interferograms display an average subsidence of 3 cm on the northeast flank of Galeras,
coinciding with the January 2008 eruption. We combine InSAR, field measurements and source modelling to
determine the origin, size and location of the source of subsidence at Galeras. Our results suggest that this
signal was caused by deflation of the magma chamber associated with the January 2008 event. Modelling
provides insight into the depth to source (~2 km) and a volume change (— 6.5 x 10° m*) which is consistent
with that derived from modelling contemporaneous tilts and the volume of material erupted. Previous studies
based on various datasets support the existence of a resident/recurring chamber at this location, over a
decadal timescale. Our InSAR results corroborate the hypothesis of shallow magma storage beneath Galeras
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and provide the first piece of evidence that can be linked to a particular eruption.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Colombia's active volcanoes pose a significant hazard and
challenge for monitoring, with notable recent events including the
1985 eruption at Nevado del Ruiz and the 1993 eruption at Galeras.
Due to the inaccessibility of some sites for field-based monitoring and
the probable exposure to hazards, Interferometric Synthetic Aperture
Radar (InSAR) is ideally suited to make a significant impact on the
monitoring and understanding of volcanic activity in Colombia.

InSAR is an established technique that is routinely used to measure
changes in surface elevation between repeat passes of a satellite. InNSAR
has been successfully employed to determine rates of volcanic deforma-
tion associated with structural, hydrothermal and magmatic processes.
Examples include the co-eruptive subsidence of Okmok volcano, Alaska
(Lu and Dzurisin, 2010) and the uplift resulting from a sill intrusion at
Eyjafjallajokull volcano, Iceland (Pedersen and Sigmundsson, 2006;
Sigmundsson et al., 2010). Volcanic deformation is a complex phenom-
enon that can occur to various extents and over varying time scales.
Deformation may not necessarily be indicative of a pending eruption — for
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example, the Three Sisters volcanic centre (central Oregon, Cascade
Range) displayed ~14 cm of uplift between 1995 and 2001 without
subsequent eruption (Dzurisin et al., 2006) and eruptions may also occur
without any displacement being detected, e.g. Shishaldin volcano, Alaska
(Moran et al., 2006).

In this study we assess the potential of InSAR in terms of measuring
displacement rates at Colombian volcanoes. A 550 km long segment
of the Colombian Northern Volcanic Zone (NVZ) was surveyed, using
L-band SAR data acquired between December 2006 and September 2009,
by the Japanese Advanced Land Observing Satellite (ALOS) (JAXA, 2009).
Results were classified into four categories: volcanoes exhibiting
deformation, atmospheric signal, incoherence and no deformation.
Where deformation was observed, we employ modelling techniques to
determine the most likely source parameters and interpret complemen-
tary field data to verify our observations. We also discuss the advantages
of L-band interferometry and the effects of atmospheric delay.

1.1. Introduction to Colombian volcanism
South America is one of the most active volcanic regions on Earth,

with four distinct volcanically-active segments extending along the
Andes, from Colombia in the north to Chile in the south, known as the
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Northern, Central, Southern and Austral Volcanic Zones. The NVZ
extends for 900 km through Ecuador and Colombia, and is associated
with the subduction of the Nazca plate beneath South America at a
rate of 58 mm/yr (Trenkamp et al., 2002).

A previous C-band survey was undertaken at Galeras volcano
(Zebker et al., 2000), but only one interferogram could be generated
because of a lack of available data. Furthermore, the data quality was too
poor to be able to make any interpretation. A recent large-scale survey
has also been undertaken covering the whole of Latin America.
The results of this study showed no deformation at any of the Colombian
volcanoes (Fournier et al,, 2010). However, this survey was aimed at
identifying larger deformation rates, over longer time periods and on a
regional scale.

The Smithsonian Institution (GVPa, 1994-) catalogues 15 active
volcanoes in Colombia, which are concentrated on the Cordillera
Central, the Cordillera Occidental and the Cauca-Patia depression
(Stern, 2004). Colombia is dominated by large andesitic-dacitic
stratovolcanoes. These account for 13 of the 15 active volcanoes
(Table 1). This study focuses on Galeras volcano in particular and so
this system is introduced in more detail in the following section.

1.2. Geology of Galeras volcano

Galeras volcanic complex lies approximately 10 km west of the
city of Pasto (population approx. 330000) (Fig. 1). Galeras consists of

Table 1
Summary of Colombian volcanoes.

a cone within a crescent shaped rim of a paleo-volcano (formed
during a summit collapse event occurring between 12 and 5 ka ago
(Calvache et al., 1997)). Eruptions have occurred at the summit crater,
as well as at a series of vents distributed around the rim. It is one of the
most active Colombian volcanoes — 6 major eruptions have occurred
in the last 4500 years, producing pyroclastic flows and extensive
tephra deposits. The volcano's most recent phase of activity
commenced in 1988, following 40 years of quiescence (Williams
et al., 1990). The renewed activity comprised the emplacement of a
lava dome in late 1991, followed by a series of vulcanian eruptions
from the summit crater between 1992 and 1993 (Stix et al., 1997). On
14 January 1993, an unexpected eruption at Galeras killed 6
volcanologists and 3 tourists during a field trip organised as part of
the UN's Decade for Natural Disaster Reduction Workshop in Pasto
(Baxter and Gresham, 1997). After 7 years of relative quiet, activity
resumed in March 2000, culminating in 2 explosive eruptions from
the El Pinta vent (east of the main crater) in 2002 and 2004, and
additional eruptions from the summit crater in 2005, 2007, 2008,
2009 and 2010 (GVPb, 1994-). This study examines data covering the
period of unrest between October 2007-January 2008 (including a
VEI 1 eruption on 17 January 2008), dome growth during October
2008-February 2009 and a series of explosions occurring between
February and June 2009. The volcano continues to display signs of
activity at the time of writing. A comprehensive monitoring network
has been established at Galeras, including broadband seismometers,

Name Elevation Last eruption VEI Morphology Eruptive characteristics
(m)

Romeral 3858 5950 BC +/—500 yrs 4? Complex volcano. Plinian eruptions.

