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Abstract We use ALOS-1 Interferometric Synthetic Aperture Radar data spanning the period of 2007–
2011 to obtain time-dependent ground deformation data over all of the volcanoes in Colombia, Ecuador,
and Peru. We detect deformation on or near the proximity of Galeras, Reventador, Tungurahua, Guagua
Pichincha, Sangay, and Cerro Auquihuato volcanoes, uncovering previously undocumented deformation in
the latter three. Deformation is attributed to changes in pressurization of the volcanic systems (Galeras,
Tungurahua, Guagua Pichincha, and Cerro Auquihuato), subsidence associated with flow deposits (Reventa-
dor), and flank creep (Sangay). Our models suggest that the pressure sources are located at depths of
�1–6 km from the surface, indicating that the measurable deformation within our data is restricted to
shallow magma chambers and hydrothermal systems.

1. Introduction

Volcanic deformation is one of the earliest signs of volcanic unrest potentially leading to eruptions [Sparks
et al., 2012]. However, volcanoes have shown to behave differently due to their complex nature. Some vol-
canoes have shown inflation prior to an eruption [e.g., Bagnardi and Amelung, 2012; Biggs et al., 2009; Cervelli
et al., 2006; Chaussard and Amelung, 2012; Lu and Dzurisin, 2014; Poland et al., 2012; Sturkell et al., 2006],
others inflate without erupting [e.g., Fournier et al., 2010; Henderson and Pritchard, 2013; Pritchard and
Simons, 2004], and others erupt without inflating [e.g., Biggs et al., 2014; Lu et al., 2013; Parks et al., 2011;
Pritchard and Simons, 2002].

Among the insights gained about volcanic deformation and unrest from local and regional Interferometric
Synthetic Aperture Radar (InSAR) surveys include (1) mapping surface characteristics, structures, eruptive
deposits, and the extent of deformation, (2) characteristics of the magma plumbing system (location, depth,
geometry, and size), (3) volume of magma transported, (4) temporal evolution of deformation, and (5) pre-
cursory deformation leading to hazard mitigation [e.g., Chaussard and Amelung, 2012; Fournier et al., 2010;
Lu and Dzurisin, 2014; Pritchard and Simons, 2004]. InSAR techniques have been applied over 620 subaerial
Holocene volcanoes, of which 161 have reported deformation [Biggs et al., 2014].

InSAR has been previously used to study the volcanoes in the Northern and Central Andes from Colombia
to Peru, with detected deformation at or near the following volcanoes during the period between 1992 and
2015: Galeras [Parks et al., 2011] and Nevado del Ruiz [Lundgren et al., 2015] in Colombia, Tungurahua [Biggs
et al., 2010; Champenois et al., 2014] and Reventador [Fournier et al., 2010] in Ecuador, Hualca Hualca
[Pritchard and Simons, 2004], Sabancaya [Jay, 2014], and Ticsani [Holtkamp et al., 2011] in Peru. In an effort
to further assess the status of volcanoes in the Northern and Central Andes we conduct a systematic InSAR
survey to obtain the displacement time series for volcanoes in continental Colombia, Ecuador, and Peru for
the 2007–2010 period (with a few exceptions of images acquired during the end of 2006 and beginning of
2011).

2. Geological Setting and Eruptive Activity

The Northern and Central Andes from Colombia to Peru feature a total of 54 volcanoes active during the
Holocene, 16 of which showed eruptive activity since the beginning of the last century [Global Volcanism
Program, 2013]. Volcanism within this region results from the subduction of the Nazca plate beneath the
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South American plate at rates varying from 55.5 mm/yr in the Northern Andes to 79 mm/yr in the Central
Andes [Kendrick et al., 2003]. The region between 38S and 158S in Ecuador and Peru is characterized by a
lack of contemporary volcanism and heat flow attributed to the Peruvian flat-slab subduction segment [e.g.,
Eakin et al., 2014].

Located within the Northern and Central Andes, six volcanoes (Galeras, Nevado del Huila, Reventador,
Sangay, Tungurahua, and Ubinas) in Colombia, Ecuador, and Peru have had magmatic eruptions between
2006 and 2011 [Siebert and Simkin, 2002] (see Table S1 in Supporting Information). In the following we sum-
marize the relevant activity of these volcanoes and of Guagua Pichincha and Cerro Auquihuato which did
not erupt but at which we detected deformation.

Nevado del Huila (2.938N, 76.038W) is a 5364 m high andesitic-dacitic volcanic complex in Colombia, consist-
ing of an elongated N-S trending glacial-capped volcanic chain [Huggel et al., 2007]. Eruptions at this volca-
no started during February 2007 with a Volcano Explosivity Index (VEI) of 3, after centuries of eruptive
quiescence [Pulgar�ın et al., 2010]. The eruption phases between 2007 and 2012 were characterized by phre-
atic and radial fissure eruptions, dome extrusion, ashfalls, and lahars [Parks et al., 2011].

