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Abstract we reanalyzed the surface displacements observed at the Lazufre volcanic complex in the
Southern Andean Central Volcanic Zone using GPS measurements made between 2006 and 2008 and a
large InSAR data set. We performed a detailed spatiotemporal analysis of the displacements using a princi-
pal component analysis inversion method (PCAIM). The PCAIM reveals a source with no significant changes
in shape and dimension and with a remarkably linear strength increase over the whole period of observa-
tion (i.e,, 2003-2010). Then we used a three-dimensional mixed boundary element method (MBEM) to invert
the first component of surface displacement as obtained from PCAIM. We explored a continuum of geome-
tries from a shallow elliptic crack to a deep massive truncated elliptical cone that could represent a sill or a
large magma chamber, respectively. The best models indicate a large flat-topped source with a roof area
between 40 and 670 km? and a depth of between 2 and 14 km below ground surface. Lastly, on the basis
of the limited data available for the thermomechanical structure of the crust in the Southern Andean Central
Volcanic Zone, we consider some possible scenarios to explain the spatial and temporal pattern of displace-
ments at Lazufre.

1. Introduction

Igneous intrusions such as sills and plutons are major mechanisms of constructing continental crust. The for-
mation of these large magma bodies still eludes full understanding since they are not generally accessible
until long time after their emplacement, when the action of erosion and tectonics has brought them to the
surface. The Lazufre Volcanic Complex in the Central Andes (Chile-Argentina border) (Figure 1) is one of the
very few places on Earth where geophysical observations of a large igneous body undergoing intrusion can
be made. This volcanic area, a 30 km long chain of overlapping Quaternary volcanic centers, aligned in a
N15°E direction between Lastarria (25°10'S, 68°31'W, 5706 m) and Cerro Bayo (25°24’'S, 68°35'W, 5401 m)
volcanoes, has attracted scientist’s attention in recent years because it is one of the largest deforming vol-
cano systems on Earth. Based on seven ERS interferograms acquired between 1995 and 2000, Pritchard and
Simons [2002] presented the first evidence of a large-wavelength surface displacement affecting the Lazufre
Volcanic Complex. The displacements are assumed to have started sometime between 1996 and 1998 (the
temporal resolution of the used ERS data set did not allow Pritchard and Simons to be more precise about
the displacements onset). Around this time, a large-wavelength inflation covered an elliptical area with a

30 km NNE-SSW major axis, a 25 km minor axis and a maximum displacement observed at the center of the
surface displacement pattern of about 1 cm yr~". Using ASAR-ENVISAT Interferometric Synthetic Aperture
Radar (InSAR) data collected over the same area between March 2003 and April 2005, Froger et al. [2007]
showed the persistence of the large-wavelength inflation and detected for the first time a small wavelength
deformation roughly centered beneath Lastarria volcano. Moreover, these more recent INSAR measure-
ments revealed an apparent expansion of the area affected by surface displacement with the major axis
reaching 50 km NNE-SSW and the minor axis 40 km. They also revealed an increasing of uplift rate up to
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-0 -65° 3 cmyr~ ' in the satellite line of
sight (LOS) direction; over 3 times
faster than the previously
observed inflation rate. The same
deformation behavior and dis-
placement rate was also reported
by subsequent studies [Ruch et al.,
2008; Anderssohn et al., 2009; Ruch
et al., 2009; Henderson and Pritch-
ard, 2013; Pearse and Lundgren,
2013]. Several lines of evidences
point to this ongoing uplift being
related to the presence of a large
quantity of magma within the
crust. Numerical modeling carried
out from the InSAR data [Pritchard
and Simons, 2004; Froger et al.,
2007; Ruch et al., 2008; Anderssohn
et al., 2009; Henderson and Pritch-
ard, 2013; Pearse and Lundgren,
2013] all tend toward the same

Figure 1. Reference map of the study area in northern Chile corresponding to the white assumption of a large magma
box in the top right-hand inset map. The black square in the main map shows the area body located in the upper crust
used in next ﬁgures. The black dlamond's and thglr associated name shf)w the location between 7 and 18 km below the
of the GPS stations. GPS data were acquired during three field surveys in November

2006, November 2007, and March 2008. The blue dashed line encircles the region topographic surface. Chemical and
which has undergone uplift over the last 7 years, as observed by InSAR in descending isotopic analysis of hot fluids emit-
track 282. CA, Cordon del Azufre; CB, Cerro Bayo; ECA, East Cordon del Azufre; L, Lastar-
ria cone; LM, La Moyra; NdL, Negriales de Lastarria; SS, South Spur.

- -20°

- -25°

=-25°30'

_ _ |
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ted from four fumarolic areas
located at the Lastarria cone sug-
gests that the fluids originate
mainly from a large, actively degassing magmatic source, with relatively recent emplacement of magmatic
fluids [Aguilera et al., 2012]. The presence of a crustal-scale electrical conductivity anomaly beneath Lazufre
has been revealed by Budach et al. [2013], interpreted by them as imaging partial melt rising from the upper
mantle and feeding an intracrustal magma reservoir.

Despite this first-order agreement on the nature of the displacement source, several issues are unresolved,
notably the shape, dimensions, and dynamics of the magmatic body as well as the precise nature of the
process responsible for the uplift. Pritchard and Simons [2002] and Froger et al. [2007] proposed the pres-
ence of a magma chamber inflating at depth to explain this large-wavelength ground inflation, and they
explored a large range of possible source geometries (e.g., spherical, prolate ellipsoid, and penny-shaped
crack). Ruch et al. [2008] and Anderssohn et al. [2009] proposed that the uplift observed during the 2003-
2008 period was caused by a fast lateral expansion, up to 8 km yr~ ', of a thin magmatic sill.

This present paper aims to perform a more rigorous investigation of the geometry of the Lazufre sur-
face displacement source and its time-dependent behavior based on new satellite and geodetic data.
We produced a database of about 550 interferograms from ascending and descending ASAR images
acquired between 2003 and 2010. These data were combined to determine the vertical and easting
components of the displacement field, and the results were then compared with data from GPS obser-
vations acquired during three field surveys carried out between 2006 and 2008. To invert the large
time series of INSAR images and GPS data and better analyze the time-dependent behavior of surface
displacement, we use the principal component analysis inversion method (PCAIM, http://www.tectonics.
caltech.edu/resources/pcaim/) [Kositsky and Avouac, 2010; Lin et al.,, 2010; Perfettini et al., 2010]. This
analysis of long InSAR time series and GPS data provides results which are important for the under-
standing of the ongoing process. It enables us to eliminate certain models as candidate for the source
of the surface displacement and to discard some of the hypothesis previously invoked to explain the
observed uplift at the Lazufre volcanic complex.
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Table 1. Temporal GPS Changes Measured Between March 2006 and November 2007 and Between March 2006 and November 2008°

Location Displacements (2006-2007) Displacements (2006-2008)

Site Longitude (°) Latitude (°) East North Up East North Up
LST2 —68.625 —24.976

LST3 —68.464 —25.129 —0.65 1.45 2.70 —0.45 0.90 410
LST4 —68.437 —25.160 —1.50 2.40 1.20 —0.25 245 2.95
LST5 —68.438 —25.220 —0.95 1.30 2.10 —0.20 1.00 5.65
LST6 —68.454 —25.233 —0.15 1.10 6.45 0.15 1.60 745
LST7 —68.483 —25.259 1.15 0.20 7.50 0.40 -1.00 10.10
LST8 —68.547 25.134 -1.70 1.90 —0.25 -1.20 1.00 —0.50

“The changes are given with respect to reference station LST2. The final 1¢ accuracy is estimated at 5 and 10 mm for horizontal and
vertical components, respectively. The station LST7 located near the area of maximum uplift observed by InSAR indicates a ground
uplift rate of about 3.85 cm *+ 0.5 cm yr~'. Depending on the station, the observation time for GPS measurements spanned between 8
days and 24-48 h (LST5 and LST6 stations) due to complex field conditions. LST2 used as reference station for both 2006 and 2008 cam-
paigns was observed 5 and 16 days. All displacements are expressed in cm.