Cerro Bravo 4000 1720 +/—150 yrs 4 Dacitic lava dome complex. Dome extrusion and pyroclastic

flows.

Nevado del Ruiz?,” 5321 Apr 1994-uncertain Unknown Summit comprises a series of lava Phreatic eruptions, pyroclastic

Sep 1985-Jul 1991 3 domes and two parasitic cones. flows, surges and lahars.

Santa Isabel® 4965 2800 BC +/—100 yrs Unknown Elongated summit consists of a Lava flows and pyroclastic flows.
series of arc shaped domes.

Nevado del Tolima*“ 5220 Mar 1943 2 Consists of a series of lava domes Dacitic lava flows, pyroclastic
and a funnel-shaped crater. flows and lahars.

Cerro Machin'® 2750 820 +/—100 yrs 3 2.4 km wide tuff ring crater Pyroclastic flows and lahars.
comprising three lava domes.

Nevado del Huila%¢ 5364 Feb 2007-2010 (continuing) 3? Elongated NS trending glacial- Phreatic eruptions, radial fissure
capped volcanic chain. Hot springs eruptions, dome extrusion, ash
and fumaroles. falls and lahars.

Puracé 4650 Mar 1977 2 Truncated cone comprising of an Pyroclastic flows, lahars and lava
inner 500 m wide crater flows.
containing fumaroles. Overlies
dacitic shield volcano.

Sotara 4580 Unknown Unknown Site of active fumaroles and hot No historical eruptions known.
springs.

Volcan Petacas 4054 Unknown Unknown Lava dome. No historical eruptions known.

Dofia Juana 4160 Nov 1897-Aug 1936 4 Consists of two calderas and a Dome extrusion, lava flows,
series of lava domes. pyroclastic flows and lahars.

Galeras®," 4276 Oct 2008-2010 (continuing) 1? Consists of a cone within an older Pyroclastic flows, lahars, dome
volcano — open to the west. extrusion.

Azufral' 4070 930 BC? 4? Crescent shaped acid lake, Lava flows, dome extrusion and
fumaroles and dacitic lava dome pyroclastic flows.
complex.

Cumbal 4764 Dec 1926 2 Lava dome within a 250 m wide Lava flows, pyroclastic flows and
crater. Hot springs and fumaroles. lahars.

Cerro Negro de Mayasquer 4470 Jul 19367 2 Small crater lake within a caldera. Lava flows.

Information was primarily compiled from the Smithsonian Institution, Global Volcanism Program (GVPa, 1994-) and Instituto Colombiano de Geologia y Mineria (INGEOMINAS, 2010a)

websites.

2 Additional reference: Williams, 1990a, 1990b.

b Additional reference: Banks et al., 1990.
Additional reference: Huggel et al., 2007.
Additional reference: Pulgarin et al., 2001.
Additional reference: Thouret et al., 1995.
Additional reference: Murcia et al., 2010.

& Additional reference: Calvache et al.,, 1997.

" Additional reference: Cortés and Raigosa, 1997.

! Additional reference: Bechon and Monsalve, 1991.
' Additional reference: Lewicki et al., 2000.
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gas and infrasound sensors, electronic tiltmeters and a weather
station (Seidl et al., 2003).

2. Methods and data quality
2.1. InSAR

Active satellites, such as ALOS, illuminate a swath of the earth's
surface with electromagnetic radiation and record the backscattered
waves. If the volcano deforms during the repeat period of the satellite
(for ALOS this is 46 days), the displacement can be measured by
observing the difference between the two radar returns when the
satellite is in approximately the same position overhead. This path
difference results in a phase shift, which can be detected by computing
an interferogram (Massonnet and Feigl, 1995). The phase change
observed in a single interferogram is the result of a combination of
differences in orbital position, topography, atmospheric delay and
ground deformation. To separate out the phase change resulting from
deformation only, the other components must first be removed.
Throughout this study, processing was undertaken using the Repeat
Orbit Interferometry Package (ROI_PAC) (Rosen et al, 2004), the
topographic correction was applied using the Shuttle Radar Topography
Mission (SRTM) 90 m resolution digital elevation model (DEM) (Gesch
et al., 2006) and interferograms were unwrapped using the branch cut
algorithm (Goldstein et al., 1988).

InSAR has the ability to measure deformation over large areas
(60x 60 km) at high resolution (~90 m) with accuracies better than

1 cm. However, measurements of displacement rates at stratovolca-
noes are notoriously difficult (Zebker et al., 2000; Pritchard and
Simons, 2004). In order to successfully measure ground displacement,
the ground surface needs to remain relatively unchanged between
acquisitions, which is why the steep slopes and often snow covered
peaks of stratovolcanoes produce areas of decorrelation. Highly
vegetated areas, which are common in the tropics, can also be
problematic. The coherence of ALOS L-band (N =23.6 cm) interfero-
grams is typically higher than that obtained using C-band data
(N=5.65 cm) from other satellites (e.g. RADARSAT or ENVISAT). This
has now allowed measurements at volcanoes in tropical vegetated
regions such as Arenal (Ebmeier et al., 2010) and Tungurahua (Biggs
et al., 2010).