Galeras (1.228N, 77.368W) is a 4276 m high andesitic stratovolcano and one of Colombia’s most active volca-
noes. Following about 7 years of quiescence, the most recent phase of volcanic activity began in March
2000 and resulted in explosive eruptions east of the main crater in 2002 and 2004 followed by infrequent
eruptions at the summit crater during 2005–2014 with VEI of 2–3 [e.g., Parks et al., 2011; Siebert and Simkin,
2002]. The earlier eruptions during the time period of our observations were characterized by lava dome
growth followed by steam, gas, and ash explosions with incandescent material. During 2007–2011, Galeras
had 13 explosive eruptions, of strombolian to vulcanian eruptive styles, with an estimated minimum
erupted material of 13,044,033 m3 [Global Volcanism Program, 2011; INGEOMINAS, 2010].

Reventador (0.088S, 77.668W) is a 3562 m high andesitic stratovolcano located in northeastern Ecuador. One
of its prominent features is a 4 km wide caldera open to the east that resulted from a large sector collapse
around 19,000 year BP [Aguilera et al., 1988] and has been subsequently filled by pyroclastic and lava flow
deposits [Samaniego et al., 2008]. After a 26 year quiescence, Reventador erupted in early November 2002
with a subplinian eruption (VEI of 4) followed by effusive emplacement of lava flows [Hall et al., 2004;
Samaniego et al., 2008]. It has been intermittently erupting since then with periods of quiescence in
between (e.g., no reported activity for 2006). During 2007 it had several strombolian to vulcanian eruptions,
characterized by steam, gas, and ash explosions with incandescent material, and the emplacement of a lava
flow. The most recent eruptive phase (continuing during the time of article submission) started in 2008 and
was dominated by strombolian eruptions with emplacement of lava flows, followed by dome growth, strom-
bolian to vulcanian explosions, and emplacement of lava and pyroclastic flows [Global Volcanism Program,
2012b; IGEPN, 2009a], essentially regrowing the portion of the summit which was lost in the 2002 eruption.

Guagua Pichincha (0.178S, 78.608W) is part of a volcanic complex, with a summit elevation of 4784 m and
located �11 km from Ecuador’s capital, Quito. The last magmatic eruption phase occurred between 1998
and 2001 and was characterized by several months of phreatic activity followed by extrusion of nine dacitic
lava domes, vulcanian eruptions, and pyroclastic flows [Garcia-Aristizabal et al., 2007]. Several phreatic erup-
tions have been reported since then, including in 2008 and 2009 following a few days of increased precipi-
tation [IGEPN, 2009b,2010a], due to the presence of a shallow hydrothermal aquifer fed by meteoric water
and magmatic fluids [Marini et al., 1991].

Tungurahua (1.478S, 78.448W) is an andesitic stratovolcano with a summit elevation of 5023 m and one of
Ecuador’s most active volcanoes. It has been intermittently erupting since 1999, alternating between explo-
sive periods characterized by both strombolian and vulcanian activity with the exception of subplinian
activity in 2006, and relatively quiet intervals manifested by weak steam and ash emissions or total quies-
cence [Arellano et al., 2008; Hall et al., 2013; Hidalgo et al., 2015]. One of its prominent features includes the
scarp of a flank collapse that occurred 3000 years BP and left a large amphitheater on the western flank
[Hall et al., 1999], which has been subsequently filled with eruptive deposits.

Sangay (2.008S, 78.348W) is the southernmost active andesitic stratovolcano of Ecuador, with a summit ele-
vation of 5286 m and with limited monitoring due to its remote location. It is considered the most active
volcano in the Northern Andes because of its almost permanent explosive activity since 1628, characterized
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by strombolian activity with block and ash explosions [Monzier et al., 1999]. Among its prominent features
include scarps from two major sector collapses directed toward the east, where the avalanche deposits
include megablocks that slid as single units [Monzier et al., 1999]. Its last period of strombolian activity was
between January and March 2015.

Cerro Auquihuato in Peru (15.078S, 73.198W) is a �400 m high and unmonitored Holocene cinder cone with-
in a Pliocene volcanic plateau with a summit elevation of 5009 m [Pecho, 1983]. No radiometric dating has
been done at this volcano; therefore, the date of the last eruption is unknown but a prominent Holocene
pahoehoe lava flow extends 12 km south of the volcano.

Ubinas (16.348S, 70.908W) is a 5672 m high andesitic to rhyolitic stratovolcano and the most active in Peru.
No eruptions were reported for nearly 36 years until the 2006–2009 eruption phase, which was character-
ized by small phreatic, phreatomagmatic, and vulcanian eruptions, and strong fumarolic activity [Rivera
et al., 2014].

3. Data and Methods

We conduct an InSAR survey covering all the volcanoes in continental Colombia, Ecuador, and Peru. We use
465 ascending SAR scenes for 27 frames acquired between the end of 2006 and the beginning of 2011 by
the ALOS satellite of the Japan Aerospace Exploration Agency (JAXA) (see Table 1) to generate nearly 2000
interferograms that were used for this study (see Data Set S1 in Supporting Information). We use pair-wise
logic of interferograms to visually eliminate all epochs that are severely affected by phase distortions and
streaks of decorrelation caused by ionospheric delays (17% of the acquisitions; see Text S1 and Figure S1 of
the Supporting Information for examples).