2. Data

2.1. GPS Data

Differential GPS measurements have been carried out on the Lazufre volcanic complex over three field trips
in May 2006, November 2007, and November 2008 in order to improve constraints on the horizontal and
vertical components of the surface displacement [Bonvalot et al., 2008]. The GPS network was composed of
seven stations lying on a transect crossing the uplifting area, as delineated by previous InSAR studies [Pritch-
ard and Simons, 2002; Froger et al., 2007; Ruch et al., 2008; Anderssohn et al., 2009; Henderson and Pritchard,
2013; Pearse and Lundgren, 2013] (Figure 1). The LST2 station was located outside the deforming area to be
used as a stable reference in further network adjustments. The LST7 station is located near the center of the
area affected by displacements. The GPS observations acquired using dual-frequency receivers (sessions
mostly lasting from 24 to 48 h) have been processed and adjusted using GAMIT/GLOBK 10.35 software [Her-
ring et al., 2010]. The final 1¢ accuracy is estimated to be 5 and 10 mm for horizontal and vertical compo-
nents, respectively. The resulting GPS displacements observed between May 2006 and November 2008 are
shown in Table 1. These ground measurements confirm surface uplift at a rate comparable to previously
published estimates. The maximum vertical displacement was measured at LST7 station (10 cm observed
over the 2.5 year period) with a ground uplift rate of 3.85 = 0.5 cm yr~ '. Horizontal displacements are
clearly smaller (mostly at the level of around a centimeter) than the vertical ones. The maximum measured
northing displacement reaches 2.4 cm at station LST4. In contrast to the vertical displacements, horizontal
displacements do not show a clear trend during the 2 year epoch, presumably because of the low signal-to-
noise ratio throughout the short time span investigated.

2.2. ASAR Data

A total of 64 ASAR-ENVISAT images acquired over the study area between 2003 and 2010 were used in this
study (see Table 2). Thirty images were acquired from descending orbit (track 282, swath 2) and 34 from
ascending orbits (track 318, swath 2 and track 404, swath 6). From this image data set, we produced a set of
about 550 interferograms spanning between 35 and 2625 days. The interferograms were generated with
the DIAPASON software [©CNES/Altamira-information, 1996] using the two-pass method described by Mas-
sonnet and Feigl [1998]. The orbital and topographic contributions were modeled and removed using pre-
cise orbit data from ESA DORIS and the SRTM digital elevation model oversampled to 45 m. The SRTM
digital elevation model was also used to provide a geographic framework (UTM-WGS84) for the interfero-
grams. The interferograms were then unwrapped using the Snaphu algorithm [Chen and Zebker, 2002]. Due
to the extreme aridity of the area, most of the interferograms exhibit an excellent coherence and the
unwrapping step is easily achieved without any noticeable errors. Finally, we corrected the interferograms
for residual orbital and tropospheric contributions using the approach proposed by Froger et al. [2007]. First,
we estimated the best fitting linear ramp in space and vertical phase gradient for each interferogram. Then,
using these values relative to each interferogram, we performed a global data L2 adjustment to retrieve the
optimal values, and their uncertainties, relative to each single ASAR image. Finally, we used the adjusted
gradient values to mitigate both contributions in each interferogram.
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3. InSAR Time Series
Table 2. List of the 64 Envisat ASAR Images Acquired by the ENVISAT System From

Two Ascending Track Orbits (Track 318 in Swath 2 and Track 404 in Swath 6) and Analysis
From One Descending Track Orbit (Track 2282 in Swath 2) Between 2003 and 2010 . .
Over the Study Area® In order to characterize the time
Descending Track Ascending Tracks dependency of displacements as
Track 282 (swath 2) Track 318 (swath 2) accurate|y as possib|e and to
S rice G e reduce the inherent redundancy
within the interferogram data set
05346 09 Mar 2003 17907 03 Aug 2005 d h
05847 13 Apr 2003 19410 16 Nov 2005 we used a two-steps approach.
07851 31 Aug 2003 24921 06 Dec 2006 The first step was to generate a
10857 28 Mar 2004 26925 25 Apr 2007 time series for each track relative
14364 28 Nov 2004 27426 30 May 2007 h liest SAR i )
14865 02 Jan 2005 20931 21 Nov 2007 to the earliest SAR image using a
15366 06 Feb 2005 30432 26 Dec 2007 technique similar to the one pro-
16368 17 Apr 2005 30933 30 Jan 2008 posed by Usai et al. [2003]. The
16869 22 May 2005 31434 05 Mar 2008 d involved d
17370 26 Jun 2005 34941 05 Nov 2008 second step, involved decompos-
17871 31 Jul 2005 35442 10 Dec 2008 ing the displacement maps
;32;; ;2 Bec iggg ;:j:i 11 ;‘ ;az igg: obtained from the first step into
ec e L .
21879 07 May 2006 40953 30 Dec 2009 their principal components using
22380 11 Jun 2006 41955 10 Mar 2010 the approach proposed by Kositsky
;iggz i‘; i)eP ;gg: 42456 14 Apr 2010 and Avouac [2010]. The principal
ct .
24885 03 Dec 2006 Track 404 (swath 6) component decomposition allows
26889 22 Apr 2007 19496 22 Nov 2005 the displacement maps to be
28893 09 Sep 2007 25508 16 Jan 2007 resolved into a superposition of
29394 14 Oct 2007 27011 01 May 2007 several components. each of them
30396 23 Dec 2007 27512 05 Jun 2007 p ’
30897 27 Jan 2008 30017 27 Nov 2007 characterized by its own temporal
;;:3132 g§ ’;‘ar ;ggg ;?313 8; ;ag i(())(())z evolution. This type of decomposi-
ec e . . .
36408 15 Feb 2009 31520 11 Mar 2008 tion is particularly advantageous
36909 22 Mar 2009 32021 15 Apr 2008 for displacement inversions in
37410 26 Apr 2009 35528 16 Dec 2008 which the displacement signal can
39915 18 Oct 2009 36029 20 Jan 2009 b db I b
42921 16 May 2010 37031 31 Mar 2009 € represented by a sma : number
40037 27 Oct 2009 of components thus considerably
AR 01 Dec 2009 reducing the amount of data to be
41039 18 Jan 2010 . d
41540 09 Feb 2010 inverted.
42041 16 Mar 2010
42542 20 Apr 2010

3.1. Time Series Generation

The time series generation con-
sists of a global data adjustment
where the displacements relative to single images (i.e., to single acquisition times) are retrieved from differ-
ential displacements relative to the interferograms. The good temporal coherence of the study area guaran-
tees a high proportion of usable interferograms for the time series generation (more than 60% of the
interferograms with perpendicular baseline lower than 350 m). Before processing the time series, we make
the phase values comparable in both space and time by selecting a reference point outside of the area
affected by displacements and by correcting each interferogram for a constant shift calculated as the mean
phase value of a 2.8 X 2.8 km window centered on the reference point.

“Time series reference orbit and date are indicated in bold for each track.