2.2. Atmospheric contributions

Changes in apparent path length can be caused by variations in
temperature, pressure and water vapour in the troposphere, although
path delays resulting from variations in water vapour are typically
more common. Two types of tropospheric delay are prevalent in
InSAR results. The first is caused by turbulent mixing in the
atmosphere, which affects all landscapes (both rugged and flat
terrain). The second type is caused by stratification and affects
mountainous regions. Atmospheric delay from stratification is caused
by variations in vertical refractivity profiles in either of the two SAR
acquisitions (Hanssen, 2001). This type is of most concern with
regards to the interpretation of volcanic deformation. Phase delays

4 Deformation
4 Atmospheric signal
Incoherent
4+ No deformation

Colombia

Fig. 1. Digital elevation model showing the location of Colombia's 15 active volcanoes (Table 1) and results of the InSAR study. The location of Bogota is displayed as a black star and
other major settlements as black squares. Inset shows location of the Colombian volcanic chain.
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can be up to 11 cm (Heleno et al., 2010), which is well within the
range of expected uplift or subsidence during volcanic unrest. The
effects are generally observed over the highest peaks, which often
correspond to volcanic edifices. Fortunately these effects have a strong
correlation with topography, aiding their identification.

2.3. Data integrity

We employed stacking throughout the study in order to reduce
random atmospheric noise. This technique consists of averaging a
number of interferograms to enhance the signal to noise ratio.
Interferograms displaying noise in the vicinity of the anomaly were not
incorporated in the stack, to avoid bias in the averaged interferogram.
Direct comparisons were then made between the DEM and the stacked
interferogram, to assess the likely occurrence of phase variations related
to stratified water vapour. The majority of interferograms used in
the analysis have small perpendicular baselines (B, ), (Supplementary
Table 1) which ensures that the altitude of ambiguity (difference in
elevation responsible for producing a full fringe (12 cm) of deformation)
is significantly larger than the error in the SRTM data. Comparisons were
also made between B, and phase to identify any trends that may be
indicative of an error in the DEM (e.g., Hooper et al.,, 2004).

Where appropriate, source modelling was undertaken using the
University of Miami's GeodMod software (GeodMod, 2011) to
establish the most likely source parameters to explain the observed
deformation. Some of the methodology of GeodMod is described by
Amelung and Bell, 2003. We used a simulated annealing inversion
technique to determine the optimal source geometry and a linear
inversion to compute the source strengths and simultaneously solve
for a linear ramp to compensate for long-wavelength artefacts in the
interferograms. Atmospheric noise is considered to be the largest
contributor to error in the analysis. The magnitude of the water
vapour contribution was estimated by fitting a 1D covariance function
to each of the interferograms (Wright et al., 2003). Confidence
intervals were estimated using a Monte Carlo type algorithm. We
simulated 100 sets of atmospheric noise with the same magnitude
and spatial correlation as the original interferograms. These were
added to each of the input interferograms and the inversion was re-
run to determine the range and trade-offs between each of the
parameters (Wright et al., 1999; Biggs et al., 2009).

3. Results and discussion

One hundred interferograms (Supplementary Table 1) were
analysed as part of this study to determine whether any of the
Colombian volcanoes were exhibiting signs of deformation. Fig. 1
summarises the results of the analysis. Of the 15 volcanoes studied, 1
is believed to have undergone deformation during the observation
period (Galeras), 6 are affected by atmospheric delay (Nevado del
Ruiz, Nevado del Tolima, Nevado del Huila, Dofia Juana, Azufral and
Cumbal), 3 are incoherent (Romeral, Cerro Bravo and Cerro Machin)
and the remaining 5 show no signs of deformation (Santa Isabel,
Puracé, Sotar4, Volcan Petacas and Cerro Negro de Mayasquer). Each
of these categories will be discussed in more detail in the following
section; however the main focus of the discussion is Galeras.

3.1. Galeras volcanic complex

Numerous studies have been undertaken at this volcano, with
correlations made between variations in SO, emissions, tilt, the
duration and amplitude of LP events and the onset of eruptions (e.g.,
Fischer et al., 1994, Ordéfez and Rey, 1997; Narvaez et al., 1997).
Volume changes associated with inflation or deflation of the magma
chamber have also been derived by modelling variations in tilt
(Ordébiiez and Rey, 1997 and Narvaez Medina, unpub. data). InSAR is a
complementary technique which provides insight into patterns of

magma movement and storage and may be used to optimise the
placement of ground monitoring equipment.

3.1.1. InSAR

Eight interferograms generated between June 2007 and September
2008, from ALOS tracks 152 and 153, display an anomaly on the
northeast-east flank of Galeras volcano that is equivalent to
approximately 3 cm of vertical subsidence. Three interferograms are
independent — that is, they do not share a common master or slave
date (Fig. 2). This confirms that the anomaly cannot be the result of
noise or atmospheric conditions on one particular date, and the
interferograms span sufficiently different time periods for phase
changes resulting from seasonal variations to be limited. The location
of the peak deformation varies slightly in each of these interferograms
due to differences in atmospheric conditions, variations in the viewing
geometry of the satellite on different acquisition dates and the varying
degrees of temporal coverage of each of the interferograms. Phase
variations observed between interferograms covering different time
periods may reflect subsurface processes such as post-eruptive
relaxation of the magma chamber, magma recharge and degassing
or surface processes related to ground instability or changes in
atmospheric conditions.

A stack of seven interferograms from tracks 152 and 153 (Fig. 3A)
clearly shows subsidence on the NE flank of the volcano. The
maximum average displacement is — 2.8 cm in the satellite's line of
sight (LOS), which assuming purely vertical deformation corresponds
to 3.4 cm of subsidence. Although one additional interferogram also
displayed subsidence, this was affected by noise in the vicinity of the
summit (Supplementary Table 1) and was not included in the stack.
As the stack was generated by averaging interferograms from multiple
tracks, it should be noted that the satellite's line of sight changes
across the swath by ~10%, leading to an inherent error in the extracted
deformation measurements (of order 10%). Comparing profiles of
displacement with that of topography (Fig. 3B), we find that the phase
increase is offset from the peak elevation, making it unlikely that the
phase change is caused by stratified water vapour.