3.1. InSAR Data Processing and Time Series Generation
We use the Modular SAR Processor software (MSP) [Werner et al., 2000] to focus the raw SAR images and
generate the single look complex images (SLC) that were then used to generate the interferograms with a

Table 1. ALOS InSAR Data Summarya

Track Frame Available Scenes Volcanoes

Colombia
147 0080 17 Cerro Bravo, Machin, Nevado del Ruiz, Nevado del Tolima, Romeral, Santa Isabel
149 0040 16 Nevado del Huila
150 0030 17 Purace
151 0020 18 Petacas, Purace, Sotara
152 0010 20 Dona Juana, Galeras, Petacas
153 0010 16 Azufral, Galeras
154 0000 18 Cerro Negro de Mayasquer, Cumbal

Ecuador
107 7190 18 Soche
108 7170 18 Aliso, Sumaco
108 7180 18 Cayambe, Imbabura, Reventador
109 7170 17 Aliso, Antisana, Atacazo, Chacana, Cotopaxi
109 7180 17 Atacazo, Chacana, Cuicocha, Guagua Pichincha, Imbabura, Mojanda, Pululagua
109 7190 17 Chachimbiro, Cuicocha, Imbabura, Pululagua
110 7140 19 Sangay
110 7150 19 Cerro Altar, Chimborazo, Licto, Tungurahua
110 7170 19 Atacazo, Cotopaxi, Guagua Pichincha, Illiniza, Quilotoa

Peru
101 6830 14 Nevados Casiri, Yucamane
101 6840 14 Tutupaca, Yucamane
102 6840 15 Huaynaputina, Ticsani, Tutupaca
102 6850 14 Huaynaputina, Ubinas
102 6890 20 Quimsachata
103 6850 15 Cerro Nicholson, El Misti
103 6860 15 Nevado Chachani, Sabancaya
104 6860 13 Huambo, Sabancaya
104 6870 21 Andahua-Orcopampa
105 6870 20 Coropuna
106 6870 20 Cerro Auquihuato, Sara Sara

aALOS ascending data used for this study over volcanoes in Colombia, Ecuador, and Peru.
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modified version of the ROI_PAC SAR software [Rosen et al., 2004], which coregisters all interferograms to a
master SLC. We remove topographic contributions using 90 m resolution digital elevation models (DEM)
obtained by the NASA Shuttle Radar Topography Mission (SRTM), which were resampled to 30 m. We
unwrap the interferograms using the Statistical-cost Network-flow Algorithm for Phase Unwrapping (SNA-
PHU) [Chen and Zebker, 2001] and correct for unwrapping errors using a phase-closure technique based on
the triangular consistency of interferograms [Fattahi, 2015]. We select interferograms with perpendicular
baselines of less than 2000 m and temporal baselines of less than 24 months, 34–38 months, and 46–50
months. Exceptions are made to these selection parameters, using interferograms with generally high
coherence and manually removing incoherent interferograms.

We generate the time series in radar coordinates by inverting the fully connected network of interferograms
for the phase history using the Small Baseline (SB) method [Berardino et al., 2002]. Incoherent pixels are
masked out using a temporal coherence threshold of 0.7 to reduce bias from phase unwrapping [Pepe and
Lanari, 2006]. We correct for DEM errors in the time domain by removing the dependency of the displace-
ment history to the perpendicular baseline history using the model-based approach of Fattahi and Amelung
[2013] (see Text S2 and Figures S2 and S3 of the Supporting Information for more details and illustrations of
the correction and conditions to perform it). Fattahi and Amelung [2013] demonstrated that their DEM error
correction is less sensitive to their imperfect model as compared to the original SB approach, leading to
more accurate results. Time series are then corrected for residual phase ramps due to tropospheric and/or
ionospheric variations by estimating the linear or quadratic surface that best fits the interferometric phase.
Finally, the displacement time series and averaged velocities are georeferenced.

The main source of noise in the InSAR measurements is attributed to atmospheric phase delays, but regional
InSAR volcano deformation surveys are generally not suitable for atmospheric correction using empirical
and predictive methods [e.g., Ebmeier et al., 2013]. We use a reference pixel comparison approach to identify
atmospheric delays over the volcanoes. We first compared the LOS displacement time series of an active
volcano and a neighboring inactive volcano using points of similar elevation (elevation preferably within
100 m) to identify temporal patterns which represent deformation instead of stratified or localized turbulent
atmospheric delay [Chaussard et al., 2013] (this part of the approach was applied to all our volcanoes). Since
our InSAR time series provides measurements relative to a reference point, and assuming that similar local-
ized and regional atmospheric conditions exist within two points at proximity, we used a nondeforming pixel
in proximity and at a similar elevation to the deforming region as a reference to minimize the atmospher-
ic noise and obtain the LOS deformation (this part of the approach was applied at Reventador, Guagua
Pichincha, and deformation near Cerro Auquihuato; see Text S3 and Figure S4 of the Supporting Informa-
tion for more details on how we assess atmospheric delays for the Guagua Pichincha volcano example).

4. Results

Our result is an averaged 2007–2011 LOS velocity map for the volcanic areas of the northern Andes (see Fig-
ures 1 and 2 and Figures S11–S13 of the Supporting Information), which allows for the identification of
actively deforming volcanoes with linear deformation trends. Positive LOS displacements (LOS decrease)
represent movement toward the satellite (e.g., uplift), and negative LOS displacements (LOS increase) repre-
sent movement away from the satellite (e.g., subsidence). We examined displacement time series for all the
volcanoes covered to search for nonlinear deformation, which could result in average LOS velocities of zero.