Figure 2 shows some adjusted LOS displacement maps spanning different time intervals during the 2003-
2010 period. These maps exhibit a conspicuous large-wavelength elliptical displacement pattern that corre-
sponds in location to the large uplift already described in previous studies [Pritchard and Simons, 2002; Fro-
ger et al., 2007; Ruch et al., 2008; Anderssohn et al., 2009; Henderson and Pritchard, 2013; Pearse and
Lundgren, 2013]. When considering the whole time series, the extent and amplitude of the displacement
pattern increases as a function of time. However, the major axis/minor axis ratio of the pattern remains
remarkably constant, with a value close to 5/4. This suggests that the shape of the surface displacement
source does not change significantly throughout the entire studied period. The LOS velocity maxima at the
center of the displacement pattern for the track 282, 318, and 404 are estimated to be: —3, —3.2, and
—2.75cmyr ' toward the satellite. The value estimated for track 282 is in agreement with those given in
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orbit 20877 orbit 29394 orbit 37410
2.96 years wrt 09/03/2003 4.6 years wrt 09/03/2003 6.13 years wrt 09/03/2003

Descending Track 282
orbit 30432 orbit 34941 orbit 36444
2.39 years wrt 03/08/2005 3.26 years wrt 03/08/2005 3.54 years wrt 03/08/2005

Ty \

Ascending Track 318

orbit 30518 orbit 35528 orbit 37031
2.11 years wrt 22/11/2005 3.06 years wrt 22/11/2005 3.25 years wrt 22/11/2005

0 ! a L

Ascending Track 404

H:H [cm]

-18 -15-12 -9 -6 -3 0

Figure 2. Adjusted LOS displacement maps overlaid onto a shaded relief map. (a) Descending track 282 (swath 2) displacement maps
from March 2003 to February 2006, October 2007, and April 2009, respectively. (b) Ascending track 318 (swath 2) displacement maps from
August 2005 to December 2007, November 2008, and February 2009. (c) Ascending track 404 (swath 6) displacement maps from Novem-
ber 2005 to January 2008, December 2008, and March 2009. Displacements toward the satellite are negative. The black circle shows the
location of the GPS station LST7. The differences in deformation pattern between the three sets of images are due to the difference in
viewing geometry.

previous studies [Froger et al., 2007; Ruch et al., 2008; Anderssohn et al., 2009; Henderson and Pritchard, 2013;
Pearse and Lundgren, 2013].

3.2. PCAIM Decomposition

The principal component analysis-based inversion method (PCAIM) relies on principal component analysis
of the surface displacement time series. In this approach, the displacement data are decomposed into a lin-
ear combination of principal components. Each component is associated with its own spatial vector,
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singular value, and time function, where the singular value is a measure of the significance of the compo-
nent. PCAIM makes it possible to handle large and heterogeneous data sets, unevenly distributed in time,
such as those obtained by combining multitrack InSAR data and GPS measurements. Furthermore, contrary
to classical principal component decomposition, it makes it possible to take the data uncertainties properly
into account. In favorable cases, PCAIM can provide a decomposition of the data set into only a few compo-
nents. It is then clearly advantageous, in term of computing time, to invert these few components rather
than the entire data set in order to obtain simultaneously the displacements source characteristics for all
the epochs. The main principle of the method is presented in the work of Kositsky and Avouac [2010] or in
the PCAIM manual and examples of applications can be found in the works of Lin et al. [2010] and Perfettini
et al. [2010].

To reduce the computational cost of the principal component decomposition, we subsampled each dis-
placement map on a 500 m uniform grid. This simple way to break down the data is suitable in our case in
which the displacement signal is a smooth and large-wavelength signal. It allows the number of data to be
reduced by about two orders of magnitude without losing many details of the displacement.

Our resulting subsampled InSAR time series consists of 30 epochs on 14,561 observations, 16 epochs on
14,535 observations, 18 epochs on 14,116 observations for the track 282, 318, and 404, respectively, giving
a total of 9.2 X 10° INSAR measurements. The three InSAR time series are combined into a large displace-
ment data matrix X of 43,212 lines (total number of subsampled measurements multiplied by the number
of tracks) and 64 rows (the total number of epochs). For each time series, we interpolated the displacement
values and errors at the missing epochs over the period spanned by the time series and we extrapolated
displacement values, assigning an infinite error for missing epochs outside the period spanned by the time
series. The InSAR data are weighted either inversely proportional to the estimated variance or at zero for
extrapolated missing values.

The N X M data matrix X is first centered such that the time series X=X—(X) has a mean value of zero.
Next PCAIM decomposes X into the sum of its principal components:

X =USsv’ M

where U, S, and V have a size of N X N, N X M, and M X M, respectively, and * means that the matrix is
transposed. U is the spatial functions matrix where the lines correspond to the subsampled data and the
columns to the principal components, and it is only space dependent (N X N matrix). S is the matrix of the
principal values, a diagonal matrix with r nonzero eigenvalues (i.e., r is the S matrix rank) that gives the mag-
nitude of each component. V is the time function matrix as it is solely time dependant (M X M matrix).

Figure 3 summarizes the results obtained from the PCAIM decomposition of our InSAR time series. In Figure
3a, we show the normalized singular values for each component. It is noteworthy that the first component
has a singular value one order of magnitude larger than that of the second component. This is clear evi-
dence that most of the INSAR data information is contained in the first principal component. This is con-
firmed by the spatial functions for the first principal component for the three tracks (Figure 3b) that
remarkably mimics the displacement pattern observed on the time series. In comparison, the spatial func-
tions of the second and third principal components are quite noisy. The time function for the first principal
component (Figure 3c) appears remarkably linear, a feature in good accordance with the results previously
obtained from the analysis of the ground inflation signal observed during several periods from 2003 to

2010 [Froger et al., 2007; Ruch et al., 2008; Anderssohn et al., 2009; Henderson and Pritchard, 2013; Pearse and
Lundgren, 2013]. Time functions for second and third components show signs of transient signals which we
attributed to tropospheric effects.

In order to determine how the data are represented by the components, we computed the reduced Chi-
square y2 of the residual to the data for the 1 to kth components using the following formulation [Lin et al.,
2010]:

)

, 1 {x—xwd] 2
e

:N—k o

where N refers to the number of subsampled InSAR data, k is the number of principal components selected
for the signal reconstruction, X is the subsampled InSAR data matrix, Xs,q is the reconstructed data matrix

REMY ET AL.

©2014. American Geophysical Union. All Rights Reserved. 6



Geochemistry, Geophysics, Geosystems

10.1002/2014GC005370

a b
0.6 U1 U2 u3
X 520 540 560 580520 540 560 580 520 540 560 580
0.2 L I
7220/ ¥ | 7220
»
72004 L7200
c 4
7180/ - - L7180
b | P
7220/ q | 7220
S oo ® o0e s o8 ReSE ’
» \
» 7200/ L7200
7180/ ; ‘ | 7180
N
>0 .
7220/ I b | 7220
7200 ' L7200
» =S i .
0 . ° 00y 00t L4 o% Lo I 'Y i ﬁ
> “ * b ¢ .. .' N 718 T T T T T — T T T T 7180
520 540 560 580520 540 560 580 520 540 560 580
—:—
2003 2004 2005 2006 2007 2008 2009 2010 2011 ~0.05 0.00 0.05

Figure 3. Results from the PCA decomposition applied to the InSAR time series. (a) Diagonal of the matrix of the normalized principal values. In this figure, the principal values are
divided by the sum of the principal values. The proportions of variation explained by the first and the second principal values are 0.6 and 0.07, respectively. The linear combination of
the first principal component using U1, S1, and V1 reconstructs the observed signal within the 5 mm uncertainty (;? of 0.3). (b) The three first spatial functions of the displacement field
for swath 2282, 2318, and 6404 from top to bottom. The first spatial function shows that the signal is clearly related to inflation, as observed with different look angles (swaths 2 and 4)
and different heading angles (ascending and descending). (c) Three first time functions. The first time function evolves linearly with time and is related to the temporal evolution of the
ground inflation signal observed during the 2003-2010 period. Some of the topography-related atmospheric signal is also mixed into the first spatial function. Higher principal compo-
nents are quite noisy and show signs of transient signals that can be attributed to short-timescale tropospheric effects. The area shown in gray corresponds to a region which is not cov-
ered by track 604. The lack of appearance of the pattern related to the small deformation source beneath Lastarria cone is due to the downsampling of the InSAR data to 500 m pixel.

obtained by multiplying the first spatial components of k by their singular values and by their time func-
tions, and ¢ is the INSAR data standard error estimated to 5 mm. The interpolated missing epochs are not
considered in the estimation of the z2.