A subsidence signal may be caused by many processes, including
co-eruptive deflation of a crustal magma reservoir, post-eruptive
viscoelastic relaxation, edifice collapse, lava subsidence, degassing or
depressurisation of a hydrothermal reservoir (e.g., Hurwitz et al.,
2007). Only by refining the period of observed deformation,
undertaking source modelling and comparing InSAR results with
field observations, is it possible to differentiate between these various
physical processes. Analysis of the interferogram time coverage plot
(Fig. 4), suggests that the bulk of the deformation occurred during the
6 weeks between 4 December 2007 and 19 January 2008. This
coincides with an explosive eruption at Galeras on 17 January 2008
(INGEOMINAS, 2008), during which incandescent blocks and bombs
were ejected from the main crater and ash was dispersed up to 70 km
to the west of the volcano. Preliminary analysis by INGEOMINAS
scientists suggested that ~80% of the material ejected during the
eruption was juvenile magma (INGEOMINAS, 2008).

3.1.2. Modelling

We tested both a point source (Mogi, 1958) and an Okada
dislocation model (sill) (Okada, 1985) to determine the approximate
source location, depth and volume change responsible for the
observed deflation at Galeras. These are flat earth models that assume
a pressure source in a homogeneous, isotropic, elastic half-space.

The best fitting model is the deflation of a rectangular dislocation,
which can be thought of as a sill, situated at a depth of ~2 km and
corresponding to a volume change of approximately —6.5x 10° m*
(Table 2; Fig. 5D and F). The sill is near-horizontal with an approximate
length and width of 8 km and 3 km respectively. The dimensions,
depth and dip of the sill considered suggest that the displacement
resulted from the deflation of a thin magma lens, beneath the NE flank
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of the volcano. Although the RMS misfit is comparable for both the
Mogi point source and Okada sill, the Okada sill provides the best fit
to the data, producing an elongated ellipsoidal pattern similar to the
observed displacement (Fig. 5A and D).
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will have an error of o/+N. Thus we expect the error on the averaged
interferogram to be of the order 2 mm. This is in agreement with the
observed RMS misfits between the forward models and the averaged
interferogram (Table 2). We estimated the confidence intervals using
a Monte Carlo type algorithm (Table 2). We simulated 100 sets of
atmospheric noise which were added to each of the input interfer-
ograms and the inversion was re-run to determine the range and
trade-offs between each of the parameters (Wright et al., 1999; Biggs
et al., 2009). The primary trade-offs observed were between depth
and the amount of opening, and depth and volume change (an increase
in AV requires an increased depth to source to produce the same amount
of displacement).

Although the point source (Mogi, 1958) and Okada dislocation
(Okada, 1985) models do not take into account variations in topography,
we tested a 1D model incorporating topographic corrections (Williams
and Wadge, 1998) (Supplementary Fig. 1) for the profile displayed in
Fig. 3B. Our results suggest only a minimal change would be observed,
with a lateral displacement of the maximum amplitude to the east by
approximately 500 m. Of course, a number of the assumptions made
during modelling are unlikely to hold true. For example, the crust is
unlikely to be homogeneous or isotropic in the vicinity of an active
volcano and an intrusion of magma will heat the surrounding crust,
producing weak thermally altered zones. By assuming a purely elastic,
homogeneous half-space we possibly overestimate the depressurisation
and underestimate the depth to the magma chamber (Masterlark et al.,
2010). We also assume that the magma is incompressible; however it is
likely to be a mixture of crystals, liquid and gas, and the behaviour of 3
phase liquids is poorly understood.

Table 2
Source model parameters.

The derived volume change of —6.5x10°m?> is close to the

estimated erupted volume of 8.7 x10°> m?, reported by INGEOMINAS
(2008) for the 17 January eruption, which lends credibility to our
interpretation of the deformation as resulting from deflation of the
magma chamber during this small event. Although the modelling has
inherent limitations, the modelled depth range, dimensions and
location of the source are considered reasonable and are in broad
agreement with contemporaneous tiltmeter data (INGEOMINAS, 2008
and Narvadez Medina, unpub. data) discussed in Section 3.1.3, historic
gravity anomalies (Jentzsch et al. 2004), a zone of low p-wave velocity
(Londofio and Ospina, 2008), seismic attenuation anomalies (Carcolé
et al., 2006; Lacruz et al., 2009) and cluster locations of historic seismic
crises (Cortés and Raigosa, 1997) discussed further in Section 3.1.4.
Previous petrological studies support magma storage at shallow levels
beneath Galeras, with the majority of samples analysed from earlier
eruptive phases showing evidence for amphibole instability (reaction
rims replaced by oxides, pyroxene and plagioclaise). This suggests some
magma residence at pressures of less than 2 kbar, assuming a
temperature of 900 °C (Calvache and Williams, 1997).

The high spatial density of InNSAR measurements has allowed us to
identify a deformation source on the NE flank of Galeras. In light of
this discovery, we review observations from sparser datasets (tilts
and gravity) to see whether they are consistent with our InSAR
measurements.

3.1.3. Observations from tiltmeters

We start by discussing other data, spanning the period of the 2008
activity covered by the InSAR signals. Two tiltmeters situated on the NE
flank of the volcano registered displacement during the eruption on the
17 January 2008 — ‘Crater’, situated 0.8 km ENE, and ‘Peladitos’, located
1.4 km SE of the crater (Fig. 6A). Crater displayed variations in tangential
and radial components of 24 and 26 microradians (prads) respectively,
while variations observed at Peladitos were 5 and 20 prads (INGEOMI-
NAS, 2008). Mogi modelling of the tilt data acquired between 17 and 19
January 2008 predicts a volume change of — 7 x 10° m> with a deflation
source located at a depth of 1.4 km (Narvaez Medina, unpub. data). Both
the volume and source depth computed from the tilt data correspond
well with our InSAR modelling estimates of —6.5x10° m> and 1.8 km.
Additional data are desirable to make a fully quantitative comparison of
measurements. However, we can have confidence that the tilts are in
agreement with the InSAR observations in that they also display
subsidence, are in close proximity to the InSAR anomaly and are during
the same window of deformation.

