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a b s t r a c t
The variable spatio-temporal scales of Earth's surface deformation in potentially hazardous volcanic areas pose a
challenge for observation and assessment. Here we used Envisat data acquired in Wide Swath Mode (WSM) and
Image Mode (IM) from ascending and descending geometry, respectively, to study time-dependent ground uplift
at the Lazufre volcanic system in Chile and Argentina. A least-squares adjustment was performed on 65 IM
interferograms that covered the time period of 2003–2008. We obtained a clear trend of uplift reaching 15–16 cm
in this 5-year interval. Using a joint inversion of ascending and descending interferograms, we evaluated the
geometry and time-dependent progression of a horizontally extended pressurized source beneath the Lazufre
volcanic system. Our results hence indicate that an extended magma body at a depth between 10 and 15 km would
account for most of the ground uplift. The maximum inﬂation reached up to ~40 cm during 2003–2008. The lateral
propagation velocity of the intrusion was estimated to be nearly constant at 5–10 km/yr during the observation
time, which has important implications for the physical understanding of magma intrusion processes.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction
The ascent and emplacement of magma in the Earth's crust is an
important agent of crustal differentiation. Conceptual models of
magma transport date back to James Hutton's idea of plutonism in the
late 18th century. Since then, magma transport has been investigated
both experimentally and theoretically (Ramberg, 1967), using geological (Pitcher, 1979; Bateman, 1984), geophysical (Vigneresse, 1995)
and petrological data (McBirney, 1993), numerical model simulations
(Gerya & Burg, 2007) and remote sensing techniques such as
lineament mapping (Dehls et al., 1998). Because direct access to
present-day active intrusions is impossible, research is conducted on
solidiﬁed, old and deeply eroded intrusion complexes. Thus direct
knowledge about growing igneous bodies and veriﬁcation of the
underlying physical concepts have been difﬁcult to obtain. Based on
indirect investigations, previous researchers have repeatedly conﬁrmed that crustal magma emplacements are associated with
signiﬁcant surface displacements (Pollard et al., 1983; Gerya & Burg,
2007), which have in rare cases been detected using geodetic tools
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(see Zellmer & Annen, 2008, and references therein). Deformation
rates are thought to strongly depend on magma overpressure and
propagation velocity (Petford, 2003; Annen et al., 2006). As we show
in this work, the use of remotely sensed surface displacement time
series may allow to constrain the intrusion emplacement rate, which
is a parameter of great importance for understanding process aspects
such as quantitative inference of magma pressure conditions, ﬂuid
dynamics and viscously controlled magma pressures.
New geodetic methods, including space geodesy, enable detection of deformations of the Earth's surface at high levels of detail
and study of the underlying sources and intrusion propagation
processes through inversion modeling procedures. In particular, the
emergence of satellite radar interferometry (InSAR) allows year-long
deformation measurements at a high spatial resolution and a
frequency suitable for studying igneous processes (Massonet et al.,
1993; Amelung et al., 2000; Lundgren et al., 2003; Pritchard &
Simons 2002). Many of these surface deformations have been shown
to be associated with transient (non-linear) surface signals that may
allow investigation of the physical processes and mechanisms acting
within the crust.
At the active plate margin of the Andes, surface deformations and
associated seismic and volcanic hazards (earthquakes, eruptions and
landslides) are distributed over large areas. The Integrated Plate Boundary
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Observatory of Chile (IPOC) provides a natural laboratory for technical
and physical advancements (Schurr et al., 2009). Remote sensing studies
performed on the magmatic arc at IPOC utilized synthetic aperture radar
(SAR) data acquired by satellites ERS1, ERS2 and Envisat (Pritchard &
Simons, 2002, 2004). Through interferometric processing, SAR data
provides information about phase changes related to active processes on
the Earth's surface, independent of weather conditions or time of day,
with a spatial coverage of ~100 ×100 km2 and a ground resolution of
~20 ×20 m2.
In order to investigate the deformation associated with magma
emplacement, we combined SAR data acquired by the ENVISAT
satellite in descending and ascending orbits. The advantage of using
different viewing geometries is that the deformation signal can be
independently validated and the responsible source beneath be
conﬁdently constrained (Amelung et al., 2007). Because the available
SAR data were acquired in different modes, in this study we combined
descending Image Mode (IM) data with ascending Wide Swath Mode
(WSM) data. This joint analysis also allowed assessment of various
localized deformation features.
We investigated the Lazufre volcanic complex, which has previously
been shown to be an inﬂating volcanic system (Pritchard & Simons
2002, 2004; Froger et al., 2007; Ruch et al., 2008). To understand the
development of the inﬂating system, we performed a deformation time
series analysis using a least-squares database approach (Usai & Achilli,
1999; Lundgren et al., 2001). This yielded precise, adjusted values
for deformation quantities that corresponded to SAR images acquired
at different time points. Through inversion of the ascending and
descending satellite tracks, we were able to constrain the time-
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dependent progression and intrusion propagation of a horizontally
extended magma body. These results may provide further insights into
the magmatic processes that control deformation at Lazufre.
2. Study area
The study area lies in the southern central Andean zone between
S22° and S27°. It is one of the driest regions in the world and hosts the
southern part of one of the largest orogenic plateaus on earth, the
Altiplano–Puna plateau (Fig. 1). It includes the Central Volcanic Zone of
the Andes (CVZ; de Silva, 1989), with numerous active volcanoes as well
as large salt lakes (salars) and active faults. Deformation and volcanism
in the study area is primarily driven by the 6–7 cm year− 1 convergence
between the Nazca and South American plates (Angermann et al.,
1999).
The study area shows a margin-parallel morphotectonic segmentation encompassing the forearc, arc and backarc regions. The forearc
includes the laterally discontinuous Coastal Cordillera, Longitudinal
Valley and Precordillera or Domeyko Cordillera. In this region, two
prominent and possibly active fault systems, the Atacama and
Precordilleran, are parallel to the plate margin, which may accommodate part of the oblique convergence between the Nazca and South
American plates by dextral slip (Reutter et al., 1996; Gonzales et al.,
2003; Scheuber & Gonzalez, 1999). On its western margin, the ~ 3.5–
4.5 km-high Altiplano–Puna plateau forms the basement of the active
(Holocene) volcanic arc (CVZ). In the northern portion of the study
area (north of 23°S), the Altiplano largely lacks active faulting. At this
latitude, upper plate shortening has been localized to the Subandean

