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Abstract The Tungurahua volcano, in Ecuador, has been experiencing a substantial activity period since
1999, with several eruptions, including those of 2006 and 2008. We use a persistent scatterers approach to
analyze a time series of Envisat synthetic aperture radar (SAR) data over the period 2003–2009, to investigate
surface deformation in the region of the volcano. We measure a continuous large-scale uplift with a
maximum line of sight displacement rate of about 8 mm/yr, which is the first evidence of a sustained
inflation in the Andes for an active volcano encompassing several eruptions. We model this signal as
magma emplacement in a permanent storage zone at 11.5 km below sea level, with a net inflow rate of
7 million m3∕yr. The paroxysmal eruptions in 2006 and 2008 did not seem to disrupt this long-term signal.
However, we observe significant deformation during the 2006 eruption consistent with an additional
intrusion of 4.5 million m3 of magma.

1. Introduction

Synthetic aperture radar interferometry (InSAR) can provide maps of surface displacements over large areas
with an accuracy reaching a few mm/yr over tens of kilometers. As a remote technique, it does not require
any specific field instrumentations and has early been identified as a valuable method to detect and follow
surface deformations around volcanoes [Dzurisin, 2003; Hooper et al., 2012a]. The main limitations of this
technique are due to spatiotemporal decorrelation and atmospheric perturbations to interferometric phase
[Zebker and Villasenor, 1992], which makes the application of InSAR to andesitic stratocones challenging
[Pinel et al., 2011]. However, the signal-to-noise ratio can be significantly increased by Multitemporal InSAR
(MT-InSAR) techniques based on the processing of multiple synthetic aperture radar (SAR) acquisitions in
time [Hooper et al., 2012b].

Allowing for regional studies, InSAR has been widely applied to the Andes volcanic arc. Pritchard and
Simons [2002] first focused on the Central Andes and detected two uplifting areas around currently inactive
volcanoes: Uturuncu (22.27◦S, 67.22◦W) and Lazufre (25.25◦S, 68.49◦W), where inflation has later been
shown to last for more than 10 years [Froger et al., 2007; Sparks et al., 2008; Fournier et al., 2010; Fialko and
Pearse, 2012; Henderson and Pritchard, 2013; Walter and Motagh, 2014]. At Uturuncu volcano, an uplift of
around 1–2 cm/yr over 70 km was recorded from 1992 to 2011, which has been interpreted as being due to
magma emplacement at 17 to 24 km depth at a rate of 10–29 million m3∕yr [Sparks et al., 2008; Henderson
and Pritchard, 2013]. Based on the observation of a ring of subsidence around the uplifting area, Fialko and
Pearse [2012] propose that this signal of deformation could be produced by a diapir of magma rising from
the Altiplano-Puna Magma Body, a large midcrustal melt zone. At Lazufre (also known as Lastarria-Cordon
del Azufre volcanic complex), the uplift recorded since 1996 is around 2–3.5 cm/yr over 40 km and corre-
sponds to a slightly shallower source (7–15 km) with a rate of magma emplacement of 14–17 million m3∕yr
[Froger et al., 2007; Henderson and Pritchard, 2013]. Such long-term inflating zones, which imply large storage
of magma within the crust, have significant consequences in terms of risk assessment, with the linked ques-
tion of the future evolution of these storage zones and the potential risk of a large silicic eruption [Sparks
et al., 2008]. Using L-band data, Fournier et al. [2010] and Feigl et al. [2014] extended the application of
InSAR to the Southern Andes and Northern Andes detecting uplift at several currently nonactive volcanoes,
including Cordon Caulle and Laguna del Maule. Inflation was also observed, for at least 6 years, before the
2011 eruption of Cerro Hudson [Delgado et al., 2014]. Coeruptive subsidence was measured using L-band
data at Galeras, Colombia [Parks et al., 2011]. Other deformation signals inferred at Andean volcanoes have
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been based on a few ground measurements (tiltmeters, leveling, and GPS) [Ordóñez and Rey, 1997; Mothes
et al., 2010].