The detection of co-eruptive subsidence by two tiltmeters on 17
January 2008 and the fact that seismicity measurements recorded
during January 2008 display a clear increase in LP events on 17 and 18
January (INGEOMINAS, 2008), lead us to believe that the displace-
ment observed on the interferograms occurred on 17 January 2008.
The occurrence of a VEI 1 eruption during the window of deformation
suggests that the January 2008 subsidence signal was associated with
co-eruptive processes within the magmatic and hydrothermal
systems. Furthermore, the reasonable agreement between our
model derived volumes and the estimated erupted volume suggests
that the subsidence may be the result of magma withdrawal.

The January 2008 period was not the only occasion on which the
tiltmeters have measured deformation at Galeras. Deformation
believed to be associated with magma movement has been detected

Source RMS misfit Depth Length Width Volume change

(mm) (km) (km) (km) (m?)
Point source (Mogi) 3.06 28403 - - —74x10°£1.9x10°
Sill (Okada dislocation) 2.73 1.84+0.2 79402 29402 —6.5x10°+8.7x10*
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at both Peladitos and Crater on four other occasions: August-November
1991 (Ordéiiez and Rey, 1997), August-October 2005, June-December
2008 and January-April 2009 (Narvdez Medina, unpub. data). The first
three periods were related to magma ascent and the extrusion of lava
domes, whereas the decline observed during January-April 2009 is
believed to be associated with a series of explosions occurring between
14 February and 29 April 2009 (Narvdez Medina, unpub. data). The
majority of interferograms spanning the periods June-December 2008
and January-April 2009, were either affected by stratified water vapour
or showed long wavelength diagonal striping (caused by the dispersion
of the radar wave by interactions with free electrons in the ionosphere
(Gray et al., 2000; Hanssen, 2001)). After filtering attempts to reduce
the atmospheric phase contribution, several interferograms displayed
signs of possible deformation in accordance with the tilt measurements,
but because remnant atmospheric phase variations still remained we

did not undertake source modelling. Four interferograms covering
both episodes (dome growth and explosions) display no deformation
(Fig. 4). It is considered unlikely that dome growth alone would be
detected via InSAR, as the length-scale is too short and interferograms
span both of these periods, so this lack of observed deformation may be
the result of any pre-eruptive deformation being cancelled by co-
eruptive or post-eruptive deformation.

3.1.4. Evidence for a recurrent magma chamber

Our results are consistent with previous studies on Galeras since
1989. Although these earlier studies support the possibility of a
recurrent chamber, InSAR provides the first piece of evidence linked
to an eruption. Carcolé et al. (2006) suggested the presence of a
shallow magma chamber beneath the NE flank of the volcano based
on higher scattering coefficients of shallow earthquakes recorded
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measured gravity data recorded at Galeras (after Jentzsch et al., 2004).

between 1989 and 2002, and Lacruz et al. (2009), utilising 435 VT
events recorded during the same period, detected strong seismic
attenuation anomalies to the NE of the crater (between latitudes
1.22N to 1.28 N and longitudes —77.35 to —77.30 W) at depths
between 2.5 and 5 km.

The position of our anomaly also corresponds with hypocentral
cluster locations from 3 seismic crises in April 1993, November-
December 1993 and March 1995 (Cortés and Raigosa, 1997). These
events were located beneath the NE flank of the volcano at depths
between 2 and 8 km below the surface. Stix et al. (1997) and Zapata
et al. (1997) suggested that these events could be related to magma
intrusion, whereas Jiménez et al. (2008) argued that these events may
have resulted from the activation of local faults. In either case, it is
feasible that previous tectonic earthquakes beneath the NE flank have
resulted in zones of weakness providing preferential pathways for the
migration of fluids. Furthermore, a tomographic inversion study
undertaken by Londofio and Ospina (2008) identified a corresponding
zone of reduced P-wave velocity. Their anomaly was located east of the
crater at a depth of ~1-3 km beneath the summit, between longitudes
—77.35 W and — 77.32 W. The location is in good agreement with the
position of our source of deflation derived from modelling. This low-
velocity zone was interpreted by the authors as corresponding to a
more fluid resident magma chamber.

Gravity campaigns undertaken by Jentzsch et al. (2004 ), between
September 1998 and March 2000 detected an anomaly close to our
observed subsidence signal (Fig. 6A shows the location of their gravity
stations). The peak increases in gravity of 81 and 87 pGals (in the
second and third campaigns respectively) were recorded approximately
3.5 km to the NE of the crater (Fig. 6B) (250 m from our modelled Mogi
point source). The data indicates that the gravity increase occurred
between acquisition of the first and second gravity surveys (over the 6-
month period from September 1998-March 1999). The anomaly was
observed in the same location one year later, when the third survey was
undertaken.

Gravity measurements can be used to calculate changes in mass
distribution, while deformation measurements are sensitive to
volume change. Where both are available simultaneously, it is
possible to calculate the density of the intrusion directly (Battaglia
et al., 1999). In this case only gravity measurements from 1998 to
2000 were available, but by assuming that the location and depth to
the source are the same as for our 2008 InSAR measurements
(Section 3.1.2), the corresponding changes in mass during the period
1998-2000 may be estimated. If we are able to fit the 1998-2000
gravity data using our 2008 source location, this also suggests some

decadal-scale stability in terms of the shallow internal structures
within the volcano.