Our results reveal six volcanoes exhibiting deformation (five of which had either magmatic or phreatic erup-
tions during the time range of the analysis). Three of the volcanoes show LOS decrease indicating uplift
(Guagua Pichincha, Tungurahua, and Cerro Auqihuato), two of them show LOS increase indicating subsi-
dence (Galeras and Reventador), and one volcano shows both (Sangay). For each of these deformation cen-
ters, we present the results in the form of an averaged LOS velocity map and the LOS displacement time
series in Figures 2 and 3 (see Figures S5–S13 in the Supporting Information for more illustrations of the
LOS-averaged velocities and time series). LOS velocity profiles through the deforming volcanoes and their
surroundings are given in Figure 2 and Figures S11–S13 of the Supporting Information.

At Galeras we observe a subtle LOS increase trend at the northeastern flank of the volcano for the entire
time period of analysis (Figures 2a–2c), with a maximum average LOS displacement of 24.5 6 2.8 cm. The
signal is subtle but acceptable because measurements over the region of interest from two overlapping
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satellite tracks are in agreement, as observed in Figure 2b. No evident changes can be related to individual
eruption phases.

At Reventador volcano, the low interferometric coherence allows us to obtain deformation data only in the
nonvegetated summit area and inside the caldera. We observe consistent LOS displacement at a rate of
26.3 6 0.8 cm/yr centered �1.5 km east of the summit for the entire observation period without evident
changes related to different eruption phases. The maximum LOS displacement for the entire time period of
analysis is of 222.7 6 5 cm (Figures 3a and 3b).

At Guagua Pichincha volcano, we find previously undocumented LOS decrease on the active dome within
the caldera, and immediately west and south of it, with up to 6.5 6 1.8 cm LOS displacement from Decem-
ber 2006 to August 2009 (Figures 2d–2f). Figure 2e shows that measurements over the region of interest
from two overlapping satellite tracks are in agreement.

For Tungurahua volcano, the average LOS velocity map shows deformation on the western flank (Figures 3c
and 3d). The displacement time series for two pixels 3 km west and �8 km west-southwest of the summit
reveal distinct temporal behavior between the upper and lower western flank, respectively. The displace-
ment time series for the western flank clearly reveal coeruptive LOS decrease during the period under anal-
ysis, with a noticeable increased LOS displacement rate up to 34.7 6 1.8 cm/yr between December 2007
and May 2008 on the upper flank. Our results show that the western flank of the volcano remained inflated
for the entire time period of our analysis, with a total maximum LOS displacement of 21.6 6 1.8 cm with
respect to the first date of our analysis (Figure 3c). The lack of scenes prevents us from determining if defor-
mation clearly occurred during intereruptive periods.

Our results for Sangay volcano reveal LOS decrease on the SW flank and LOS increase on the SE
flank of the volcano (Figures 2g–2i). The total maximum LOS displacements during the time range of

Figure 1. Averaged 2007–2011 LOS velocity map constructed with ALOS InSAR data for volcanoes under analysis in Colombia, Ecuador,
and Peru (see Table 1 for ALOS track and frame information over the volcanoes). Black circles: active volcanoes during the Holocene
[Siebert et al., 2010]. Red triangles: volcanoes showing deformation in this study.
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Figure 2. (left) Mean 2007–2011 LOS velocities. (top right) Mean LOS velocity profiles superimposed on the topography and (bottom right)
LOS displacement time series, respectively, over (a–c) Galeras, (d–f) Guagua Pichincha, and (g–i) Sangay volcanoes. Black dashed lines in
Figures 2a, 2d, and 2g: location of profiles through the deforming regions and surroundings. Reference point: solid black square in Figures
2a and 2d; 21.43908, 278.59628 for Figure 2g is outside the extent of the figure. White corner markers in Figures 2a and 2d: extent of Fig-
ures 4a, 4e, and 4i over Galeras, and Figures 4b, 4f, and 4j over Guagua Pichincha. Black circle in Figures 2a, 2d, and 2g: pixel for LOS dis-
placement time series in Figures 2c, 2f, and 2i. Error bars in Figures 2c, 2f, and 2i: approximated measurement of uncertainty at each
epoch, estimated using the standard deviation for all the coherent points within the frame. Gray horizontal lines in time series: periods of
eruptive activity [Siebert and Simkin, 2002].
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our study are 7.1 6 2.1 cm and 215.9 6 2.1 cm, respectively. Eruptions at Sangay occurred intermit-
tently during the time period of the analysis, without evidence of surface deformation related to the
eruptions.

Our results show a previously unidentified LOS decrease signal, centered at 215.13978, 273.17148

(Figures 3e and 3f). This signal is not located in a known volcanic edifice, but is located within a valley
7 km Southeast of Cerro Auquihuato (215.07308, 273.19138). The total maximum LOS displacement is
10.2 6 4.2 cm.