In the Northern Andes, Ecuador encompasses one of the most active volcanic areas. With presently nine
active volcanoes including three currently erupting (Reventador, Tungurahua, and Sangay), volcanic hazard
assessment is a crucial issue in this country and the enhancement of volcano monitoring requires
dense ground measurements. For the last 5 years, GPS networks have been deployed over the main
hazardous volcanoes in Ecuador, but these pointwise measurements cannot provide spatially dense maps
of ground deformation.

In this study, we use InSAR to dramatically increase the density of measurements around Tungurahua
volcano, which is currently the most active volcano in Ecuador. Over the period 1992–2002, the ERS data
available were sparse in time and affected by strong decorrelation over the Tungurahua [Stevens and Wadge,
2004]. Previous studies [Biggs et al., 2010; Fournier et al., 2010] based on Phased Array type L-band SAR
images provided by the Advanced Land Observing Satellite (L-band) showed a rapid uplift of Tungurahua
during the 2008 eruption and inferred a sill-like magmatic source located at shallow depth within the vol-
canic edifice. Their estimated volume for the sill of 1.2 million m3 was almost equivalent to the volume of
magma erupted in February 2008. We present results from advanced synthetic aperture radar (ASAR) data
provided by the Envisat satellite (C-band with a 5.6 cm wavelength) acquired between 2003 and 2009,
covering the two major phases of the ongoing Tungurahua activity in 2006 and 2008. Moreover, we applied
the Persistent Scatterers InSAR (PSI) technique in order to perform a proper time series analysis of ground
deformation induced by magma intrusion during eruptive cycle. We then modeled the resulting signal using
an analytical solution for a point pressure source [Mogi, 1958] and a numerical model.

2. Tungurahua Recent Eruptive Activity

Tungurahua volcano (reaching 5023 m above sea level) is an andesitic stratovolcano located in the Eastern
Cordillera of Ecuador. This steep-sided edifice (12 km in diameter) is surrounded by two other potentially
active volcanoes (Chimborazo and Puñalica) and numerous inactive volcanic edifices (Figure 1). Based on
geologic studies, Tungurahua’s eruptive rate has been estimated to be around 1.5 million m3∕yr dense rock
equivalent (DRE) of magma over the last 2300 years [Hall et al., 1999]. Tungurahua has had five main erup-
tive periods during historical time: 1640–1641, 1773–1777, 1886–1888, 1916–1918, and 1999 to present
[Hall et al., 1999; Ruiz et al., 2006; Le Pennec et al., 2008]. After more than 80 years of repose, on 5 October
1999, Tungurahua began the current eruptive cycle, characterized by intermittent strombolian eruptions
and punctuated by significant vulcanian to subplinian eruptions [Ruiz et al., 2006; Samaniego et al., 2011].