Fig. 1. Shaded relief map of the study area showing morphotectonic units and major fault lineaments (black lines), after Riller and Oncken (2001). Filled circles show the NEIC
hypocenters of crustal earthquakes (b30 km) during the period of Wide Swath observation reported in this paper (22-09-03 to 24-04-06). The lighter colored area marks the extent
of the active volcanic arc. Large white square indicates the coverage of the Wide Swath image, and the smaller indicates the IM coverage. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)
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ranges east of the study area since about 7 Ma (Elger et al., 2005, and
references therein). South of about 23°S, the Puna plateau is actively
deforming and uplifting, as evidenced by intracrustal seismic activity
(Schurr et al., 1999) and rising topography controlled by active faulting
and folding (e.g., Riller & Oncken, 2001; Allmendinger et al., 1997).
Active surface deformation at rates of millimeters to tens of
millimeters per year has been observed throughout the study area
using different space–geodetic techniques like GPS and InSAR. Surface
deformation has been associated with the subduction zone seismic cycle
in the forearc region (Pritchard & Simons, 2006; Khazaradze & Klotz,
2003), magmatic processes in the volcanic arc (Pritchard & Simons,
2004) and tectonic shortening in the backarc (Khazaradze & Klotz,
2003).
A local area of interest is the Lazufre volcanic complex system
(~S25°20′, ~W68°30′). Pritchard and Simons (2002) were the ﬁrst to
detect the uplift signal of this volcanic complex system, and they called it
Lazufre shortly thereafter. They inverted ERS SAR data to model the
observed surface deformation. Froger et al. (2007) and Ruch et al. (2008)
used Envisat IM data to investigate the ongoing uplift of Lazufre and
applied different source models to describe the inﬂating magma body.
Here we extend the previous studies by using 8 Envisat WSM datasets
(Table 1) from the ascending track #89 and 18 IM datasets from the
descending track #282, acquired in 2003–2008. Our proposed strategy
to use both IM and WSM data aims to combine ascending (WSM) and
descending (IM) viewing geometries to study the spatio-temporal
evolution of surface deformation and its source at Lazufre.
3. SAR interferometry
Interferometric Synthetic Aperture Radar (InSAR) is now widely
used as a geodetic technique to measure current surface deformation
associated with tectonic, volcanic and anthropogenic sources (Gabriel
et al., 1989; Massonnet & Feigel, 1998; Rosen et al., 2000). The
measured phase difference along the line of sight (LOS) of the satellite
is sensitive to the viewing geometry of SAR, topography, atmospheric
perturbations and deformation of the Earth's surface (Hanssen, 2001).
We processed SAR data acquired by the Envisat satellite using the
SARscape© software. We relied on precise orbits provided by European
Space Agency (ESA) and removed topographic contributions to the
interferometric phase with the 90-m-resolution digital elevation
model (DEM), generated by the NASA Shuttle Radar Topography
Mission (SRTM). The interferograms were unwrapped using the
Snaphu unwrapper (Chen & Zebker, 2001). The interferometric results
provide dense resolution maps of surface displacements at centimeter
precision or better, depending on interferometric conditions and
processing algorithms.
Envisat's conventional Image Mode (IM) provides data across swaths
up to ~100 km in width. This limited coverage poses a challenge in
monitoring large areas or deformation processes more than hundreds of
square kilometers in size (Motagh et al., 2008). The Scanning Synthetic
Aperture Radar (ScanSAR) technique of the Envisat ASAR instrument,
hereafter referred to as the Wide Swath Mode (WSM), permits radar
observations with a swath of ~400 km, four times wider than conventional
Envisat IM data. This means that a single ScanSAR observation with a

Table 1
Envisat WSM data acquisitions for ascending orbits.
Track no.