Figure 3. (left) LOS displacement time series and (right) averaged 2007–2011 LOS velocity for (a, b) Reventador, (c, d) Tungurahua, and (e,
f) 7 km SE of Cerro Auquihuato volcano. For visualization purpose, the time series in Tungurahua’s upper flank (circles) has been shifted
upward by 5 cm. Black solid/dashed line: best-fitting linear regression for different time periods with the corresponding deformation rate.
Gray horizontal lines: periods of eruptive activity [Siebert and Simkin, 2002]. Reference point: black square in Figure 3b; 21.43908,
278.59628 for Figure 3d and 215.08468, 273.25048 for Figure 3f are outside the extents of the figures. Red circle/triangle: pixel for dis-
placement time series. The black solid/dashed ellipsoids in Figure 3d roughly delineate two main deformation tendencies: E-W deforma-
tion trend (solid) and NE-SW trend (dashed). White corner markers in Figures 3d and 3f): extent of Figures 4c, 4g, and 4k over Tungurahua,
and Figures 4d, 4h, and 4l over Cerro Auquihuato.

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006393

RIVERA ET AL. DEFORMATION SURVEY OVER THE ANDES 2875



5. Source Modeling

We model the observed deformation using the best fitting solutions for magmatic sources embedded in a
homogeneous and isotropic elastic half-space with topographic approximation [Williams and Wadge, 1998],
using the University of Miami’s GeodMod software. While we are neglecting the hot and mechanically het-
erogeneous crustal conditions along with complex source geometries and properties, these simplified mod-
els provide a first-order estimate for source depth, volume, and geometry. We use point sources [Mogi,
1958], rectangular dislocation sources with uniform opening [Okada, 1985], and pressurized ellipsoids [Yang
et al., 1988]. The data are LOS displacements between two selected epochs obtained from the displacement
time series, sampled using uniform grids to reduce the amount of data points (each grid dimension was
nearly 90 3 90 m). The epochs were selected to cover the periods with linear deformation trends (the first
and last epochs falling under the inflation trend for Guagua Pichincha and Cerro Auquihuato; the first and
penultimate epoch covering the deflation trend for Galeras because the last epoch was noisy), and to cover
nonlinear deformation during an eruption phase (e.g., nonlinear inflation at Tungurahua from 2007 until the
end of the eruption phase in July 2009; see Table 2). We solve these geophysical inverse problems using a
Monte-Carlo-based Gibbs sampling algorithm [Brooks and Frazer, 2005] to find the optimal solutions that
yield the lowest root mean square error (RMSE).

For volcanoes showing roughly circular deformation patterns we use a Mogi model (Guagua Pichincha) or
an equidimensional Okada sill model (Cerro Auquihuato). For volcanoes showing ellipsoidal patterns we
use a Yang elongated spheroid model if the signal-to-noise ratio is high (Tungurahua shallow source). For
volcanoes showing other elongated deformation patterns with a low signal-to-noise ratio we use rectangu-
lar Okada models (Galeras and Tungurahua deeper source). In the following we express the source depths
relative to the summit elevation of each volcano, unless otherwise stated.

Our best fitting model for Galeras volcano is a volume decrease of a rectangular dislocation located at
5.9 km depth, and for Guagua Pichincha volcano a Mogi inflation source at 3 km depth (see Figure 4 and
Table 2). For Tungurahua volcano two sources are required to fit the data, but these model sources have
to be interpreted with caution because we have neglected the interaction between the sources [e.g., Pas-
cal et al., 2013]. The first source is an elongated ellipsoid under the upper western flank (long axis orient-
ed east-west) at 2.6 km depth (similar elevation as the western base of the edifice), herein referred to as
the shallower source. The second source is a sill under the lower western flank (long axis oriented north-
east-southwest) at 5 km depth, herein referred to as the deeper source. For the detected deformation SE
of Cerro Auquihuato we find a sill at 1 km depth below the surface (surface elevation 3763 m a.s.l.; see
Figure 4 and Table 2). The actual depths of the sources are probably deeper than inferred because the
uppermost crust is more compliant than represented by our homogeneous models [e.g., Hautmann et al.,
2010]. The model parameters and uncertainties are reported in Tables S2–S5 of the Supporting Informa-
tion. We do not present models for Reventador and Sangay volcanoes because we attribute the source of
deformation to other processes unrelated to magma chamber pressurization, as discussed in the follow-
ing sections.

Table 2. Estimated Volcano Deformation Source Parameters
Volcano Source Latitude, Longitude (8) Deptha (km) Length (km) Width (km) Opening (m) Strike (8) Dip (8) Magnitudeb

08/05/2007–09/28/2010 LOS Displacement; ALOS T 153, F 0010; rms 5 18.27 mm
Galeras Okada 1.2408, 277.3236 21.6 [23.6] 1.8 3.8 20.17 0 37 21.20 3 106

12/23/2006–08/15/2009 LOS Displacement; ALOS T 110, F 7170; rms 5 9.72 mm
Guagua Pichincha Mogi 20.1747, 278.6163 1.8 [20.5] 0.12 3 106

12/23/2006–06/30/2009 LOS Displacement; ALOS T 110, F 7150; rms 5 16.82 mm
Tungurahua Yang (shallow

source)
21.4686, 278.4587 2.4 [0.7] 2.8 1.1 87 36 0.08 3 1025

Okada (deeper
source)