The volcanic edifice is monitored by a national seismic network, which has been operated by the Instituto
Geofísico, Escuela Politécnica Nacional of Ecuador since 1993. Volcano-tectonic earthquakes recorded by
this network have been used to produce a tomographic study of the upper 5 km of crust beneath the vol-
cano, showing a shallow and vertical magma body which feeds the system [Molina et al., 2005]. In early April
2006, the Tungurahua Volcanological Observatory observed deep long-lasting seismic activity (5–15 km
below the summit). The seismic activity dramatically increased until the beginning of July 2006 and peaked
during the 14 July and 16–17 August eruptions (apps.igepn.edu.ec/cnd). The 2006 eruptions were character-
ized by highly explosive events associated with pyroclastic flows, affecting the western flank of the volcano
[Samaniego et al., 2011], which caused about five to six fatalities and destroyed villages. The 14 July eruption
was a moderate-size event, Volcanic Explosive Index (VEI) 2, with the emission of about 1 million m3 DRE,
whereas the 16–17 August eruption reached VEI 3 with an eruptive column height around 16 km above the
vent [Eychenne et al., 2012]. During this eruptive event, 30 Pyroclastic density currents with an estimated vol-
ume of 18.7 million m3 DRE [Hall et al., 2013] were emplaced together with a DRE volume of juvenile tephra
of 7.7 million m3 [Eychenne et al., 2013]. The explosive phase was followed by lava flow with an estimated
volume of 7 million m3 [Arellano et al., 2008; Hall et al., 2013]. The total volume of magma emitted during the
August 2006 eruption is thus estimated to be 30 million m3 DRE. From October 2006 to the next paroxysmal
eruptive phase in early 2008, the Tungurahua activity returned to an eruptive cycle similar to the 1999–2005
period. This last 2008 paroxysmal phase was characterized by the emission of a much lower quantity of
magma of about 1.5 million m3 [Biggs et al., 2010] in comparison to the major 2006 event.
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Figure 1. Shaded relief map of the volcanic zone surrounding the Tungurahua active volcano (red line). Black lines repre-
sent volcanoes with activity in the last thousand years (Ch: Chimborazo; Pu: Puñalica) while black dashed lines represent
extinct volcanoes (Al: Cerro Altar; Ca: Carihuairazo; HM: Huisla and Mulmul; Ig: Igualata). Yellow polygons indicate major
urban areas. The blue arrows in the lower left corner show the ascending flight direction of the satellite and the look
direction of the radar. Inset: Location map of the Tungurahua volcano in the Ecuadorean Andes.

3. InSAR Persistent Scatterers Measurements
3.1. Method and Data
The Stanford Method for Persistent Scatterers (StaMPS) developed by Hooper et al. [2007] was applied to
22 Envisat images acquired over the Tungurahua volcano between July 2003 and June 2009 (Text S1 in the
supporting information for processing parameters). This PS (Persistent Scatterers) approach uses both infor-
mation of amplitude dispersion [Ferretti et al., 2001] and phase stability with time to select PS pixels. During
the phase analysis, the probability for a pixel to be a PS is estimated and refined through a series of iter-
ations. Starting from SAR raw data, 21 interferograms were calculated with 14 April 2006 as the common
master image using ROI_PAC [Rosen et al., 2004] and Doris software. Interferograms were flattened and geo-
referenced using the 90 m resolution Shuttle Radar Topography Mission (SRTM) digital elevation model
(DEM) [Farr et al., 2007]. At the end of the StaMPS processing, a map of mean velocity along the radar line
of sight (LOS velocity) is produced together with the displacement time series at each acquisition date for
selected pixels.
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Figure 2. PS mean velocity map of Tungurahua volcano between July 2003 and June 2009 derived from Envisat SAR images. The velocities are relative to the
mean LOS velocity of PS pixels of the reference area represented by the black star (Ambato city). The white line corresponds to the Tungurahua active volcano
while black dashed lines indicate the location of the PS profiles. The black arrows in the lower left corner show the ascending flight direction of the satellite and
the look direction of the radar (with a 23◦ look angle). The black dashed lines indicate the location of two PS profiles across the Tungurahua volcano superim-
posed on topographic profiles from the 90 m resolution SRTM digital elevation model where red lines show the Tungurahua topographic footprint. The black
arrow on the lower right profile shows location of PS pixels used in Figure 3b.

3.2. Results
The mean LOS velocity map (Figure 2) for the period 2003–2009 was calculated for more than 190,000 PS
pixels with a spatial density superior to 25 PS per km2. LOS velocities are given with respect to the reference
area which is located in the city of Ambato (see Figure 1 for location). The PS distribution is not homoge-
neous across the obtained map, with two main distinct areas: (i) the eastern cordillera with a low PS density
(∼10 PS per km2) due to tropical vegetation that leads to radar phase instability, and (ii) the remaining
area with an impressive PS density (∼42 PS per km2) due to the presence of man-made structures and
large rock outcrops. Uncertainties in the mean LOS velocities are estimated by the percentile bootstrap
method [Efron and Tibshirani, 1986] and range from 0.3 mm/yr to 1.5 mm/yr (about 1.2 mm/yr in the area
of the volcano, Figure S2). The very low standard deviations correspond to PS close to the reference area
(Ambato city) and values increase with distance away from the reference due to increasing differences in the
path delay through the atmosphere. Concerning the phase unwrapping, visible inspection of the wrapped
phase (minus DEM error and master atmosphere) shows no jump in the unwrapped result, but we cannot
categorically state that there is not a phase discontinuity surrounding the pixels on the eastern side.