Day

Month

Year

89

22
31
05
20
24
03
07
23

09
11
12
03
04
07
08
07

2003
2005
2005
2006
2006
2006
2006
2007

length of about 400 km can substitute for approximately 16 conventional
IM frames. The swath widening in WSM is achieved by the use of an
antenna beam that is capable of rapid electronic steering in elevation and
covers the wide swath by using ﬁve different overlapping antenna beams
(sub-swaths) (Moore et al., 1981).
From the principles of differential interferometry, the accuracy in
measuring surface deformation depends on different factors, such as the
topographic phase contribution, atmospheric phase contribution and
coherence. The coherence and the temporal decorrelation for same
targest depend predominantly on the SAR-phase frequency. As Envisat
operates only in the C-band and WSM and IM interferograms underlie
the same temporal decorrelation. IM interferograms observed by
satellites with C-band are accurate to the centimeter level in LOS for
nature targets (Massonnet & Feigel, 1998; Hanssen, 2001). Furthermore,
the Envisat WSM acquisitions are made with the same range bandwidth
as the IM data, which leads to the same scale of baseline decorrelation
and impact of DEM errors. Although WSM and IM data have comparable
temporal decorrelation, the latter depends on additional factors like
spatial resolution, number of looks and look direction, which are not the
same for WSM an IM. The range resolution for Envisat WSM data is the
same as for IM data, but their azimuth resolution of the multilook images
is degraded by a factor 4 to 5, from 20 to about 80–100 m. The theoretical
and technical aspects of ScanSAR interferometry are further detailed in
Guarnieri and Prati (1996) and Guarnieri et al. (2003). Thus a direct
comparison of IM and WSM interferograms is not yet directly possible
and the mentioned differences between WSM and IM data must be
considered during interpretation. Note that in contrast to Envisat ASAR
Image Mode, the Wide Swath Mode aboard Envisat was not originally
intended for interferometric applications. On September 17, 2006, the
European Space Agency (ESA) implemented a new strategy to optimize
the probability of sufﬁcient burst overlap between WSM acquisitions.
Since then, the probability of having more than 50% burst overlap has
increased from 50% to 90% (Rosich et al., 2007) and has made WSM
interferometry more applicable.
Despite using orbits rated by ESA as “precise” (DOR_VOR data), we
found that the majority of WSM and IM interferograms used in this
study were affected by residual phase ramps related to insufﬁcient
accuracy of orbital data, and therefore required further baseline error
reﬁnement. We reﬁned the baseline using ground control points (GCPs),
selected in areas of high coherence and ﬂat topography, via a leastsquares approach. We estimated the orbital correction parameters,
including orbital shift in azimuth and range direction, convergence of
the orbits in azimuth and range direction and the offset that minimized
the difference between the differential interferogram and synthetic
interferogram made with DEM.
3.1. WSM interferometry
From 18 potential WSM interferograms, constructed from the
data listed in Table 1, we found that only seven were suitable for
interferometric processing because of missing burst synchronization or
long geometrical baselines. Fig. 2 illustrates several examples of WSM
interferograms for track #89. These are shown for different time spans,
ranging from 1 month to 3 years. We were interested only in long-term
(N2-year observation period) WSM interferograms in which the displacement signal at Lazufre was large enough to be separated from other
contributions to LOS displacements, such as orbital artifacts or atmospheric errors.
As seen in Fig. 2, all WSM interferograms were affected by orbital
errors, which produced large wavelength, low frequency residual
fringes. Out of three WSM interferograms spanning more than 2 year,
only one had a sufﬁciently low topographically correlated atmospheric
phase contribution to allow for GCP-based orbital correction (Fig. 3A).
To extract the Lazufre signal from this interferogram we distributed
GCPs over the whole study area except Lazufre. Effectively, this method
removed any large-scale deformation signals and orbital errors and
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Fig. 2. Seven WSM interferograms in original slant-range geometry, presented in three blocks as example results of ScanSAR interferometry in our study area. Each fringe (phase cycle
from − π to π) represents a change of 2.8 cm in the satellite line of sight (LOS). For each block, the approximate time span is given. The lower left interferogram, indicated by the date
of master and slave data acquisition, is shown in Fig. 3 after post-processing procedures such as residual orbit correction.

resulted in an interferogram free of any low frequency fringes, the
result of which is shown in Fig. 3B. The prominent deformation signal
of the Lazufre volcanic complex is clearly visible in Fig. 3B, where we
observe two elliptical fringes, which are slightly elongated in the
northeast–southwest direction. The elliptical shape of fringes at
Lazufre is characterized by a major axis of ~40 km and a minor axis
of ~ 30 km. We used this signal, as explained below, to demonstrate the
capability of our joint approach for the time-dependent source
modeling of Lazufre. There were also some other weak signals across
the interferogram. In this study we focused on the prominent
deformation signal at Lazufre. The standard phase deviation in the
WSM interferogram surrounding Lazufre's displacement signal was
~ 7 mm. The accuracy of deformation measurements based on this
WSM interferogram was similar to that of IM data, but somewhat lower
(compare next section). This must be considered in the interpretation
of different modeling results based on IM and WSM data.