21.4601, 278.4797 0.0 [21.6] 0.3 7.7 0.79 308 222 1.80 3 106

01/16/2007–01/27/2011 LOS Displacement; ALOS T 106, F 6870; rms 5 6.87 mm
SE of Cerro Auquihuato Okada 215.1387, 273.1761 2.8 [20.4] 1.3 1.4 0.10 199 210 0.20 3 106

aDepths are expressed with respect to sea level (positive and negative values are, respectively, above and below sea level), and shown in brackets with respect to the lowest topo-
graphic elevation (2028, 2346, 1678, and 3249 m for Galeras, Guagua Pichincha, Tungurahua, and Cerro Auquihuato, respectively) of the area selected around each volcano for the
modeling shown in Figure 4 (positive and negative values are above and below reference elevation, respectively).

bMagnitudes are expressed as volume change (m3) for Okada and Mogi sources, and as pressure change (l Pa) for Yang sources.
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6. Discussion

We have identified surface deformation at/near six active volcanoes in the northern and central Andes
during the 2007–2011 time period covered by ALOS InSAR. At four of the volcanoes, we have used homoge-
neous elastic half-space models to estimate the depth range and geometry of the sources causing the
deformation. However, ground deformation can be caused by a variety of processes, including changes in
pressure of the magmatic and/or hydrothermal system, subsidence of eruptive deposits and flank instabili-
ty. In the following sections we compare our results with previously published studies to discuss the nature
of the sources of observed deformation at/near the volcanoes.

6.1. Galeras Volcano
We have observed a LOS increase trend on the northeastern flank for the entire time period, which we have
explained by long-term depressurization of a shallow magmatic source at 5.9 km depth (1.6 km b.s.l.). This
is consistent with a previous study [Parks et al., 2011], which identified the area of subsidence on the north-
eastern flank until 2008. Subsidence at volcanoes can be due to several mechanisms but several studies
have presented evidence to support the presence of a shallow chamber within the northeastern flank of
Galeras. Lacruz et al. [2009] identified seismic attenuations within the same region at 2.5 to 25 km depths
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with respect to sea level, which they attributed to an area of magma accumulation. Negative Bouger and
magnetic anomalies have also been identified [e.g., Vargas and Torres, 2015] within the same region, which
can suggest, respectively, density decrease and temperatures too hot for magnetization. Vargas and Torres
[2015] presented the velocity structure of Galeras volcano from earthquake tomography and suggested a
system of ducts and fractures related to the intersection of two fault systems running through the north-
eastern flank, through which magma and fluids migrate from deeper levels. Assuming the observed dis-
placement is dominantly vertical, deformation could be explained by processes involving depressurization
of a magma chamber, including drainage of magmatic or hydrothermal fluids or contraction related to cool-
ing and crystallization of a magma chamber.

6.2. Reventador Volcano
We have observed steady LOS displacement of more than 26 cm/yr over the pyroclastic and lava flow
deposits emplaced since 2002 within the sector collapse region of the volcano [e.g., Samaniego et al., 2008],
corresponding to more than 7.2 cm/yr of subsidence assuming that the deformation is vertical. Fournier
et al. [2010] reported a 2008–2009 ALOS interferogram with up to 220 cm/yr LOS displacement in the
southernmost collapse region. Our time series result lacks coherence over that region but we measure a
maximum LOS displacement rate of 26.7 6 2.0 cm/yr east of the summit within the collapse region (same
pixel chosen for the time series shown in Figures 3a and 3b) during the same period. Fournier et al. [2010]
attributed the deformation to cooling and compaction of pyroclastic and lava flow deposits and our results
confirm these observations. Subsidence of erupted deposits has also been observed at other volcanoes
[e.g., Ebmeier et al., 2012; Fournier et al., 2010; Lu et al., 2005].

6.3. Guagua Pichincha Volcano
We have observed LOS decrease in the summit area at a fairly constant rate between 2007 and July 2009,
which we have explained by a pressure source at 3 km depth (Table 2). Our source depth is much shallower
than the magma storage region inferred from petrologic analysis at �5–13 km depth below the summit
[Garcia-Aristizabal et al., 2007]. The observed deformation is thus caused by a shallow, previously unidenti-
fied magmatic source or it is of hydrothermal origin.

There are two arguments in favor of a magmatic origin. First, our source model depth corresponds to the base of
a vertical structure identified using relocated hypocenters from volcano-tectonic earthquakes of 1998 and 1999
and interpreted as the active volcanic conduit [Garcia-Aristizabal et al., 2007]. This suggests the possibility of a
shallow chamber directly beneath the conduit. Second, shallow volcano-tectonic events (ranging from 0 to 7 km
depth) increased during 2006 and later decreased during the second half of 2009 [IGEPN, 2010b], indicating the
ascent of fluids toward the surface (e.g., from the petrologic magma body of Garcia-Aristizabal et al. [2007]).

However, the seismicity related to fumarolic emissions and fumarolic temperatures within the crater slightly
decreased in mid-2009 [IGEPN, 2010a]. These changes coincide with the cessation of inflation in August
2009, indicating a hydrothermal origin. All this together suggests that inflation was caused by a combina-
tion of magma ascent and pressurization of the hydrothermal system, with the latter dominating. The shal-
low hydrothermal system was first identified by Marini et al. [1991].