If the signal is correctly reconstructed for a component then the Chi-square value is expected to be close to
1; otherwise the uncertainty of the measurements are either over or underestimated. The y? of the residuals
between the observed and the reconstructed time series for the first to the eighth component ranges from
0.25 to 0.003. These values lower than 1 indicate that the residuals between data and the reconstructed
time series lie within the data uncertainty whatever the number of components used, thus the data can be
sufficiently well estimated by the first component alone. The Chi-square value of 0.25 obtained for the resid-
ual between the data and the first component might indicate that our estimation of the InSAR data uncer-
tainty of 5 mm is overestimated but this would be misleading. Figure 4 shows an example of six selected
observed and reconstructed LOS displacement maps using the first principal component for the decompo-
sition. Visual inspection of these maps reveals the presence of topography-related atmospheric effects in
spite of the correction made during the construction of interferograms. The first spatial function is partially
biased by these effects because they are coherent in space and, due to the uneven sampling of SAR data,
they could also appear coherent in time. Consequently, the topography-related atmospheric effects are
decomposed into the sum of a first component, which reproduces the linear behavior of the signal, and the
high-order components which reproduce the deviation from this linear trend. However, thanks to the cor-
rection made during the interferogram processing, the residual of topography-related atmospheric effects
are weak and barely affect the decomposition.

Taking these results into account, we considered that the contribution of higher order components was
negligible and likely within the data noise. Thus, we decided to retain only the first component to recon-
struct the original data. Generally, each individual principal component represents a linear combination of
the contribution from various sources rather than one particular identifiable physical source. Here, however,
the signal can be described using the first component alone and a good approximation of X could be:

REMY ET AL. ©2014. American Geophysical Union. All Rights Reserved. 7
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Figure 4. Example of several reconstructed adjusted LOS displacement maps using the first principal component of the PCA decomposi-
tion. (left) Adjusted LOS displacement maps using the InSAR data subsampled to 500 m. (middle) Reconstructed adjusted LOS displace-
ments maps using the first component. (right) Residual of the difference between observed and reconstructed displacements. The root
mean square between observed and reconstructed data ranges from 2 to 2.5 mm. All the images are shown with a 5 cm color cycle. Visual
inspection of the displacements maps reveals the presence of residual topography-related atmospheric effects in spite of the corrections
made during the construction of the interferograms. These effects partially bias the first spatial function but barely affect the decomposi-
tion. The black circles show the location of the GPS station LST7.
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Table 3. Comparison of GPS and InSAR Data®

Descending Track 282 Ascending Track 318 Ascending Track 404

2006-2007 2006-2008 2006-2007 2006-2008 2006-2007 2006-2008
Name InSAR GPS InSAR GPS InSAR GPS InSAR GPS InSAR GPS InSAR GPS
LST2 0.00 0.00 —0.00 000 —035 0.00 —0.45 000 —0.25 000 -—0.10 0.00
LST3 =225 —3.30 —3.00 —4.70 —1.40 —2.90 —2.00 —4.10 —0.75 =225 —1.10 —3.30
LST4 —4.15 —240 —5.25 —-450 —220 —2.00 -3.10 -310 —-120 -—-1.80 —165 —230
LST5 -10.25 -785 —1290 —1040 —495 —3.15 -7.10 —-6.10 —245 —175 -390 —4.00
LST6 -1220 —1220 —1530 —1320 —-6.00 —73 —8.45 —805 —3.00 —440 —485 —485
LST7 —13.60 —14.65 —16.95 —16.90 —7.00 —7.65 —10.10 —10.45 —3.85 —4.20 —6.30 —6.85
LST8 -1.20 0.50 —1.60 045 —115 —0.20 -1.80 010 —070 —-040 —1.15 0.10

#We list the values of displacement projected in the LOS direction for GPS data acquired during three field surveys carried out in
March 2006, November 2007, and November 2008. The root mean square (rms) difference between LOS-projected GPS displacements
and InSAR measurements is about 1.3 cm. All measurements are expressed in cm. Displacements toward the satellite are negative.

X 2U.S.V° (3)

where U; (N X 1 matrix) is the first spatial vector. S;(scalar) is the first principal value, V;(M X 1 matrix) is
the first time function. In this equation, only V; evolves with time whereas U, and S; remain constant. This
result leads to the important conclusion that the shape of the displacement field does not change with
time during the studied period and that only the amplitude of the signal varies over time.

3.3. Consistency of INSAR and GPS Measurements

An independent way to evaluate the relevance of the first principal component as an estimation for the
InSAR data is by comparing it with the GPS measurements. In order to make the two sets of geodetic data
comparable in time, we reconstructed the InSAR displacements at the epoch of the GPS measurements
using the first principal component time function obtained from the PCAIM analysis. Then, to make the
data sets geometrically comparable, we projected the GPS vectors into the respective LOS for each InSAR
track.

The InSAR time series are in good agreement with the LOS-projected GPS displacements for all tracks (see
Table 3). The differences between the two data sets range from 0.02 to 1.26 cm for a root mean square of
about 1 cm. These differences are assumed to result mainly from orbital uncertainties, uncorrected atmos-
pheric effects in the SAR images and the larger uncertainties in the GPS vertical determinations which are
propagated into the LOS projection. Figure 5 shows, as an example, the LOS-projected GPS displacements
and the InSAR reconstructed at location of LST7. The accordance between the two data sets at this station
located near the area of maximum uplift clearly indicates the good consistency between the inferometric

and GPS observations and confirms the relevance of using the first principal component as a proxy for the
InSAR displacement time series.

4, Constraints on the Shape of the Displacement Source

A large range of inflating source geometries, including sphere, prolate ellipsoid, or planar crack, located
between 7 and 18 km below the surface, have been proposed in previous studies to explain the displace-
ments at Lazufre [Pritchard and Simons, 2004; Froger et al., 2007; Ruch et al., 2008; Anderssohn et al., 2009;
Henderson and Pritchard, 2013; Pearse and Lundgren, 2013]. This wide range of acceptable source shapes
reflects the inherent nonuniqueness of inverse deformation problem, aggravated by the fact that the INSAR
data, used in previous studies, were mostly acquired along a single track and thus provide weak constraints
on the source geometry. Anderssohn et al. [2009] tried to derive two-dimensional surface displacement
fields by combining descending interferograms produced from Stripmap ASAR data with one ascending
interferogram produced from Wide Swath ASAR data. But, as only one Wide Swath interferogram was suita-
ble for this purpose, the resulting displacement field was poorly constrained.

A way to reduce the range of possible solutions is to consider additional constraints on the source geome-
try, such as those provided by comparison of the horizontal and vertical displacement components. For
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descending passes, they theo-
retically allow the 3-D displace-
ment components (easting, northing, and vertical) to be retrieved. In reality, due to the near-polar orbits of
ENVISAT, the northing displacement component is poorly constrained. Therefore, we have based our analy-
sis of the displacements only on the easting, and vertical components assuming that northing displace-
ments are not significantly higher in magnitude than these other components and then vanish when
projected in the radar line of sight. This assumption is confirmed by the values of northing displacements
measured with GPS that account, on average, for about one-third of the total displacement. A prerequisite
for retrieving the easting and vertical components is to have the three independent InSAR displacements
compatible in time. This step is easily achieved by using the InSAR displacements reconstructed using the
first principal component time function at the GPS epochs, taking the epoch of the first GPS campaign as
the time reference (i.e., null displacement). Then, the easting and vertical displacement components can be
obtained using the approach proposed by Wright et al. [2004].