3.2. IM interferometry
Based on 18 Envisat IM datasets obtained in a descending orbit, we
constructed 76 interferograms by applying the 2-pass method (e.g.,
Massonnet & Feigel, 1998). The interferograms covered the time span
from March 2003 to March 2008, and enabled the investigation of the
temporal evolution of displacements detected at Lazufre. The
perpendicular baselines of the interferograms ranged from 21 m to
331 m, which we considered suitably small baselines for appropriate
coherence. The time spans of individual interferograms ranged from a
minimum of 70 days to a maximum of 1820 days (~ 5 years). Fig. 4
schematically shows all IM data processed, along with their acquisition dates, baselines and time spans.
More than 95% of our IM data interferograms suffered from the
problem of artiﬁcial fringes caused by satellite orbit inaccuracies.
They were subsequently corrected by the same orbital reﬁnement

Fig. 3. Shaded relief maps overlaid by the wrapped Envisat WSM interferogram from 22-Sep-03 to 24-Apr-06 (perpendicular baseline = 93 m, ambiguity height = 136 m). A, the
original differential interferogram; B, the result of orbital reﬁnement with GCPs locations (white crosses) distributed over the whole study area. Within the white ellipse the Lazufre
deformation phase signal is highlighted. The white circle with the question mark presents an unknown local phase variation. Each fringe (phase cycle from − π. to π) represents a
change of 2.8 cm in the satellite line of sight (LOS). The inset shows the location of the study area with respect to South America.
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Fig. 5. Wrapped interferogram from 13-Apr-03 to 07-May-06 in the slant-range geometry. Left: the original LOS interferogram. Right: the corrected interferogram based on an orbital
reﬁnement approach utilizing selected ground control points (black crosses).

procedure as the WSM interferograms, an example of which is
shown in Fig. 5. This ﬁgure underscores the importance of such
corrections when interpreting apparent fringes in interferograms for
deformation studies.
Fig. 6 shows a subset of six possible interferograms underlain with
a shaded relief map. All of these interferograms were based on the
same master image, acquired on March 9, 2003, and illustrate the
time-dependent uplift in the Lazufre area over the 5-year period
between 2003 and 2008. As in the WSM interferogram, the dominant
feature in these IM interferograms was a northeast–southwest
elongated elliptical fringe pattern. The number of fringes increased
as the time span between master and slave increased. The uplift signal
was characterized by major and minor axes of ~ 38 km and ~30 km,
respectively, for the earliest interferogram (#1) up to major and minor
axes of ~50 km and ~38 km, respectively, for the interferogram with
the longest time span (#11).
In preparing a further data analysis, we attempt to avoid using
interferograms affected by gross errors. We ﬁrst assessed the precision of
InSAR-derived displacement maps using the following approach: we
deﬁned an area in the interferograms assumed to undergo no
deformation. We then calculated the standard deviation of LOS
measurements for each interferogram within this area. Interferograms
with LOS standard deviations greater than 3–5 mm were considered
outliers and thus excluded from further analysis. These interferograms
are colored differently in Fig. 4 and we believe their heterogeneous
phase variations may be related to topography and/or atmospheric
phase contributions.
4. Deformation time series analysis for Lazufre
After this analysis, in which 65 unwrapped interferograms with
suitable standard deviations remained, we used a least-squares adjustment approach in order to analyze the spatio-temporal evolution of the
Lazufre signal. The functional model of the adjustment was akin to a
network in which the 65 selected interferograms acted as connections
between the observation dates. For this purpose, we ﬁxed the uplift value
of the ﬁrst acquisition date, March 9, 2003, (the reference state) and
calculated the adjusted displacement maps for the other SAR data
acquisition dates. We considered the unwrapped interferograms to be
observations and the corresponding coherence-dependent q
phase
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2variaﬃ
− γ
λ
· 4π
,
tion, converted into LOS distance values according to σ LOS i 1 2γ
2
where γ denotes the coherence value estimated during the InSAR