6.4. Tungurahua Volcano
We have observed LOS decrease in the western flank of the volcano with distinct temporal and spatial char-
acteristics, with the highest displacement rates found within the region enclosed by the rim of the flank col-
lapse that occurred 3000 years BP [Hall et al., 1999]. We attribute the source of deformation to coeruptive
inflation of two magmatic sources (see Table 2), which we roughly delineate in Figure 3d. However, we rec-
ognize that we have neglected the interaction between the two magmatic sources [Pascal et al., 2013]. The
shallower source with E-W orientation was initially noted by Fournier et al. [2010] and resembles an elongat-
ed ellipsoid, while the deeper source resembles an elongated source with a NE-SW orientation.

A previous study attributed the deformation from December 2007 to March 2008 to a single intrusion
source (e.g., ellipsoidal or sill) [Biggs et al., 2010]. We attempted to model the deformation with single sour-
ces (mogi, sill, and ellipsoid) but they yielded higher RMSE. Our results show a maximum LOS displacement
in the western flank of the volcano of 8.4 6 1.2 cm for this time period whereas Biggs et al. [2010] reported
17.5 cm of vertical displacement with negligible horizontal motion. Thus, we convert our maximum LOS
into vertical displacement to obtain 10.1 cm of uplift (assuming negligible horizontal ground displacement
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and an incidence angle of 348). The differences between our results with those reported by Biggs et al.
[2010] may arise because our methodology involves the use of time series instead of individual interfero-
grams, as well as additional corrections to minimize errors due to residual phase ramps.

We modeled the shallower source (see Table 2) as an elongated ellipsoid, with the long axis oriented E-W.
This source roughly corresponds to the base of a low-velocity zone under the northwestern flank and
extends into the near-vertical structure within the edifice identified by Molina et al. [2005]. We modeled the
deeper source (see Table 2) as a sill, with the long axis oriented NE-SW. Molina et al. [2005] suggested that
the NNE-SSW local tectonic lineaments and faults in Tungurahua could be the preferred orientation of mag-
ma transport, which roughly agrees with the orientation of the deeper source. Samaniego et al. [2011] also
presented petrological results for the juvenile material from the 2006 eruptions at Tungurahua and deter-
mined a magmatic source depth between 7.5 and 9.5 km below the summit. Our results show agreement
with the petrological data as our models indicate that the deeper source extends into those depths.

Another study detected approximately constant large-scale inflation centered at the Tungurahua volcanic com-
plex at a maximum LOS rate of 8.2 mm/yr near the summit using 2003–2009 Envisat InSAR time series, which
they attribute mainly to a source at an intermediate depth of 16.5 km (11.5 km b.s.l.) and partly to a shallower
storage zone [Champenois et al., 2014]. During the �2.5 year overlap with our study we do not observe clear
evidence of a large-scale inflation produced by this deep source, suggesting that the deformation pattern pos-
sibly changed over time. A comparison of the results is also difficult because (1) most of their velocity estimates
are less than 6 mm/yr which fall within our uncertainty estimates, (2) subtle signals produced by their deep
source and measured within the edifice could be indistinguishable from those produced by shallower sources,
and (3) they lose coherence on the Western flank due to decorrelation caused by eruptive deposits whereas
we lose coherence directly west and south of the edifice. However, the study by Champenois et al. [2014]
together with our results suggests an interconnected system of several magma chambers feeding the erup-
tions via shallow and intermediate-depth reservoirs underneath the volcanic edifice. Indeed, many of the LP
seismic locations in preeruptive phases are generally at 3–5 km below the summit crater [IGEPN, 2009c].

6.5. Sangay Volcano
For the entire time period we have detected a steady range decrease on the west flank and a steady range
increase on the east flank. We attribute these signals to downhill flank motion or flank creep, although this
cannot be determined using InSAR data from only one flight direction. Given the radar incidence angle of
�348 and the satellite flight azimuth of �2128, the signal along the western and eastern flanks (LOS dis-
placement rate of up to 1.3 and 24.3 cm/yr, respectively) could be caused by �3 and �5 cm/yr of downhill
slumping, respectively (assuming slope angles of 21 and 358 and slope azimuths of 155 and 508, respective-
ly). The observed deformation could also be caused by motion of the entire southern flank, where horizon-
tal motion would go undetected in the region between the two observed signals due to motion parallel to
the satellite flight direction (e.g., Arenal volcano in Ebmeier et al., 2010]).

Two major sector collapses directed toward the east and southeast have been identified at Sangay [Monzier
et al., 1999] and the signal in the SE flank is found within these regions, which further support the hypothe-
sis of flank creep. Flank instability at volcanoes has been previously observed elsewhere [Ebmeier et al.,
2010; Schaefer et al., 2015; Zhao et al., 2012] and poses a hazard due to the possibility of a future flank col-
lapse, which could also be an eruption trigger.