The ground displacements clearly highlight a large circular pattern in the LOS velocity centered on the
Tungurahua active volcanic complex. This pattern also includes surrounding areas, for instance, the eastern
flank of the Igualata volcano and the city of Baños. The total affected area covers a zone of 25 km radius
around the Tungurahua volcano. In contrast, the rest of the studied area displays much lower rates of
deformation, with LOS velocities ranging between −2 mm/yr and 2 mm/yr. The two PS profiles across the
Tungurahua volcano (Figure 2) show a highly symmetrical pattern of deformation, with a maximum LOS
velocity of about 8.2 mm/yr, near the summit of the volcano. Incidentally, few PS are located on the active
volcanic edifice (∼450 pixels) mostly due to the ash deposits and lava flows of the 14 July and 16–17 August
2006 eruptions, as mapped by Samaniego et al. [2011].

The time series of LOS displacement between July 2003 and June 2009 calculated from the PS phases is
presented in Figure 3a. Even though uplift of Tungurahua is approximately constant with time, the time
series of LOS displacement for selected pixels located on the eastern summit of Tungurahua and western
flank of Igualata (respectively, P1 and P2 in Figure 3b) indicates that deformation can be divided into three
periods: (i) A steady uplift between 4 July 2003 and 10 March 2006, (ii) an increased uplift detected between
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Figure 3. (a) The July 2003 to June 2009 time series of LOS displacement relative to the first image (in millimeters). White square and dot represent, respectively,
P1 and P2 areas. (b) Average time series of LOS displacement of near- and far-field areas (see Figures 2 and 3a for exact location) associated to seismic activity
(daily solutions from apps.igepn.edu.ec/cnd). The light red areas are for the high volcano-tectonic activity while dark red areas are for paroxysmal volcanic events
associated to pyroclastic flows activity occurring during the study period. Blue and green lines represent the linear fits estimated for the long-term inflation while
the grey line represents the near-field inflation rate after 2008.

10 March and 14 April 2006 (35 days), and (iii) a new steady period of uplift from March 2008 to June 2009,
which appears to be similar or slightly larger than that experienced before the 2006 eruption. However, the
latter is not well constrained, with only three measurements. Regarding P2, which is about 16 km to the
west of the summit (far-field deformation), it is clear that the uplift rate is constant during the intereruptive
periods (before March 2006 and after March 2008). On the other hand, the uplift rate of P1 after March 2008
is more questionable and two scenarios are possible: (i) the uplift rate is the same as before March 2006 and
an additional uplift (+4.3 mm) occurs between April 2006 and March 2008 (blue curve in Figure 3b), and (ii)
the uplift rate increases from 5.5 mm/yr to 7.5 mm/yr after the 2006 eruption (grey curve in Figure 3b). Note
that these two scenarios fit equally well with the three last measurements available.