The resulting horizontal and vertical displacement maps derived from InSAR data between May 2006 and
November 2008 are shown in Figure 6 along with the measured GPS vectors for the same period. The verti-
cal displacements affect an elliptical area with a 30 km NNE-SSW major axis and a 19 km minor axis. They
reach up to 8.5 cm at the center of the displacement pattern. This value differs slightly from the vertical dis-
placement measured by GPS at LST7 (10.1 cm) but the difference falls within the 95% confidence interval.
The easting displacements are low and range from —2.5 to 2.0 cm. In addition, in Figure 6, there is a rough
symmetry (respectively, antisymmetry) of the vertical (respectively, the easting) component with respect to
a N15°-N40° axis, which suggests a first-order symmetry of the surface displacement source. A more careful
examination of the easting displacement reveals that the displacement amplitude is lower on the east side
of the uplift. This observation suggests that the source roof could not be completely horizontal. Figure 7
shows the retrieved vertical and easting displacements along an east-west profile (AA’ in Figure 6) crossing
the maximum area of uplift, compared with the best computed responses derived from analytical models
of displacement sources embedded in a homogeneous isotropic Poissonian elastic half-space (spherical
point source, penny-shaped crack, rectangular tensile dislocation, prolate spheroid) [Mogi, 1958; Yang and
Davis, 1988; Okada, 1992; Fialko et al., 2001al. The ratio of maximum retrieved horizontal displacement to
the maximum retrieved vertical displacement is about 0.3, suggesting a rather flat-topped source. This
inferred flat-topped nature of the source is also consistent with the better agreement between the retrieved
displacements and those modeled with the tensile dislocation than those with other analytical models
(Figure 7).
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Figure 6. Easting and vertical components of the displacement observed between May
2006 and November 2008, determined by the combination of ascending and descending
InSAR data. (left) Easting component of the ground surface displacement. Negative values
indicate a displacement to the west whereas positive value indicates a displacement to the

east. (right) Vertical component of the ground surface displacement. Vectors show the verti-

cal and horizontal components observed by GPS. GPS data and the maps span the same
time period. The dashed line AA” shows the profile used in Figure 7. Note that a different
color scale is used between the two maps to improve contrast between them. Coordinates
are expressed in UTM-WGS84 (19 zone South). The area shown in gray corresponds to a
region which is not covered by the track 604.

5. Modeling Strategy

The results provided by the
comparison of vertical and hor-
izontal displacements on one
hand, and by the PCAIM analy-
sis on the other hand, led us to
focus our modeling investiga-
tion on a flat-topped body
whose size and shape do not
change over time but whose
internal pressure increases. We
considered two end-member
models; first an elliptical crack,
i.e, a model with a very low
geometric aspect ratio (thick-
ness:diameter) which repre-
sents a sill-like source; and
second an elliptical truncated
cone that is suitable for model-
ing massive sources such as
large magmatic chambers or

plutons. Therefore, compared to the traditional approach which consists of looking for tensile opening
aligned on the same plane, our approach allows us to explore a broader range of possible source

geometries.

We calculated the displacements produced by our two end-member models using a three-dimensional
mixed boundary element method (BEM) for linear elastic media [Cayol and Cornet, 1998; Fukushima et al.,

2005]. This numerical modeling method can incorporate realistic topography, and any number of pressure
sources with different geometries. We assumed that the sources were embedded in an isotropic homoge-
neous elastic half-space limited by the surface topography and that uniform pressure acted on all the
source boundaries (unlike the constant displacement discontinuity models). We chose a shear modulus of
30 GPa and a Poisson’s ratio of 0.25.

We performed an inversion of the INSAR and GPS data using a neighborhood search algorithm [Sambridge,
1999a, 1999b]. In this approach, the solution of the inverse problem is described in term of posterior proba-

Vertical displacement along profile
7T T T

T
08l " - Observed
— Point source
| — Prolate spheroide
I —Tensile dislocation

Easting displacement along profile
06 T T T T T

Normalized Displacement
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Figure 7. Profiles of vertical and east-west components of the ground surface displace-
ment along AA’ (shown in Figure 6). Components determined by InSAR are shown in dot.
Colored lines show displacement modeled using a prolate spheroid, a spherical point
source, and a tensile dislocation. The ratio of the horizontal peak to maximum vertical dis-
placement of 0.27, for the observed displacement, is close to the one obtained using the
tensile dislocation model, suggesting that the source is a flat-topped body.

bility density (PPD) functions that
estimate the confidence limits on
a given model and provide a full
description of the correlation
between the model parameters.

A classical approach in modeling
INSAR measurements is to invert
the displacement data available
for each epoch. Here, however,
the PCAIM approach allows the
number of inversions to be
reduced significantly since only
the first principal component is
inverted. Given that we consid-
ered the crust as a linear elastic
medium (i.e., displacements are
proportional to source pressure
variations) we can write

X=G.AP (4)
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Table 4. Elliptical Crack Model Parameters Inferred From the Inversion of the Geodetic Data®

95% Confidence Intervals

Parameters Minimum Values Maximum Values Lower Upper Best Values
X (km) 549 554 551.050 553.350 552.310
Y (km) 7203 7208 7203.960 7206.420 7205.380
Depth (m) 1000 20000 8750 13,950 11,135
S1(m) 5000 40000 21460 34,820 29,690
S2/51 0.1 1 0.1 0.66 0.43
DipS1 (°) 15°S 15°N 12°S 7°N 2.5°S
DipS2 (°) 15°W 15°E 7°W 13°E 3.5°E
Azimuth (°) N80°E N N45°E N20°E N34°E
Area (km)° 44 530 298

X and Y are expressed in km (UTM WGS84 zone 19 South). Depth is expressed in m below the mean surface elevation (i.e., 4500 m
a.s.l). S1 is the major axis. S2/S1 is the length ratio between the major and minor axes. DipS1 and DipS2 are the dip angles of the major
axis (S1) and the minor axis (S2), respectively. Azimuth is a clockwise angle relative to the North.

PConfidence interval and best estimation for the source area are estimated using the geometric parameters inferred by the inversion.

where Xis the INSAR data matrix, G is a Green function matrix of N X 1 (N number of sampled points). Gi,
represents the projected LOS displacement induced at a given pixel i due to unit pressure variation for a
given displacement source model and AP is a vector of 64 unknown pressure changes at each epoch.

Then, from the combination of equations (3) and (4) we can infer the pressure change history of the source
AP = Py+(G 'U;).51.V® (5)

where Py=(G™'X) represents the pressure that accounts for the mean displacement of each pixel. The
product (G_1 .Uq ) .Sq is only space dependent and remains constant as previously shown while V; is only
time dependant.

Next we used the following misfit function which presents a minimum for the best source inferred jointly

by InSAR and GPS data:
. AN 2

where U,ps and U, represent observed and modeled displacement, respectively, and ¢ the uncertainties of
the observed GPS displacements and INSAR measurements.

5.1. Elliptical Crack Source

Our elliptical crack model involves eight parameters: coordinates of the crack center (the easting, northing,
and depth), the length of the major and minor axes, the dip, and azimuth of the major axis and the dip of
the minor axis. Table 4 summarizes the lower and upper bound search values for each parameter and
reports the best model parameters with uncertainty level of 95% deduced from the inversion. The geo-
graphical location and the azimuth of the displacement source are well resolved as indicated by their nar-
row 95% confidence intervals. The dip of major and minor axes is also relatively well constrained and
indicate that the source roof is close to horizontal. The depth of the best crack model ranges from 8750 to
13,950 m (95% confidence level) below ground surface. Figure 8 shows the two-dimensional posterior prob-
ability density function between the depth and the area of the elliptical crack model. The uncertainty on
the depth is high due to a trade-off between this parameter and the surface area of the source. In other
words, as the depth and the surface area of the source, defined by the length of the major and minor axes,
both influence the wavelength of the surface displacement, there is a continuum of parameter combina-
tions between an extensive source (e.g., ~450 km?) lying at intermediate depth (e.g., ~9 km) and a small
source (e.g., ~40 km?) at greater depth, that equally well reproduce the observed displacement pattern
(see Figure 8). Obviously, this also leads to an uncertainty in the determination of the source opening rate.
For instance, we obtain maximum opening rate ranging from 5 mm yr~' to 50 cm yr~' (95% confidence
level). Unfortunately, without additional information, we cannot reduce these uncertainties further.