A spherical body was chosen for the modelling because of its
straightforward comparison with Mogi point source models. The gravity
anomaly produced by a buried sphere is a combination of two
phenomena — a change in mass distribution at depth, plus a change in
height as a result of the pressure change (Segall, 2010). We refer to these
separate contributions as ‘gmass (the gravity anomaly resulting from the
redistribution of mass) and ‘gqef (that resulting from the induced
deformation). The gravity change resulting from the combination of
these (6g,(t)) is equal to:

ng(t) = 08mass + 08qer (1)
and

GAMd
08 mass = (2)

(o + )2

where AM is the change in mass, d is the depth from the centre of the
chamber to the measurement point on the surface, x is the horizontal
distance from the centre of the chamber to the reference point and G
is the gravitational constant (6.67x10~ "' m3 kg~ 's72).

Since no deformation was observed at tiltmeter Peladitos (or
indeed at Crater), but a gravity anomaly of 30 uGals was observed at
gravity station Pela (2.7 km from Mogi source) (Fig. 6B) between
September 1998 and March 2000, we assume that the majority of the
anomaly is the result of changes in mass. Large variations in gravity
have been observed at other volcanoes with little or no corresponding
elevation changes, including Etna (Rymer et al, 1995), Merapi
(Jentzsch et al., 2004) and Kilauea (Johnson et al., 2010). Furthermore,
while no eruption was reported during the time span between the
first and second gravity surveys, tornillos and harmonic tremor were
recorded during October 1998-January 1999 (GVPc, 1994-). Tornillos
are low frequency quasi-monochromatic seismic signals (Chouet,
1992) which have previously been associated with the resonance of
fluids or gas moving along migration pathways. Harmonic tremor is
often detected during periods of degassing (Gil Cruz and Chouet,
1997). Both processes suggest mass transfer within the system. There
were also reports from INGEOMINAS scientists of cracks appearing at
the summit and numerous fissures emitting gas (GVPc, 1994-).

We model the effects of mass redistribution by employing a linear
inversion technique to minimise the misfit between the calculated
and observed gravity measurements at each of the 7 stations. The
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distance to each station was computed radially from our Mogi point
source location (used rather than the Okada sill for simplicity). The
optimal AM was determined to be 9.7 x 10'° kg, which will be discussed
in greater detail later in this section. The model (Fig. 6B) provides a good
match to the measured data, with the exception of the observed value at
station Tell. The half-width of the observed gravity anomaly and the
subsidence anomaly from the stacked interferogram were also
computed, to compare the wavelength of the gravity and InSAR
measurements. The derived values are in good agreement (~2 km —
Figs. 6B and 3B), which supports our modelled source location and
depth (2.8 km) being characteristic of the system 10 years prior.

Two small eruptions occurred on 21 March and 5 April 2000, after
the gravity surveys were acquired. The description of grey/white
emissions (GVPc, 1994-) suggests that these events had a phreatic
component. Acid gas variations at active fumaroles and thermal
springs provide evidence of an active but immature hydrothermal
system at Galeras (Alfaro and Zapata, 1997), and pre-eruptive
decreases in HCI/CO, ratios also suggest selective absorption of
volatiles by a shallow hydrothermal reservoir (Fischer et al., 1996). In
light of these observations, we consider two possible scenarios that
could be responsible for the increase in gravity by causing a sub-
surface variation in mass with little or no resultant deformation: 1)
magma intrusion, devesiculation and degassing (e.g., Eggers, 1983;
Rymer, 1994 and Crider et al., 2008) and 2) groundwater recharge/
migration (e.g., Jachens and Roberts, 1985). A similar effect could also
be produced by magma intrusion into pre-existing open fractures
(e.g., Johnson et al., 2010).

Applying the source location parameters calculated from InSAR has
allowed us to estimate the mass increase associated with the gravity
increase observed between 1998 and 2000 as 9.7 x 10'° kg. Therefore by
assuming typical density changes associated with scenarios 1 and 2 we
can assess the volume of new material introduced to the system
(Table 3) using the relationship V=AM/Ap. It is assumed that this
volume change is accommodated within the edifice without causing
deformation, either by migration through open pores and fractures or in
the magmatic scenario, as a result of degassing. For example, the magma
intrusion and degassing scenario requires that the loss of volatiles from a
vesiculated magma (via degassing over a 6 month period) is balanced
by the influx of melt (Table 2) such that the pressure remains
approximately constant.

A gravity increase related to groundwater replenishment might be
accomplished by either meteoric recharge, or the migration of
groundwater to this area, as a result of induced pore-pressure gradients.
Groundwater flow along open faults and fractures (Jénsson et al., 2003)
might also explain the decline detected on two portable tiltmeters
(Chorrillo and Huairatola) to the north of the volcano (between late
September 1998 to the end of January 1999, the instruments showed a
cumulative decline in the radial component, of ~35 and ~600 prads at
Chorrillo and Huairatola respectively (GVPc, 1994-)).

The meteoric recharge model requires a volume change of
5.4x10®m>? (Table 3). Loboguerrero and Gilboa (1987) estimated
the volume of the average groundwater recharge in the Cauca valley
(NE of Galeras) to be ~1.6 x 10° m?/yr/km?. If we assume the recharge

zone at Galeras comprises the region east of the amphitheatre margin,
incorporating the active cone and fumaroles, this equates to an area
~0.8 km?. Over the 6-month period (in which the gravity increase was
observed) this would correspond to a volume of water accumulation of
6.3x10*m>, which is too low to account for the gravity anomaly.
Groundwater migration meanwhile would require a lateral fluid flux of
35m3 s~ ! (Table 3) to produce the detected increase in gravity. This is
significantly higher than that which has been reported in this area
(~0.001 to ~0.3 m®s™ !, Loboguerrero and Gilboa, 1987; Fischer et al.,
1997). Therefore meteoric recharge or lateral fluid flow alone does not
seem sufficient to account for the observed anomaly.

