ational

Geophysical Journal Int

Geophys. J. Int. (2014) 196, 885-901
Advance Access publication 2013 December 6

doi: 10.1093/gji/ggt438

Rapid uplift in Laguna del Maule volcanic field of the Andean
Southern Volcanic zone (Chile) 2007-2012

Kurt L. Feigl,! Héléne Le Mével,! S. Tabrez Ali,' Loreto Cérdova,?
Nathan L. Andersen,! Charles DeMets' and Bradley S. Singer!

! Department of Geoscience, University of Wisconsin-Madison, Madison, WI 53706, USA. E-mail: feigl@wisc.edu
20bservatorio Volcanolégico de los Andes del Sur (OVDAS), Servicio Nacional de Geologia y Mineria (SERNAGEOMIN), Temuco, Chile

Accepted 2013 October 21. Received 2013 October 16; in original form 2013 January 1

SUMMARY

The Laguna del Maule (LdM) volcanic field in Chile is an exceptional example of postglacial
rhyolitic volcanism in the Southern Volcanic Zone of the Andes. By interferometric analysis of
synthetic aperture radar (SAR) images acquired between 2007 and 2012, we measure excep-
tionally rapid deformation. The maximum vertical velocity exceeds 280 mm yr~'. Although
the rate of deformation was negligible from 2003 January to 2004 February, it accelerated
some time before 2007 January. Statistical testing rejects, with 95 per cent confidence, four
hypotheses of artefacts caused by tropospheric gradients, ionospheric effects, orbital errors or
topographic relief, respectively. The high rate of deformation is confirmed by daily estimates
of position during several months in 2012, as measured by analysis of signals transmitted by
the Global Positioning System (GPS) and received on the ground at three stations around the
reservoir forming the LdM. The fastest-moving GPS station (MAU2) has a velocity vector of
[-180 & 4, 46 £ 2,280 & 4] mm yr ! for the northward, eastward and upward components,
respectively, with respect to the stable interior of the South America Plate. The observed
deformation cannot be explained by changes in the gravitational load caused by variations in
the water level in the reservoir. For the most recent observation time interval, spanning 44 d in
early 2012, the model that best fits the InNSAR observations involves an inflating sill at a depth
of 5.2 £ 0.3 km, with length 9.0 £ 0.3 km, width 5.3 & 0.4km, dip 20 £ 3° from horizontal
and strike 14 4 5° clockwise from north, assuming a rectangular dislocation in a half-space
with uniform elastic properties. During this time interval, the estimated rate of tensile open-
ing is 1.1 4 0.04 m yr!, such that the rate of volume increase in the modelled sill is 51 +
5 million m® yr™! or 1.6 & 0.2 m® s™'. From 2004 January to 2012 April the total increase in
volume was at least 0.15 km? over the 5.2-yr interval observed by INSAR. The inflating region
includes most of the 16-km-by-14-km ring of rhyolitic domes and coulees. The similarity
of high-silica rhyolite compositions on opposite sides of the ring and the concentration of
rhyolitic eruptions since ~20 ka suggest that processes within a large silicic magma chamber
are responsible for the current deformation.
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cated 230 km east of the 2010 epicentre, Laguna del Maule (LdM)

1 INTRODUCTION is a lake that sits in a 1-km-deep, 20-km-diameter basin on the crest

The Southern Volcanic Zone of the Andes sits atop one of the most
seismically and volcanically active subduction zones on Earth. The
relative velocity of the Nazca Plate with respect to the South Amer-
ica Plate is 74 & 2 mm yr™!, as calculated from the MORVEL
model (DeMets et al. 2010). As shown in Fig. 1, the relative motion
is accommodated by mountain building punctuated by great earth-
quakes, including the M,, 9.5 event of 1960 and the M,, 8.8 event of
2010 February 27 (e.g. Lorito et al. 2011; Vigny et al. 2011). Lo-

of the Andes (Fig. 1). The associated LdM volcanic field extends
over 500 km?, forming part of the rear arc of the subduction zone
(Hildreth et al. 2010).

The volcanic field at LdM has been mapped in detail by Wes Hil-
dreth, Estanislao Godoy, Judy Fierstein and Brad Singer (Hildreth
et al. 2010). The simplified geological map (Fig. 2) emphasizes the
young rock units. The Quaternary suite of calc-alkaline igneous
rocks includes compositions ranging from basalt to high-silica
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Peru - Chile Trench

Figure 1. Map of the Southern Volcanic Zone (SVZ) of the Andes, showing
the study area at Laguna del Maule (red rectangle), other major volcanoes
(white circles), and the epicentre of the My, 8.8 earthquake of the 2010 (red
star, Lorito et al. 2011). The relative velocity (arrow) of the Nazca Plate with
respect to the South America Plate is 74 + 2 mm yr ! (at 36°S, 72°W), as
calculated from the MORVEL model (DeMets et al. 2010). Figure adapted
from Singer et al. (2008).

rhyolite, as described by Hildreth et al. (2010). More than 350 km?
of volcanic products have erupted from 130 identified vents in the
last 1.5 Ma. Most of them are basaltic andesite or andesite, but iso-
lated silicic eruptions have also occurred throughout the Quaternary.
Welded ignimbrites indicate caldera-forming eruptions at 1.5 Ma,
950 ka and 336 ka. Of these, only the 950 ka Bobadilla caldera
structure, located in the north side of the LdM basin, persists.