4. Deformation Source Modeling

To a first approximation, we considered the intereruptive inflation rate as constant, and modeled it using the
classical analytical model derived by Mogi [1958] for a pressure point source in an elastic half-space. The best
fitting model was obtained for a source at 1.47◦S, 78.465◦W located 14.5 km beneath the free surface, and
characterized by a volume increase rate of 6.7 million m3∕yr. The residual root-mean-square error (RMSE) is
0.80 mm/yr (Figure S3). In order to account for the topography around the volcano, we also performed an
inversion using a numerical model with the SRTM DEM as an input for the surface elevation. The surface dis-
placements induced by a spherical source have been calculated using the 3-D finite element commercial
Software COMSOL. We used a 100 × 100 × 50 km box containing 100,000 elements with a refined mesh at
the surface and around the spherical magma reservoir. A “roller” condition (no displacement perpendicular
to the surface) was applied on the lateral side and bottom frontiers (using infinite elements in order to artifi-
cially increase the numerical box size). The upper boundary (i.e., the volcano flank) was considered as a free
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Figure 4. Mean LOS velocity at Tungurahua for the intereruptive period (before March 2006 and after February 2008)
from (left) ascending PSI data, (middle) numerical model, and (right) residuals between data and model. The model was
generated numerically for a spherical pressure source located below the topographic surface provided by the SRTM
DEM. The black dot represents the projected center of the sphere used in the model. Best fitting model parameters are
presented in the white box: volumetric change of the sphere (V) and depth of the sphere below sea level (D).

limit. A uniform surface displacement corresponding to a given volume increase was applied to the bound-
ary of a spherical magma reservoir characterized by its location (latitude, longitude) and depth below sea
level. Surface displacements were calculated for 4429 points, projected into the line of sight direction, and
then compared with PS measurements. The best fitting model was obtained for a source located slightly
eastward in comparison to the Mogi solution (1.475◦S, 78.44◦W) and at 11.5 km below sea level, with a
volume increase rate of 7 million m3∕yr (see Figure 4). The residual RMSE is 0.79 mm/yr (Figure S4).

5. Discussion and Conclusions

Such a large-scale (25 km in radius) and long-term (over 6 years) inflation, as we measure around the
Tungurahua volcano, has not been observed before in Ecuador. This is also the first time that a long-term
inflation signal has been observed in the Andes for a volcano marked by several eruptions. The time series
of LOS displacements covers both intereruptive and coeruptive periods of the volcanic cycle. The first
intereruptive period, before March 2006, is well constrained by 18 measurements and is characterized by a
constant inflation rate. The second intereruptive period, after March 2008, is less well constrained with only
three measurements available. During this period, the far-field inflation rate is not affected by the eruptive
periods while the near-field displacement appears less constant in time. However, the apparent change in
the inflation rate is small enough, with respect to the measurement error, that it can be considered as con-
stant during both intereruptive periods (blue curve in Figure 3b). The consistent behavior in near and far
field is then well explained by a single-storage zone. The intereruptive constant inflation can be interpreted
as being due to magma emplacement at 11.5 km depth below sea level with a mean intruded volume of
about 7 million m3∕yr. The difference in RMSE between the analytical Mogi model and the numerical model
is not significant, but the latter, taking into account the real topography, provides a more realistic estima-
tion of the source depth. This model of a single-storage zone located at 11.5 km depth below sea level is in
fairly good agreement with petrological data indicating an equilibration of the andesitic magma at 200 to
250 MPa corresponding to a depth of 7.5 to 9.5 km below the mean elevation of the area [Samaniego et al.,
2011]. However, if the inflation rate after 2008 in the near field is effectively slightly larger than before 2006
(grey curve in Figure 3b), the storage zone located at 11.5 km depth still explains most of the observed uplift
but an additional storage zone is required at shallower level in order to explain a different temporal evolu-
tion in the near field and the far field. The presence of a shallow magma reservoir (around 5 km depth) and
located on the same vertical path as a deeper midcrustal magma reservoir appears to be a common feature
as it has been inferred at several other locations, including Montserrat, Fernandina, and Grimsvötn [Elsworth
et al., 2008; Foroozan et al., 2010; Bagnardi and Amelung, 2012; Reverso et al., 2014]. A withdrawal of the shal-
lower reservoir by summit eruptions could induce an increase in its replenishment rate after these events
and explain the inflation rate increase after the large 2006 eruption.
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In addition to the long-term inflation rate, the time series of LOS displacement is marked by at least one sig-
nificant offset in inflation, which occurred at the time of increased eruptive activity. This offset observed in
both the far-field and near-field between March 2006 and April 2006 coincided with the deep long-period
seismic activity monitored by the Tungurahua Volcanological Observatory. This offset in inflation together
with the seismicity recorded can be interpreted as a larger-than-usual volume of magma migrating upward
and inducing seismicity around the inferred storage zone between 10 and 15 km depth. Assuming a source
depth similar to the one inferred for the intereruptive period, the volume of magma intruded would be
around 4.5 million m3. This sudden increase of magma supply to the storage zone is consistent with the
sudden magma input shown by petrological data just prior to the 2006 eruption [Samaniego et al., 2011;
Eychenne et al., 2013]. A shallower zone would imply a smaller volume of stored magma, and there is evi-
dence of magma emplacement at a much shallower depth within this period of time. Biggs et al. [2010] show
17.5 cm of uplift on the upper western flank between 26 December 2007 and 27 March 2008, which they
modeled with a sill-like magmatic source located at shallow depth within the volcanic edifice. Unfortunately,
no PS pixels are identified over this part of the volcano to corroborate these previous results, presumably
due to decorrelation caused by eruptive deposits [Kelfoun et al., 2009; Samaniego et al., 2011].