The elliptical crack model, which matches the whole geodetic data set best, is shown in Figure 9. The
reduced y2, (i.e., the z2, divided by the degree of freedom) of the residuals between the values predicted by
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Figure 8. Two-dimensional marginal posterior probability density function (PPD) between the depth and the area of the elliptical crack
model. This figure highlights the trade-off between these two parameters. Contour interval is 0.2 times the maximum value. The black dia-
mond represents the best model (reduced y2 = 0.78).

the model and the data is 0.78. The RMS of residuals for InSAR is about 4 mm while the corresponding RMS
for the GPS is 10 mm. The surface area of the source is 298 km?. In Figures 9d-9l, we compare the displace-
ments observed on the largest period of each track to the modeled displacements and we show their resid-
uals. For the track 2282 data, which represent more than 6 years of displacements, the maximum estimated
source opening reaches up to 7.2 cm yr~ ' with an average of about 4.7 cm yr ', leading to a volume
change rate of 14.8 X 10 m® yr ™" and a pressure increase of 8 X 1072 MPa yr~ ' assuming a shear modulus
of 30 GPa. This volume change estimate is close to those previously proposed by [Pritchard and Simons,
2004; Froger et al., 2007] and the value of opening rate is close to those proposed by Ruch et al. [2008],
Anderssohn et al. [2009], and Pearse and Lundgren [2013].

5.2. Elliptical Truncated Cone

The elliptical truncated cone source involves 10 parameters. The shape and location of its roof are deter-
mined by the same eight parameters used for the elliptical crack source, and two additional parameters
include the source thickness and the dip angle of the side walls. The root of the cone is a homothetic image
of its roof giving either a cone which widens downward, or a cone which narrows downward. Table 5 sum-
marizes the lower and the upper boundary search values for each parameter and reports the best model
parameters with their uncertainties at 95% level confidence deduced from the inversion. The geographical
location, the azimuth, and the dip of both major and minor axes are reasonably well constrained and their
inferred values and confidence intervals are close to those inferred from the inversion of the elliptical crack
model. On the contrary, the depth, thickness and dip of the source walls are poorly constrained, as these
parameters can vary widely without degrading the fit to the data. The minimum depth of the source roof,
at 2000 m below the ground surface, is strikingly smaller than the one obtained for the elliptical crack mod-
els (8750 m).

Figure 10 shows scatter plots of the source depth versus the dip angle of the source walls, the source thick-
ness and the source volume deduced from the S1, S2, and thickness parameters using all the computed sol-
utions that fall within the 95% confidence interval. These scatter plots reveal that the dip angle of the walls,
the thickness, and the induced volume of the source are highly correlated with the depth and, hence poorly
determined.

Shallow sources (depth < 8000 m) are characterized by a large volume (>400 km?, Figure 10c) and by out-
ward dipping sides. For sources with a depth greater than 8500 m the ground surface displacements are
mainly determined by the thickness and the depth of the source but are completely insensitive to dip angle
of the walls. As a consequence, the surface displacements are also insensitive to the dimensions of the
source root. This finding is in agreement with Yun et al. [2006] who showed that if the radius of a flat-
topped source is large compared to its depth, then the ground surface displacements are dominated by dis-
placement of the source’s upper surface.

Although deep sources (z > 8500 m) could have a good 72, our inversion tends to favor a large shallow
source (27 and 15 km for the major and minor axes) lying at 5 km depth with its walls dipping outward
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Figure 9. Maps of observed and modeled GPS and InSAR data using the best elliptical crack model inferred by the inversion of InNSAR and
GPS data. (a) The best elliptical crack model with the normalized value of the opening. It is located at about 11 km depth and its dimen-
sions are about 30 km and 13 km for the major and minor axes, respectively. (b) Horizontal GPS displacements (white vectors) for March
2006 to November 2008 and modeled displacement vectors (red vectors). (c) Vertical GPS displacements (white vectors) for March 2006 to
November 2009 and modeled displacement (red vectors). The RMS of the residual between GPS and modeled data is about 1 cm. The larg-
est discrepancies observed at LST5 and LST6 (horizontal component) might be explained by shorter duration time. (d-I) Three LOS dis-
placements maps and the model predictions. (d, g, and j) Observed LOS displacement maps using the InSAR data subsampled to 500 m.
(e, h, and k) Modeled data using the elliptical crack model. (f, i, and I) Residual between observed and modeled data. The RMS of the resid-
uals ranges from 4 to 5 mm in these examples. The reduced 72, of the residual for the whole data set is 0.78. The volume change rate is
14.8 X 10° m® yr " inducing a pressure change rate of about 8 X 1072 MPa yr~' assuming a shear modulus of 30 GPa. The black circles
show the location of the GPS station LST7.

REMY ET AL.

©2014. American Geophysical Union. All Rights Reserved. 14



QAG U Geochemistry, Geophysics, Geosystems 10.1002/2014GC005370

Table 5. Resulting Elliptical Truncated Cone Model Parameters Inferred From the Inversion of the Geodetic Data®

95% Confidence Intervals

Parameters Minimum Values Maximum Values Lower Upper Best Values
X (km) 549 554 550.720 553.380 552.380
Y (km) 7203 7208 7204.350 7207.350 7206.500
Depth (m) 1000 20,000 2010 13,890 5315
Major axis (m) 5000 40,000 12,400 36,000 26,540
S2/51 0.1 1 0.08 0.75 0.56
DipS1 (°) 15°S 15°N 12°S 5°N 2°S
DipS2 (°) 15°W 15°E 8°W 13°E 1°E
Azimuth (°) N80°E N N46°E N18°E N34°E
H (m) 100 10,000 100 8900 5622

o (%) —80 +80 —80 80 50
Volume (km?)P 1.60 5538 2769
Roof area (km?)° 42 670 315

X and Y are expressed in km (UTM WGS84 zone 19 South). Depth is expressed in m below the mean surface elevation (i.e., 4500 m
as.l). S1is the major axis. S2/S1 is the length ratio between the major and minor axes. DipS1 and DipS2 are the dip angles of the major
axis (S1) and the minor axis (S2), respectively. H is the thickness of the source. Azimuth is a clockwise angle relative to the North. o is the
dip angle of the source walls. & < 0 means that the source walls dip outward, & > 0 means the source walls dip inward.

PConfidence interval and best estimation for the source volume are estimated using the geometric parameters inferred by the
inversion.

(o ~ 50°). The thickness is about 5 km, leading to an estimated source volume of 2769 km?>. The volume
change rate is estimated at about 12.5 X 10° m® yr ™' and the pressure change rate at about 2 X 10~2 MPa
yr~'. The reduced 2, of the residual between the values predicted by this model and the data is 0.78. The
RMS of residuals for INSAR is about 4 mm while the corresponding RMS for the GPS is 10 mm showing that
a large massive shallow source explains the geodetic time series at Lazufre as well as the crack type source.
Figure 11 shows the displacements observed on the largest period of each track, the modeled displace-
ments using the elliptical truncated cone model with the smallest misfit and their residuals.
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Figure 10. Dispersions of three model parameters versus the depth for the elliptical truncated cone model. Each black dot represents a
model solution for a given pair of parameters that falls within the 95% confidence interval. White diamonds show the best model, with a
reduced yZ, = 0.78. (a) Scatter plot of dip angle of the walls versus depth. The minimum source depth of acceptable models is about
2000 m below the ground surface. The shallowest sources are characterized by outward dipping walls (¢ > 0). Below a source depth of
8500 m the deformation data are completely insensitive to the dip angle. (b) Scatter plot of the thickness versus depth. There is a strong
trade-off between these two parameters. For a given depth, the thickness uncertainty is generally large except for the shallowest or the
deepest sources. (c) Scatter plot of the volume versus depth. The trade-off between these parameters leads to a strong high variation in
the inferred volume, which ranges from 1.60 to 5500 km?>.
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Figure 11. Maps of observed and modeled GPS and InSAR data using the elliptical truncated cone model. (a) Meshed truncated cone
model used in this study. The better displacement source inferred by the inversion is located at about 5.3 km depth and its dimensions
are about 27 km and 15 km for the major and minor axes, respectively. (b) Horizontal GPS displacements (white vectors) for March 2006 to
November 2008 and modeled displacements vector (red vectors). (c) Vertical GPS displacements (white vectors) for March 2006 to Novem-
ber 2009 and modeled displacements (red vectors). The RMS of the residual between GPS and modeled data is about 1 cm. The largest dis-
crepancies observed at LST5 and LST6 (horizontal component) might be explained by shorter duration time. (d-I) Example of three LOS
displacements maps and the model prediction computed using the first component of the PCAIM decomposition. (d, g, and j) Observed
LOS displacement maps using the InSAR data subsampled to 500 m. (e, h, and k) Modeled data using the elliptical truncated cone model
with the first principal values and their corresponding time function value. (f, i, and I) Residual between observed and modeled data. The
RMS of the residuals ranges from 4 to 5 mm in these examples. The 2 of the residual for the whole data set is 0.78. The volume change
rate is 12.5 X 10° m® yr ' leading to a pressure change rate of about 2 X 10”2 MPa yr_ ' assuming a shear modulus of 30 GPa. The black
circles show the location of the GPS station LST7.
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6. Discussion and Conclusions