6.6. Cerro Auquihuato
We have observed a LOS decrease trend during the entire analysis period 7 km SE of Cerro Auquihuato vol-
cano. As the geomorphological features in the deforming area do not show any correlation with the signal,
we can rule out that it is caused by local mass movements. Furthermore, the signal cannot be of anthropo-
genic origin because satellite optical imagery does not show roads or any other evidence for human activi-
ties in the region. The proximity to Cerro Auquihuato suggests that the signal is of volcanic origin. We
attribute it to the pressurization of a magmatic source at 1 km depth below the surface (surface elevation
3763 m a.s.l.; see Table 2) but it could also be of hydrothermal origin.
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7. Volcanological Implications

7.1. Lack of Deformation at Volcanoes With Magmatic Eruptions
Magmatic eruptions are expected to be associated with deformation due to changes in pressurization of
the volcanic system as fluids rise toward the surface. During the time period of our observations a total of
six volcanoes within our study area had reported magmatic eruptions (Nevado del Huila, Galeras, Reventa-
dor, Tungurahua, Sangay, and Ubinas), but only at one of them we observed magmatic inflation (at Tungur-
ahua). At two volcanoes we did not observe any deformation (Nevado del Huila and Ubinas), at two
volcanoes we observed subsidence of eruptive products and flank creep (Reventador and Sangay, respec-
tively), and at one volcano we observed subsidence which we attributed to depressurization of a recurrent
magma chamber (Galeras).

There are two possible volcanological reasons for the lack of detected magmatic deformation (inflation or
deflation of the magma chamber) at volcanoes with magmatic eruptions. The first reason is that the vol-
canoes are open systems, being characterized by nearly continuous degassing and frequent eruptive
activity with no significant pressurization of the system [e.g., Chaussard et al., 2013; Palma et al., 2008]. Of
the volcanoes studied, we consider as open systems (1) Sangay volcano due to its almost permanent
explosive activity since 1628 [Monzier et al., 1999], (2) Galeras since 2000 and continuing into 2014 [Rose
et al., 2013], (3, 4) Nevado del Huila and Reventador since the 2007 eruptions, (5) Ubinas until the second
half of 2009 (it had intermittent activity during 2006–2009 and again since 2013 [Masias et al., 2013; OVI-
INGEMMET and OVA-IGP, 2013]), and (6) Tungurahua since the beginning of the current eruption phase in
October 1999.

Open plumbing systems before and during the analysis period could explain the lack of inflation at volca-
noes (1)–(5). Tungurahua is an exception to this because inflation can be explained by high rates of mag-
ma supply and rapid replenishment of the magmatic system below, supported by the observation that
the intruded volume of magma is larger than the erupted volume [Champenois et al., 2014]. At volcanoes
(1)–(6) we would expect coeruptive deflation caused by the removal of the erupted material. However,
this was not observed (with the exception of Galeras), suggesting that the magma chambers were
recharged. This indicates that only minimal magma addition or gas exsolution is necessary to trigger
future eruptions, which is consistent with new eruptions at these volcanoes during and after our observa-
tion period.

The second explanation for the lack of detected magmatic deformation is that the magma storage is too
deep to cause detectable surface deformation. Petrological data suggest magma chamber depths of �8–11
and �16–19 km for Reventador and Ubinas volcanoes [Ridolfi et al., 2008; Rivera et al., 2014], and for Nevado
del Huila volcano-tectonic earthquakes at 0–13 km depths below the summit [Global Volcanism Program,
2012a; SGC, 2014] indicate that fluids ascend from a deeper reservoir. This would be consistent with the
notion that volcanic arcs in compressional stress regimes such as in the Northern and Central Andes volca-
noes have few shallow reservoirs [Chaussard and Amelung, 2014].

Other possible reasons contributing to the lack of detected magmatic deformation are (1) limited temporal
resolution (ALOS-1 data are available every 46 days with gaps of up to 322 days in our study; null results are
possible if these systems uplift and subside with no net signal), (2) limited coverage over the area of interest
due to phase decorrelation (due to Nevado del Huila’s �13 km2 summit glacier and the dense vegetation in
the surroundings of Reventador), (3) atmospheric disturbances over the deforming regions, and (4) limited
spatial resolution could partly contribute to the decorrelation. It is also possible that signals are obscured.
For example, at Reventador volcano magmatic deformation could be obscured by subsidence of the erup-
tive products.

7.2. Inflation Without Eruption
At or near two of the volcanoes (Guagua Pichincha and Cerro Auquihuato) we observed deformation with-
out magmatic eruptions which can be due to many reasons, including pressurization of the chamber with-
out reaching the failure pressure [Pinel et al., 2010], rupturing of the magma chamber with conditions that
prevent the magma from propagating to the surface [Gudmundsson, 2012], gas exsolution [Johnson et al.,
2014], and shallow hydrothermal processes [Fournier and Chardot, 2012]. All of these reasons could apply to
the observed deformation at these two volcanoes, respectively.
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8. Summary and Conclusions

Following our InSAR time series survey (2007–2011) over the Northern and Central Andes, we uncovered
distinctive temporal deformation trends on or near three known deformation centers (Galeras, Tungurahua,
and Reventador) and three not known to be deforming (Guagua Pichincha, Sangay, and Cerro Auquihuato).
We attributed the observed inflation at Tungurahua volcano and deflation at Galeras volcano to changes in
pressurization of the magmatic system. Deformation at Guagua Pichincha and near Cerro Auquihuato was
not associated with eruptive activity but we attribute it to changes in pressurization of shallow volcanic sys-
tems. However, we cannot distinguish between a hydrothermal and magmatic origin at these two volca-
noes. The location of pressure sources were estimated at depths of �1–6 km from the surface, indicating
that the measurable deformation within our time period and data is restricted to shallow magma chambers
and hydrothermal systems. Deformation at Reventador volcano results from cooling and compaction of
flows while we suggest that flank creep could cause the observed deformation at Sangay volcano.
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