processing and λ the wavelength used by the satellite, to be weights in a
least-squares adjustment. Mathematically, we needed to ﬁnd a solution to
the equation
y = Ax;
where y = [I1,I2,I3,…,I65] and x = [X1,X2,X3,…,X17] are the set of interferograms and the unknown parameters of uplift at the acquisition
dates, respectively. The number of observations (interferograms), n, is
65, and the number of unknown parameters, u, is 17. This results in a
redundancy of 48. The design matrix A is the mathematical representation of Fig. 4, excluding the rejected interferograms. For each row (i.e., for
each interferogram), the values (partial derivatives) are 1 or −1 at the
corresponding column of acquisition dates for slave and master,
respectively. The remaining columns of each row are subscripted by 0
(Lundgren et al., 2001).
After running this least-squares approach on the IM interferograms,
we obtained adjusted displacement maps for the 17 SAR data acquisition
dates. Fig. 7 shows the ﬁnal adjusted uplift map representing 5 years of
cumulative displacement between 2003 and 2008. Fig. 8 shows the
adjusted time series for three selected locations inside and outside the
deforming area. The ﬁrst location (A) represents the location of
maximum uplift in the Lazufre complex system, the second location
(B) is the Lastarria volcano, a recent but smaller active volcanic complex
(Froger et al., 2007), and the third one (C) is located in the far ﬁeld where
we expected zero displacement. At the location of maximum uplift
(A in Fig. 7), we observed only minor variations of the uplift signal. The 5year trend was almost linear, reaching 15.5 cm of total uplift in 2008
(3.1 cm yr− 1). In contrast, for the Lastarria volcano (marked by a “B” in
Fig. 7) we observed an annual-scale cyclic behavior of surface deformation. LOS displacement close to zero at the far ﬁeld location (C in
Fig. 7) indicated the absence of a signiﬁcant deformation at this point.
The standard deviation of the adjusted signal in all three proﬁles ranged
from 1 to 3 mm. Therefore, we derived a signiﬁcantly improved standard
deviation with respect to the accuracy of a single interferogram.
5. Modeling of the Lazufre signal source
5.1. Modeling approach
The unique spatial coverage of displacement maps obtained by SAR
measurements provided an excellent opportunity for the modeling of

Fig. 4. Scheme of processed interferograms, acquisition date, time separations and baselines. The length of the horizontal bars indicates the time separation between interferograms.
At the right end of each bar the baseline perpendicular and the exact time separation are shown. Light-grey-ﬁlled bars represent interferograms considered as outliers that were
excluded from further analysis (time series).
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Fig. 6. Six wrapped Envisat IM interferograms indicated by their numbers and underlain by a shaded relief map (refer to Fig. 5 for detailed interferogram information). Each fringe
represents a change in LOS between scatter and satellite of 2.8 cm.

magma sources. Earlier studies using data from only one viewing
geometry (Pritchard & Simons, 2002; Froger et al., 2007) modeled
surface displacements at Lazufre as spherical point sources in uniform

elastic half-space, relating ground surface deformations to volume
changes at depth. The combination of WSM and IM InSAR data now
allows, for the same sensor, a 5-year time series analysis constrained
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Fig. 7. Unwrapped adjusted LOS uplift map at the latest observation date (time span to reference observation 5 years) overlaid on a shaded relief. Small white squares represent the
location of three selected points for time series plots of uplift. A, location of maximum uplift, B, location of the discrete Lastarria uplift signal and C, location of far ﬁeld reference with
assumed zero location. The corresponding time series uplift plots can be seen in Fig. 9.

by ascending and descending viewing geometries, resulting in a more
realistic interpretation of the source. Ground displacement in the
Lazufre area (Figs. 3 and 6) exhibited an elliptical shape and thus a
spherical source did not seem to be the best approximation. As a more
appropriate model, we used a rectangular dislocation in elastic,
homogeneous and isotropic half-space (Okada, 1985), because Oncken
et al., 2003 (and references therein) suggested that large magma
intrusions into the Andes occur as sills. In particular, we used a
constrained, non-linear optimization algorithm (Bürgmann et al., 2002;
Motagh et al., 2006) to estimate fault plane parameters that provided
the best ﬁt to the WSM and IM data. We chose a Poisson's ratio, ν, and
rigidity, µ, of 0.25 and 10 GPa, respectively, as the half-space parameters.
Our inversion attempted to minimize the weighted residual sum of
squares WRSS= (dobs − dmod)T × Cll− 1 × (dobs − dmod), where dobs and
dmod are the observed and modeled uplift displacements, respectively,
and Cll is the diagonal data covariance matrix. The InSAR results were
subsampled to 500 m and modeled as uncorrelated observations. In a
ﬁrst step, we inverted for the geometry to ﬁnd the optimal location,
orientation and depth of a fault plane, which we interpreted as a sill
body that ﬁts the data. In a second step, discussed subsequently, we
modeled the distributed opening. For that we increased the size of the
optimal fault plane and subdivided it into a grid of 2 km× 2 km fault
elements and determined the optimal opening vector on each patch.
5.1.1. Geometry inversion
For the ascending (WSM) and for the descending (IM) data we
estimated the single-fault plane parameters separately and jointly, while
constraining the lower and upper bounds of length, width, depth and
strike of the fault to 10–40 km, 1–20 km, 5–30 km and 10°–60°,
respectively. In the beginning, we also considered the dip angle as one of
the inversion parameters, but it proved insigniﬁcant and was subsequently ﬁxed to zero. Moreover, several tests revealed that displacement
maps covering time spans shorter than 2 years have a signal-to-noise
ratio (SNR) that is too low for meaningful source modeling. Therefore