Two main types of source models have been proposed in previous studies to explain the surface displace-
ment at Lazufre: (i) growing sources, propagating laterally at a rate of between 4 and 8 km yr™ ' [Ruch et al,,
2008; Anderssohn et al., 2009] or (ii) preexisting sources in which the internal pressure increases without any
major change in the source dimensions and location during the period of observation [Pritchard and Simons,
2002, 2004; Froger et al., 2007; Pearse and Lundgren, 2013]. The large temporal coverage and improved sen-
sitivity to source geometry provided by the geodetic data set we used in the present study provide better
constrains both on the displacement source shape and on its temporal evolution, allowing us to eliminate
the growing sources proposed by Ruch et al. [2008] and Andersshon at al. [2009]. We were also able to pro-
pose possible processes to explain the observed displacements.

The main results of our study can be summarized as follows:

1. The ground surface displacement at Lazufre continued at least until 2010, indicating a persistent uplift in
this area for more than one decade, since it is assumed to have begun sometime between 1996 and 1998
[Pritchard and Simons, 2002, 2004].

2. The PCAIM analysis shows that the source shape and location did not change significantly during the
period between spring 2003 and spring 2010. It also shows that, assuming the crust acts as an elastic
medium, the internal pressure within the source increased with a remarkably constant rate over this period
(~2-8 X 10 > MPa yr ).

3. The ground surface displacement pattern, drawn from the PCAIM analysis, exhibits a clear elliptical shape.
This suggests a source with a marked ellipticity and thus rules out the axisymmetric source models often
used in previous studies (i.e., spheres, horizontal penny-shaped sources, prolate, or oblate spheroids with
rotational axes close to vertical) [Pritchard and Simons, 2002, 2004; Froger et al., 2007].

4. Assuming that the source is embedded in an elastic half-space, the comparison of the EW and vertical
components of displacement strongly suggests a flat-topped source. It should be noticed that domed sour-
ces not only produce higher maximum horizontal displacement to maximum vertical displacement ratios
than flat-topped sources but they also require a more marked ellipticity of shape, in the horizontal plane, to
produce the same elliptical pattern of displacement at the surface.

5. Inversions carried out for two source types (elliptical crack and truncated elliptical cone) give very close
results for the center location, the orientation and the dip of the surface displacement source. The center of
the source is located 11.5 km SSE from Lastarria and 9.5 km NNE from Cordon del Azufre, i.e,, slightly to the
east (6 km) of the Lazufre Quaternary volcanic chain axis (Figure 1). The best sources dip slightly down to
the east and its major axis is elongated N34°E-35°E, one of the main structural directions in the area [Riller
et al., 2006], suggesting a possible structural control on the source location and geometry.

6. Depths of source roof, below ground surface, range from 8700 to 14,000 m, and from 2000 to 13,800 m,
for best elliptical crack models and best truncated elliptical cone models, respectively (at 95% confidence
level). As displacements at the surface of crack models, with low dip angle, are mostly vertical, only the
deepest (>~8000 m) can produce significant horizontal displacements at the ground surface, close to the
observed ones. This constraint does not affect truncated elliptical cone models in the same way since, for
the shallowest ones, horizontal ground displacements can be obtained by having source walls dipping out-
ward. On the other hand there is an obvious positive trade-off between depth and major axis length of
truncated cone, whereas there is a negative trade-off between depth and thickness for this type of source.
Truncated cones with roof shallower than ~8000 m have walls dipping outward. For deeper sources, the
signal appears insensitive to the wall dip. These results suggest that, at first order, a continuum of accepta-
ble models exists from thick sources (H =~ 7000 m) with a shallow (depth ~ 2000 m) and relatively small (S1
~ 15,000 m) roof and walls dipping outward with low dip angles (~60° from vertical), to thin (either trun-
cated cones with H < 100 m or elliptical cracks) deep (9000 m < depth < 14,000 m) sources with large roof
(S1 ~ 35,000 m). For these deep sources, the dip of their walls has no significant influence on the signal and
can vary from 80° outward to 80° inward (cf. Figure 10a). Thus, even if the inversions do not provide very
good constraints on the model depth, the range of acceptable values (2000-14,000 m) clearly suggests a
source within the upper crust. In addition, preliminary results of a study based on seismic noise correlation
[Spica et al., 2012] suggest that the source may be deeper than 7 km.
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7. The volume estimate for the truncated elliptical cone model lying at shallow depth (<8000 m) might
seem large (greater than 400 km?>, Figure 10c) but it is plausible in view of the volume of some ignimbrites
emitted in the vicinity of Lazufre. The Cerro Galan caldera, for instance, is the source of a ~1000 km? ignim-
brite [Francis et al., 1983] and La Pacana caldera is the source of at least two major ignimbrite eruptions
with a combined estimated volume of some 2700 km? [Lindsay et al., 2001].

8. The estimated rate of volume change, whatever the source type, is about 12.5 X 10°—14.8 X 10° m?
yr~ . This range is fully compatible with the peak intrusion rates proposed by De Silva and Gosnold [2007]
for the building of upper crustal plutons associated with the Neogene volcanic activity of APVC. It is also
compatible with the instantaneous intrusion rates proposed by De Saint Blanquat et al. [2006] for the Black
Mesa pluton. On other volcanic regions, an increase (or decrease) of pressure in a sealed geothermal reser-
voir is invoked to explain uplift or subsidence in large caldera settings such as Yellowstone, Long Valley or
Campi Flegrei [Wicks et al., 1998; Dzurisin et al., 1999; Fialko et al., 2001b]. Nevertheless, at Lazufre there is
not clear evidence of a large caldera depression than can serve as structural trap for a geothermal system
and surface manifestations classically associated with a geothermal field have not been reported at Lazufre
[De Silva and Francis, 1991; Pritchard and Simons, 2002].

Our results show that the surface displacement measured at Lazufre can be explained without any need for
significant lateral source expansion, as proposed by Ruch et al. [2008] and Andersshon at al. [2009]. The
apparent grow of the displacement pattern with time can easily be explained by the expanding emergence
of the signal from background noise as its amplitude increases. Moreover, the changes in the source shape,
obtained by Andersshon at al. [2009], for the different epochs of its INSAR time series, may actually result
from the modeling of undesirable transient components in their displacement signal (e.g., insufficiently cor-
rected atmospheric component). Instead of an expanding source, we favor a preexisting source for which
the location, the shape, and the dimensions do not change, but in which the internal pressure increases lin-
early with time. It is worth mentioning that [Pearse and Lundgren, 2013], using an approach that was differ-
ent from the one used in this study, reached to the same conclusion.

In order to further explain the process at the origin of the Lazufre surface displacement, it is worth compar-
ing the Lazufre signal with another large uplift, located in Bolivia, less that 400 km to the northeast of Laz-
ufre and centered on the Uturuncu volcano. Both the Lazufre and Uturuncu have shown uninterrupted
large-wavelength uplift activity for more than 10 years and with remarkably constant displacement rate.
They are both interpreted as being related to magmatic activity in depth. On the other hand, the two sig-
nals differ in some aspects: the displacement pattern at Uturuncu is axisymmetric, while the one at Lazufre
is elliptical, and the displacement pattern at Uturuncu has a larger wavelength but a lower rate [~1-2 cm
yr~, Pritchard and Simons, 2002; Sparks et al,, 2008] than the one at Lazufre (~3 cm yr™").