The mean rate of magma supply at depth obtained in this study is 4 times higher than the geologic esti-
mation for eruptive deposits from Hall et al. [1999], which is about 1.5 million m3∕yr DRE. Integrating our
estimated magma supply rate over the 6 year window of observations, and adding the additional amount
of magma inflow that occurred just before the 2006 eruption, we obtain an intrusive volume of magma
around 46.5 million m3. We should also add the intrusive volume emplaced at shallow level, which is not
constrained by our data set but has been estimated at 1.2 million m3 during the 2008 eruption by Biggs
et al. [2010]. The total intrusive volume is therefore slightly larger than the erupted volume of magma over
the same time period (around 30 million m3). It would suggest that the Tungurahua volcanic plumbing sys-
tem and edifice grow by intrusion of magma at depth together with emplacement of eruptive products at
the surface, both mechanisms accounting approximately for the same amount with a slightly larger part
for intrusive growth. However, the intrusive rate might be underestimated due to magma compressibil-
ity [Rivalta and Segall, 2008] as suggested by the SO2 emission measurements showing a larger amount of
degassed magma than the erupted volume by 2 orders of magnitude [Arellano et al., 2008]. Our study adds
a further constraint on the intrusive/extrusive ratio at andesitic volcanoes, which was estimated, with large
uncertainties, to be between 1 and 6 in the Andes, based on field observations of plutonic and volcanic
provinces [Crisp, 1984]. However, a 6 year time window is short, and longer series of SAR observations would
provide improved constraints on internal/external volcanic edifice growth. Another important inference
of the almost constant deformation rate observed is that the deep magma supply rate is not significantly
influenced by the eruptive activity; the volume of magma stored at depth is not modified by eruption or
intrusion of magma at very shallow levels, supporting the idea that the magma erupted is compensated at
depth by an acceleration of magma input. To our knowledge, this is the first example of constant net inflow
of magma at depth below a currently active andesitic stratovolcano; other examples of long-term magma
emplacement in the Andes occurring at volcanoes (Lazufre and Uturuncu). It raises question of the potential
evolution of this large volume of magma and its ability to feed eruptions of larger volume in the future. The
integration of ground-based measurements would also be helpful in adding further information, particularly
on the volcanic edifice.

Our InSAR results provide a high-density map of measurements, enabling us to constrain the magma
plumbing system. In this study, our interpretation is somewhat limited by the temporal sampling after 2008.
However, the launch of a new generation of SAR missions, such as Sentinel-1 (European Space Agency), will
hugely improve the temporal sampling of SAR images acquired over active volcanoes, leading to a better
understanding of their eruptive cycle.
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