we applied the inversion only to those adjusted IM displacement maps
that conformed to this requirement.
In order to ﬁnd robust parameters that were not dependent on the
initial values selected for the inversion, we ran the inversion for each
data set 200 times, each time by starting with random initial values
ranging between the mentioned upper and lower bounds. Afterward,
we screened the results for outliers caused by algorithm failures and
estimated the average solution. This enabled us to provide the best
solution of parameters as well as their accuracy.
From the geometry inversion of the ascending (WSM) data, we
found that the best-ﬁt model predicted a rectangular plane with a length
and width of 22 ± 0.6 km and 6 ± 2.9 km, respectively. The plane strikes
N29°W ± 1.7° and had a depth of 15.2 ± 0.4 km with respect to the
ground surface. The geometry inversion of the descending (IM) data,
based on adjusted displacement maps, estimated the best-ﬁt model
parameters for the length, width, strike and depth to be 21.7± 0.3 km,
11.5± 0.8 km, N28°W ± 0.6° and 10.3 ± 0.3 km, respectively. The joint
inversion of one ascending interferogram and one descending interferogram that covered approximately the same time interval as the
ascending resulted in a 23.8 ± 0.2 km by 13.5 ± 0.4 km fault plane, which
strikes N30°W± 0.6° and had a depth of 10.6 ± 0.2 km. The length and
strike angle were roughly stable for the three inversions based on
different input data, whereas the depths and width varied between ~15
and ~10 km and ~6 and ~13 km, respectively. For the next step of
inversion modeling, i.e., the opening distribution, we relied on the depth
estimated by the joint inversion modeling and ﬁxed the depth at 10 km.
5.1.2. Opening distribution
The best-ﬁt single-fault plane model from the geometry inversion
was enlarged to a 60- by 40-km horizontal fault plane, which was
further discretized into 2- by 2-km patches (600 elements)
for distributed opening inversion. The inversion model for optimal
opening distribution sought models that minimize the misﬁt, while
preserving smoothness of the model opening distribution. A ﬁnite
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Fig. 8. Plot of InSAR network with the dates of acquisition along the time axis. Vertical distances between points in the upper diagram are arbitrary and were chosen for better display.
The plots below the network ﬁgure show the adjusted magnitudes of uplift for the time series of selected points A, B and C (see Fig. 8). At each adjusted value the error bar is given as a
product of the adjustment. Numbering is included for later reference to the adjusted displacement maps.

difference approximation of the Laplacian introduced smoothness
constraints on the opening distribution (Harris & Segall, 1987). We
followed previously reported methods (Bürgmann et al., 2002;
Motagh et al., 2006) to determine the penalty factor, κ, which controls
the smoothing constraint. Increasing κ led to a smoother solution but
a poorer ﬁt. Using the trade-off curve of the WRSS as a function of the
model roughness, we selected κ to be 0.5, beyond which improvements to the ﬁt were outweighed by increased model roughness. Fig. 9

shows Okada modeling results for 10 selected adjusted displacement
maps for Lazufre, which we derived from IM data; the LOS
observation, model and residual plots are depicted to the left of
each opening distribution model. The residual maps revealed a good
ﬁt between the estimated model and IM observations. The ﬁt was
accurate to ±1 cm and the maximum residuals were located beyond
the actual deformation ﬁeld, which may be due to the accuracy of
InSAR data (Hanssen, 2001). We observed that with increasing time,
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Fig. 9. Plot of Okada modeling results for 10 selected displacement maps of the time series. The maps are numbered corresponding to Fig. 9. Each map on the left side depicts the
comparison of the observed and the modeled LOS deformation and the residual between them. The right side in each plot depicts the shape of the sill and opening values in color
code. Please refer to Fig. 8 regarding location A.
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Fig. 9 (continued).

the amplitude and area of opening also increased. The maximum of
source opening reached up to ~40 cm within 5 years and was located
to the east of the maximum observed surface displacement (location
A in Fig. 7). The time-dependent evolution of the modelling result
reveals a heterogeneous opening distribution and indicates a complex
magma source system.
The small residuals between modeled and observed displacements
beyond the actual uplift ﬁeld may be related to atmospheric artifacts.
In few displacement maps (e.g., #6 and #14), the existence of longwavelength phase disturbances supported the assumption of atmospheric phase contribution (mostly layered or turbulent). According
to Froger et al. (2007), the typical phase-elevation gradient for Lazufre
ranges between 0.01 and 0.5 fringe per 2000 m. The elevation range
within the observed uplifted area is ~ 1000 m. From this value and the
network adjustment algorithm, which distributes potential observation errors and minimizes the sum of the square of residuals, we
conclude that such phase disturbances are negligible in comparison to
the magnitude of the observed deformation at Lazufre and will barely
affect the inversion.
6. Discussion
The absolute rate and temporal scale of rate changes of surface
deformation associated with the processes leading to a volcanic