Moreover, from a new InSAR data set, extended in time with respect to the one used by Pritchard and
Simons [2002], Fialko and Pearse [2012] detected a low amplitude large-wavelength peripheral subsidence
surrounding the Uturuncu uplift, later confirmed by Henderson and Pritchard, [2013]. A peripheral subsi-
dence like this, combined with a central uplift, seems to indicate a mass transfer either from a deep area to
a shallower one or from a peripheral area to a more central one (or possibly a combination of the two).
Peripheral subsidence has not been observed at Lazufre, although this does not necessarily mean that there
was no mass transfer here. At very low subsidence rates, as at Uturuncu, the time span for the available
InSAR data at Lazufre might not be long enough to allow such a subtle signal to be deciphered from back-
ground noise.

Another important difference between the two surface displacements is that all the models indicate a
deeper source at Uturuncu (between 18 and 35 km below the surface [Pritchard and Simons, 2002; Fialko
and Pearse, 2012; Hickey et al., 2013] than at Lazufre, where the source is clearly located within the upper
crust [between 2 and 18 km below the surface, Pritchard and Simons, 2004; Froger et al., 2007; Ruch et al.,
2008; Anderssohn et al., 2009; Henderson and Pritchard, 2013; Pearse and Lundgren, 2013]. Taking the results
of InSAR data modeling into account, as well as those provided by other geophysical data as well as geolog-
ical, geochronology, petrological, and geochemical data, it has been proposed that the source of the Utur-
uncu surface displacement is closely related to the Altiplano-Puna Magma Body (APMB) [Sparks et al., 2008;
Fialko and Pearse, 2012; Hickey et al., 2013]. The APMB is a large midcrustal zone of partial melting consid-
ered as the source of the Altiplano Puna Volcanic Complex [De Silva, 1989; De Silva and Gosnold, 2007]. First

REMY ET AL.

©2014. American Geophysical Union. All Rights Reserved. 18



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2014GC005370

inferred from petrological arguments [De Silva, 1989] the presence of an extensive partial melt layer
beneath the southern Altiplano and Puna was later confirmed by seismic data that indicated the presence
of a ~2 km thick very-low-velocity layer at depth of 17 and 19 km [Chmielowski et al., 1999; Leidig and Zandt,
2003; Zandt et al., 2003]. From electrical conductivity data, Schilling et al. [2006] evaluate that the intercon-
nected melt network, within the APMB, represents about 20% of the total volume. De Silva and Gosnold
[2007] proposed that the dacitic magmas, derived from fractionation of the APMB melt phase, percolated
intermittently into the upper crust. They also demonstrated that the presence of the APMB has produced a
significant and progressive perturbation of the crustal geotherm, resulting in a rise of the brittle-ductile-
transition zone (BDTZ) to a shallow depth. In their model, the BDTZ represents a major mechanical disconti-
nuity in the crust that may have trapped the dacitic magmas rising from APMB. As a result, the magmas
accumulated at depths of between 4 and 8 km to form large shallow magma chambers that were later the
sources of the ignimbritic eruptions of the APVC. The modalities of magma migration from APMB to BDTZ
are still debated (diffuse percolation, brief and voluminous intrusion, diapirism, etc.). The different interpre-
tations proposed for the Uturuncu surface displacement mirror this debate. For Fialko and Pearse [2012], the
Uturuncu uplift manifests the rising of a large diapir from the roof of the APMB. Hickey et al. [2013] favor
instead a static model of a magmatic body rooted in the APMB, but with increasing internal pressure. This
last model, however does not account for the peripheral subsidence.

The Lazufre surface displacement cannot be explained, in the same way as Uturuncu surface displacement,
as being directly caused by a process at the level of an APMB-like partially melted layer. On the one hand,
there is no clear evidence of a wide partially melted zone, similar to APMB beneath the Lazufre area and, on
the other hand, all the models support a source located at a shallower level in the upper crust [Pritchard
and Simons, 2002, 2004; Froger et al., 2007; Ruch et al., 2008; Anderssohn et al., 2009; Henderson and Pritchard,
2013; Pearse and Lundgren, 2013]. Instead of a wide partially melted zone, Budach et al. [2013], on the base
of magnetotelluric data, proposed than melts ascent from the upper mantle through a narrower structure
(some tens of km wide) and fed a potential magma reservoir within the upper crust, beneath Lazufre vol-
canic center.

Both the Lazufre and Uturuncu surface displacements exhibit a remarkably linear time dependency. To
account for that characteristic at Uturuncu, both Fialko and Pearse [2012] and Hickey et al. [2013] employed
a viscoelastic rheology for the crust surrounding the surface displacement source (although they have cho-
sen drastically different viscoelastic models). A viscoelastic rheology does indeed appear relevant consider-
ing the supposed depth of the Uturuncu surface displacement source (>18 km).

In this study, we have initially made the assumption that the surface displacement source is embedded in
an elastic medium. The range of depths we have obtained for the best source models as well as the depths
obtained in previous studies [Pritchard and Simons, 2004; Froger et al., 2007; Ruch et al., 2008; Anderssohn

et al., 2009; Henderson and Pritchard, 2013; Pearse and Lundgren, 2013] are compatible with this assumption.
The linearity of internal pressure increase within the source, however, is more difficult to explain in a strictly
elastic context. It would require that the process at the origin of the displacements is a constant rate pro-
cess, which has remained constant from 1996-1998 to now. A continuous supply of magma ascending the
mantle at a constant rate for more than one decade would require a constant magma production rate and
a steadiness of the magma pathway through the crust. A more likely explanation could be that a brief initial
input of magma within the source induced a continuous rate of pressure increase due to the progressive
oversaturation of volatile species released by fractional crystallization.

However, we cannot discard the hypothesis that the apparent linear time dependency of surface displace-
ment observed at Lazufre could be explained by a viscoelastic relaxation mechanism. Newman et al. [2006]
and Del Negro et al. [2008] showed that a transient or intermittent increase of pressure in a magma chamber
could produce displacements that are smoothed and delayed over time in such a way that the apparent
displacement rate appears constant. Such a mechanism has also been proposed to explain the remarkable
linear rate of surface displacement observed in Socorro, New Mexico, for more than 100 years [Fialko and
Simons, 2001; Fialko et al., 2001b; Pearse and Fialko, 2010]. Two main effects could be invoked to explain a
viscoelastic relaxation mechanism induced by a reduction of viscosity in the crust surrounding the surface
displacement source. First, the presence of a partially melted structure beneath the Lazufre area, as evi-
denced by Budach et al. [2013] may have resulted in a progressive thermal softening of the overlying crust.
Second, if the growth of the magmatic body responsible for the Lazufre surface displacement began
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sufficiently long ago, one can assume that the surrounding rocks would have been heated and weakened
beyond the brittle-ductile transition temperature to behave in a viscoelastical manner, as it has been pro-
posed for the Long Valley Caldera magmatic body by Newman et al. [2006].

In addition to these two effects, one can also invoke viscoelastic relaxation processes occurring within the
source itself. If the source is a magmatic body that grew incrementally by accretion from bellow of succes-
sive sills, as it has been proposed by De Saint Blanquat et al. [2006] for the Black Mesa pluton, for instance,
one can hypothesize that the n — 1 previously emplaced sills, depending on their respective thermal state,
will globally behave like a viscous blanket that will reduce the displacements induced by the nth sill intru-
sion over time. Moreover, this pile of n — 1 emplaced sills could also filter the displacement in space so that
the final shape of surface displacement pattern will not reflect the shape of the last sill intruded, at the bot-
tom of the pile, but rather the shape of the oldest one at the top of the pile.

Obviously, a rigorous evaluation of these different viscoelastic processes, as possible candidates to explain
the Lazufre surface displacement spatiotemporal evolution, is not possible until the rheological properties
of the crust in this area of the southern CVZ are better constrained. For this purpose, a large and dense seis-
mic tomography survey would be the next step to go further in our understanding of the Lazufre surface
displacement.
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