Our preferred interpretation is that magmatic processes are a more
probable explanation of the gravity anomaly. The model yields
injection rates (~6m>s~!) comparable to those seen at other
andesitic volcanoes such as Soufriére Hills, Montserrat (Elsworth
et al., 2008; Melnik and Sparks, 2005). Although the gravity anomaly
cannot be explained solely by groundwater recharge/migration, we
do not discount the interaction between magma intrusion and
degassing, and the selective absorption of soluble volatiles into
shallow ground waters, during sealing of migration pathways, which
may have led to the repeated episodes of pressure build-up and
eruption (e.g., Fischer et al., 1996; Boichu et al., 2008).

In summary, from a combination of independent observations
(InSAR and tilts), source modelling and the episodic nature of the
observed displacement, we infer that the 2008 subsidence measured
at Galeras is likely to have resulted from processes related to the
explosive eruption occurring in January 2008. It is proposed that
during this event the expulsion of gas and ash caused a reduction in
pressure of a magma chamber, situated ~2-3 km NE of the summit at
a depth of ~2 km. This new understanding of the shallow volcanic
system at Galeras in 2008 has allowed us to re-examine the nature of
the activity and the gravity anomaly observed between 1998 and
2000. We are able to model this data successfully using the same
source parameters as for 2008, suggesting some stability in the
subsurface structure on a decadal timescale. Based on volumetric
calculations and visual observations it would seem that the small
eruptions in 2000 were most likely a combination of both hydrother-
mal and magmatic processes.

3.2. InSAR survey of Colombian volcanoes

Although the volcanoes discussed in this section are not thought to
be deforming, we have included a brief review of our results. Many of
these volcanoes are of great interest to the scientific community and
to others concerned with hazard management.

3.2.1. Atmospheric signals

Interferograms covering Nevado del Ruiz, Nevado del Tolima,
Nevado del Huila, Dofia Juana, Azufral and Cumbal appear to be
affected by tropospheric delay. These displayed significant phase
changes during the observation period, but in each case displacement
could either be correlated with topography or was reversible with
seasons. At Nevado del Tolima, a possible subsidence signal (increase

Table 3
Parameters used to model 2 possible scenarios that may be responsible for the observed increase in gravity at Galeras.
Model P2 1 Ap \Y Minimum inferred rate of fluid movement®
(kgm~?) (kgm™?) (kgm™?) (m?) (m’s™)
Magma intrusion, devesiculation and degassing® 2600 1600 1000 9.7x107 6
Groundwater recharge/migration® 1000 0 180 5.4x108 35

2 Computed by assuming fluid movement was evenly distributed over the 6-month period between the 1998 and 1999 gravity campaigns. Magma densities were computed using
KWare Magma (KWare, 1999) assuming an andesitic magma, at a temperature of 900 °C and pressure of 900 bars (corresponding to ~3 km depth). p; is the density of the material in
place, p, is the density of the intruding material, Ap is the overall change in density and V is the volume of new material introduced to the system, associated with the change in mass
(it is assumed that this volume change is accommodated within the edifice without causing deformation, either as a result of degassing or intrusion into open pores and fractures).

b Modelled by replacing a vesiculated magma (1600 kg m~>) with an unvesiculated magma.

¢ Assuming an average porosity of 18% and meteoric water with a density of 1000 kg m~? is filling empty voids resulting in an overall increase in density of 180 kg m~>.

3
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in range) was observed on multiple interferograms from separate
tracks (Fig. 7A and B). However each of these spanned the latter half of
the calendar year and a decrease in range was detected on an
interferogram covering 12 August 2007-29 June 2008. The apparent
reversal in polarity and comparison of displacement and DEM
(Fig. 7B) suggests that this is likely the result of seasonal variations
in water vapour.

Dofia Juana is potentially one of the most hazardous volcanoes in
Colombia, due to its history of large eruptions (>VEI 4) and capacity
for generating major pyroclastic flows. At Dofla Juana several
interferograms exhibit phase changes of up to 4 cm of displacement
in the satellite's LOS. However, a NE-SW traverse across the anomaly
from the interferogram 19 July 2007-3 September 2007 shows that
the extracted phase is highly correlated with topography (Fig. 7D).
Doifia Juana and Cerro Animas (peak to the NE) have roughly the same
relief (~4150 m) and similar phase change. This would seem to be a
clear example of the effect of stratified water vapour. There is some
recent evidence for new activity in the region of Dofla Juana and Cerro
Animas. VT earthquakes were recorded on 20 and 21 May 2009,
(INGEOMINAS, 2009) and a cluster of earthquakes were detected in
June 2010, in close proximity to Cerro Animas (Monsalve, unpub.
data). The 2 interferograms covering the first period of seismic activity
(May 2009) are affected by tropospheric delay so additional scenes
will be required to determine whether this volcano is deforming.

After 450 years of quiescence, activity resumed at Nevado del
Huila in February 2007, with a VEI 3 explosive eruption that produced
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damaging mudflows. Successive eruptions followed in November
2008 and October 2009 (GVPd, 1994-). Nevado del Huila displayed
possible uplift on one interferogram covering the period 17 March
2008 - 18 December 2008 (Supplementary Fig. 2). Although the
observed anomaly coincides with the most recent periods of activity
(2 January 2008 - April 2008 and 26 October 2008-2010 (GVPe, 1994-)),
the phase signature over the summit appears correlated with
topography. This suggests phase variations are the result of stratified
water vapour. There is however an anomaly on the western flank
(~3.5 cm) that is offset from the DEM (Supplementary Fig. 2), but this
was only visible on one interferogram and so cannot be viewed as
conclusive.