eruption are important observational prerequisites for hazard assessment. Ideally, information about deformation should be both longterm and detailed. At Lazufre, mean uplift rates have been studied for
the periods 1996–2002 (Pritchard & Simons, 2002), 2003–2005
(Froger et al., 2007) and 2003–2006 (Ruch et al., 2008). Our
network-based time series analysis of 2003–2008 extended the time
span of former investigations by 2 years and builds up on the previous
work by applying (i) a geodetic adjustment method to provide
detailed, point-wise information on the spatio-temporal changes in
surface deformation and (ii) estimation of a sill intrusion process in
the Lazufre area.
6.1. Time series observation and interpretation
The time series of the deformation shows a continuous increase of
inﬂation for the entire time period considered. Although small phase
perturbations are observed, the general trend appears to be near
linear. Some of the smaller perturbation may have been due to
atmospheric or topographic artifacts as indicated, for example, by the
presence of residual phases away from the main deformation area in
two interferograms used in the computation (Fig. 10).
The near linear uplift trend is well in agreement with previous
assessments (Pritchard & Simons, 2002; Froger et al., 2007; Ruch et al.,
2008) and hence conﬁrms the presence of a continuously inﬂating
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may be hydrothermal and/or magmatic (Dzurisin, 2007). Unless there
are not further independent data available, e.g. microgravity data, a
clear characterization of the ﬂuid type remains speculative. Because in
other areas of the Andes large volume magma bodies intrude in the
form of sills in mid-upper crustal levels, we here assume the source to
be magmatic as well.

6.2. Constraining source location and geometry

Fig. 10. Result plot shows the growth of the area affected by uplift. The number of pixels
that experience a LOS displacement larger than 1 cm signiﬁcantly increases and suggest
an increase of the uplift area, which may be due to laterally and vertically increasing
source strength. As will be shown in the next ﬁgure, the source is laterally growing.
Corresponding interferograms are shown according to the peak of the plot.

system. Since the inﬂation was ﬁrst observed in the late 1990s, such a
continuous inﬂation may indicate a new period of unrest at the studied
volcano (Dzurisin, 2007). Although there may exist numerous inﬂating
volcanoes worldwide, the Lazufre system is of special concern because of
its dimension.
The interpretation of the observed inﬂation is mainly based on
geological inferences. Volcanoes are often considered to be inﬂating
due to the accumulation, ascent and migration of ﬂuids. The ﬂuids

Our estimated source depth of roughly 10 km is in agreement with
the depths estimated by former studies: 7–15 km and 10 km by Froger
et al. (2007) and Ruch et al. (2008), respectively. Although different
source types were considered in these previous models, the range of
depths was comparable. The depth estimate for the point source based
on ERS data, which Pritchard and Simons (2002) used for processing,
revealed a somewhat deeper location of around 12 km. Our work may
suggest a slightly different value due to our two-dimensional
constraint (ascending and descending IM and WSM data). Earlier
studies that assumed similar model strategies suggested lower sill
opening rates than the values presented here. We ﬁnd that the area
affected by more than 1 cm uplift has increased from 200 km2 to
almost 800 km2, hence quadrupled within the 5-year observation
period. Inversion of the source suggests that also the intrusion
dimension increased in time and space.
Our modeling results suggest an opening rate of up to 8 cm yr− 1 and
a lateral propagation velocity of up to 8 km yr− 1. Ruch et al. (2008)
suggested an opening rate of up to 5–6 cm yr− 1 and propagation velocity
of 4 km yr− 1, respectively. We note that, although modeling strategies
of these two studies differed, the achieved results are very similar. Small
differences may be due to least-squares-adjusted interferograms instead
of individual interferograms as well as constraining the results by
the joint inversion of ascending and descending satellite viewing
geometries.

Fig. 11. Distributed opening of sill intrusion models. A, inset shows an example of distributed sill opening, location of maximum opening and deﬁnition of length measurements. A
value of maximum sill opening and of length measurement was performed at each time increment. B, amount of maximum sill opening calculated for all considered time increments,
for each by averaging 10 pixels of highest opening amplitude. The rate of this averaged maximum opening is approximately constant for the 5-year observation period. C, length of the
sill measured in direction NE–SW. Solid black lines show that the length of the sill is near linearly increasing from 5 to 25 km if only patches with opening larger 14 cm are considered.
Considering all patches with opening larger 1 cm, however, the length of the sill appears to remain almost constant at 30–40 km.
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Our attempt to improve the one-dimensional surface displacement
ﬁeld by considering ascending and descending data was limited by the
fact that only one WSM interferogram in ascending mode was found
suitable for the analysis. The remaining time series were based on
descending IM interferograms. A similar weight for both viewing
geometries might have been helpful in further constraining the model
source location and geometry. Therefore the models may be biased by
the strong weighting of a single WSM interferogram, which may have
been affected by non-tectonic effects and noise. Our inversion of one
ascending interferogram and one descending interferogram that both
covered approximately the same time interval was not a satisfactory
constraint for the whole 5-year study period, although we observed an
almost linear deformation in the IM data time series analysis. A
greater number of suitable data acquisitions with different viewing
geometries may overcome this limitation. Because of the comparable
dimensions and rates seen in the IM data, however, we assume that
this WSM–IM combination was a valid way to improve the assessment
of the displacement ﬁeld.
6.3. Model limitations
The inversions were performed assuming a linearly elastic
medium with a ﬂat surface, ignoring topographic and local site
effects. It was previously shown that strong local relief, especially at
volcanoes, may affect the deformation signal and hence the model
inversion (Cayol & Cornet, 1998). In this case, however, we assume
that the effect of local topography played a negligible role in the
modeling because the lateral extent of the observed feature was
greater than 1000 km2. Material heterogeneities, in turn, may have
had large effects. It has been shown that layered volcanic deposits
may lead to a bias in model results. For instance, magma inﬂation in a
soft matrix lead to higher deformation at the surface than in a stiff
matrix (Manconi et al., 2007). Due to the lack of available information
on heterogeneity, we assumed the half-space model to be the
currently best available and a valid assumption. Moreover, as we
used complex opening distribution models, we expected a better ﬁt
for the non-uniform deformation signal shape, with small residuals.
This, however, depends on model parameter constraints such as depth
and may bias model results.
Furthermore, assuming dislocation patches may result in unrealistic gradients in the displacement, depending on the smoothing
parameter applied. This, however, does not necessarily represent a
realistic pressure distribution as expected in a magma sill intrusion.
Because (basaltic) intrusions are thought to occur at near-constant
magma overpressure throughout the magma body (Amelung et al.,
2007), a pressure constraint may further improve the validity of our
results.
6.4. Implications for a sill intrusion mechanism
The temporal evolution for the sill opening rate that we derived in
this study and its associated effect on the lateral propagation of the
extent of the surface deformation has important implications for
process understanding at Lazufre. A major contributor to the
construction of the continental crust is the intrusion of magma
bodies. Horizontally extended intrusions may develop into crustal
magma chambers and plutons and may be responsible for prominent
seismic layering in the lower crust. Yet the dynamics and mechanics of
such intrusions are poorly understood.
Sill intrusions commonly extend horizontally, with an opening
perpendicular to their outline and an aspect ratio exceeding 1000
(Pollard, 1973). The Lazufre sill (Fig. 9) is nearly radially symmetrical
over the 5-year observation period, with the amount of opening being
largest at the center and decreasing to zero with distance. The
dynamics of sill intrusions are thought to be controlled by a balance
between viscous processes and ﬂuid pressure. For constant feeding

system geometry, changes of the magma overpressure are affecting
the lateral propagation velocity and opening of a sill (Pollard, 1973).
Since the propagation and opening rates were constrained to be
approximately constant by our inversion results, we can infer that the
magma pressure conditions did not signiﬁcantly increase for the
observation period. In fact, because the magma ﬂow dynamics and
velocity proﬁle along the length of the sill is determined by the
Reynolds number (Re), a widening sill intrusion such as that
suggested by the Lazufre InSAR data, may be initiating as a laminar
magma ﬂow and change into a turbulent ﬂow regime (Lister & Kerr,
1991), possibly associated with an increase of the magma ﬂow
propagation velocity (Rubin, 1995; Lister & Kerr, 1991). Fluid dynamic
processes such as viscous dissipation explain why thickening of sills
are often associated with an increase of the intrusion propagation
velocity (Kavanagh et al., 2006). Because our data suggests that the sill
widened vertically and laterally at a near linear rate (Fig. 11), one may
speculate whether the Lazufre sill has experienced a constant magma
pressure or even a pressure decrease. Longer time series analysis and
especially the acquisition of independent geophysical and geological
data in the Lazufre region would allow more rigorous testing of the
deformation rate, the source type and may further validate our results.
7. Conclusions
We used an interferometric analysis of ENVISAT WSM and IM data
to monitor and assess active surface deformation at the Lazufre
volcanic complex in South America between 2003 and 2008. A time
series analysis of the interferograms yielded time-dependent ground
uplift values for Lazufre, with a peak velocity of 3 cm year− 1, affecting
an area of ~ 50 km by ~38 km over 5 years. The joint inversion of WSM
and IM data constrained the depth of a horizontally extended magma
body to about 10 km that sustained an opening of up to ~40 cm during
our observation period. Time-dependent modeling of the Lazufre sill
suggested that Lazufre is not experiencing a signiﬁcant augmentation
of the magma inﬂux rate during the intrusion period observed here.
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