Nevado del Ruiz has a propensity for creating large destructive
lahars. The November 1985 eruption produced small pyroclastic flows
and surges that melted part of the ice-cap. This generated lahars that
crashed through the towns of Armero and Chinchina (Naranjo et al.,
1986). Nevado del Ruiz displays a decrease in range (~2.5 cm LOS) on
one interferogram. This was not observed at any of the 3 other
volcanoes, which were also covered by the image 11 December 2007-
13 December 2008 (Supplementary Fig. 3). Using additional inter-
ferograms which show no deformation, we narrow down the time
window to between 27 April 2008 and 28 July 2008. We attribute this
anomaly to atmospheric contributions because no volcanic activity
was reported for this time interval, the signal has a high correlation
with topography and it was only observed for this one time period
with no other supporting observations.
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A number of interferograms from multiple tracks displayed long
wavelength diagonal striping, possibly the result of ionospheric
interactions (Gray et al., 2000; Hanssen, 2001). Although this kind
of delay is unlikely to be misinterpreted as volcanic deformation, it
may mask small displacement signals.

3.2.2. Volcanoes not displaying signs of deformation

No deformation was observed at Romeral, Cerro Bravo, Santa Isabel,
Cerro Machin, Puracé, Sotara, Volcan Petacas and Cerro Negro de
Mayasquer. It should however be noted that for several of these, INSAR
coverage is limited by poor coherence (Romeral, Cerro Bravo and Cerro
Machin). Cerro Machin (currently limited by coherence) is important to
target because after four years of relative quiet, anomalous seismic
activity was detected in the vicinity of the main dome in January 2008.
This was followed by a seismic crisis on 9 November 2008 and swarms of
shallow earthquakes on 18 December 2008 and 6 June 2009
(INGEOMINAS, 2010b). Unfortunately no interferograms covering
these periods maintain coherence in the vicinity of the volcano. At the
time of writing, the frequency of swarms at Cerro Machin appears to be
increasing, with additional events occurring in December 2009, March
2010, July 2010 and September 2010.

4. Conclusions

Following the analysis of 100 interferograms, covering a 550 km
segment of the Colombian NVZ between 2006 and 2009, we conclude
that the majority of volcanoes are not exhibiting deformation. Of the
15 volcanoes surveyed, atmospheric signals have been observed at 6
(Nevado del Ruiz, Nevado del Tolima, Nevado del Huila, Dofia Juana,
Azufral and Cumbal), 5 displayed no sign of deformation (Santa Isabel,
Puracé, Sotar4, Volcan Petacas and Cerro Negro de Mayasquer), 3 were
incoherent (Romeral, Cerro Bravo and Cerro Machin) and a subsi-
dence signal was detected at 1 (Galeras).

Three independent interferograms over Galeras from two ALOS
tracks display similar displacements, coinciding with the October
2007-January 2008 unrest and eruption. The maximum observed
change corresponds to approximately —3 cm vertical displacement.
We propose that this signal was caused by deflation of the magma
chamber during an explosive event on 17 January 2008. Source
models provide a good fit to the data and insight into the withdrawal
volume, depth to source, and the dimensions of the chamber. The
observed displacement is consistent with deflation of a magma lens
under the NE flank of the volcano, caused by a volume change of
—6.5x10° m? from a deformation source situated at a depth of ~2 km
below the surface. This information may be useful in characterising
part of the magma plumbing system. Prior studies, including gravity
measurements (Jentzsch et al., 2004), deformation measurements
(Narvaez Medina, unpub. data), seismic attenuation studies (Carcolé
et al. 2006; Lacruz et al. 2009) and a tomographic inversion (Londofio
and Ospina 2008) all support the existence of a resident/recurring
chamber at this location over a decadal timescale. This suggests that
future field monitoring efforts could benefit by increasing deployment
of equipment in this region.

Nevado del Huila also entered an eruptive phase during the obser-
vation period. However we were not able to confirm any deformation at
this volcano. More frequent SAR acquisitions are required to better
determine the deformation characteristics of this volcano. Atmospheric
delay is the primary contributor to noise in interferograms. Atmospheric
signals were identified at 6 volcanoes with Dofia Juana and Nevado del
Tolima providing good examples of phase variations resulting from a
stratified troposphere. Santa Isabel, Puracé, Volcin Sotara, Volcan
Petacas and Cerro Negro de Mayasque showed no signs of deformation,
and no activity was reported at these volcanoes during the observation
period. Coherence was limited at Cerro Machin, Cerro Bravo and
Romeral. Cerro Machin has showed recent signs of seismic unrest and
would benefit from additional observation.

This study highlights the potential use of InSAR for measuring
displacement at active volcanoes, and demonstrates how combining
the results with modelling and complimentary field data (e.g. gravity
and tilts) can provide further confidence concerning the likely origin
and dimensions of the source of deformation. We demonstrate that L-
band interferometery provides improved coherence over C-band data
at Galeras, but coverage is still limited by incoherence as well as by
atmospheric delay at several volcanoes. Lack of observed deformation
may be a result of limited SAR acquisitions or internal processes which
offset surface displacements. This question may only be answered
with increased coverage.

With the launch of new satellites such as Sentinel-1 and DESDynl
(Deformation, Ecosystem Structure and Dynamics of Ice — a dedicated
InSAR and LIDAR mission) acquisition parameters will be improved
and satellite repeat times reduced (e.g. from 46 to ~12 days). More
frequent observations would facilitate detection of renewed activity,
while weekly/daily measurements during volcanic crises would
provide a better understanding of both the magmatic processes
involved and the potential hazard.

Supplementary materials related to this article can be found online
at doi:10.1016/j.jvolgeores.2011.02.007.
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