The volcanic field at LdM is noteworthy for its exceptional spa-
tial and temporal concentration of rhyolitic volcanism during the
Quaternary. Following the most recent glacial retreat at 25 ka,
an unprecedented flare-up of silicic volcanism built a ring of
36 rhyodacite-and-rhyolite coulees and domes that encircle the
lake (Singer et al. 2000). The most recent of these eruptions oc-
curred ~2000 yr ago (Andersen et al. 2012). The postglacial erup-
tions became more evolved and voluminous with time, resulting in
6.4km> of rhyolite compared to 1.0 km? of rhyodacite. Moreover,
since the eruption of the Rhyolite of Loma de Los Espejos (unit ‘rle’
in Fig. 2) at 19 ka, andesitic volcanism has been of subordinate vol-
ume and isolated to the periphery of the LdM basin. The postglacial
lavas display remarkably consistent major and trace element compo-
sitions (Hildreth ef al. 2010; Andersen et al. 2012). Taken together,
these observations suggest the presence of a shallow, caldera-sized,
silicic magma body. In the conceptual model suggested by Hildreth
et al. (2010), this magma body intercepts the ascent of mafic magma
and serves as a common source for the postglacial silicic eruptions.

On shorter timescales, geodetic measurements indicate that the
LdM volcanic field is actively deforming at exceptionally high rates.
Using interferometric synthetic aperture radar (InSAR), Fournier
et al. (2010) measured range change rates of more than 180 mm yr!

along the radar line of sight at 42° incidence between 2007 January
and 2008 January in a round pattern centred on the west side of
the lake named LdM. In this study, we analyse the time-dependent
displacement field during the time interval from 2003 to 2012 us-
ing InSAR data. In addition, we use GPS data collected in 2012
to confirm the high rate of deformation. We then interpret the ob-
served deformation field using elastic models of an inflating magma
chamber.

2 INSAR OBSERVATIONS

2.1 Data selection

We have analysed synthetic aperture radar (SAR) data acquired by
three satellite missions, as listed in Table 1. The ASAR sensor (e.g.
McLeod et al. 1998) aboard the ENVISAT satellite mission operated
by the European Space Agency (ESA) acquired two C-band SAR
images. The resulting interferogram, spanning the time interval
between 2003 March and 2004 February, ‘is coherent but shows no
deformation’ (Fournier et al. 2010), a result that we quantify as the
rate of change of the range dp/9¢ = 0 4 10 mm yr' along the radar
line of sight at 23° incidence. Later, the PALSAR sensor (Rosenqvist
et al. 2007) aboard the ALOS satellite mission operated by the
Japanese Space Agency (JAXA) acquired L-band SAR images on
eight distinct occasions (epochs) between 2007 February and 2010
April. More recently, the TanDEM-X (Krieger et al. 2007) and
TerraSAR-X (Pitz & Miller 2010) missions operated by the German
Space Agency (DLR) acquired X-band SAR images covering LdM
on 10 epochs in 2011 and six epochs in 2012. Fig. 3 shows a map
of radar reflectivity (‘backscatter’) calculated from the amplitude
of the SAR image acquired by TerraSAR-X on 2012 March 14.

We combine the SAR images into interferometric combinations
(interferograms). To generate the interferograms, we use the Dia-
pason InSAR processing software (CNES 2006) developed by the
French Space Agency, CNES (Massonnet & Rabaute 1993; Mas-
sonnet et al. 1993; Massonnet & Feigl 1998). The wrapped phase
values are filtered using their 2-D spectra (Goldstein & Werner
1998). The wrapped phase values are then resampled using a quad-
tree algorithm (Ali & Feigl 2012), thus reducing the number of
data by two orders of magnitude, from ~10° to ~103. Although the
quad-tree algorithm for compressing images (e.g. Samet 1984) has
been applied previously to InSAR data (e.g. Jonsson et al. 2002;
Simons et al. 2002), these studies perform unwrapping before re-
sampling. In this paper, we do not unwrap the phase values at all.
Instead, we use the General Inversion of Phase Technique (GIPhT)
developed by Feigl & Thurber (2009).

The individual SAR images combine to form 12 useful pairwise
interferograms, as listed in Table 1. In terms of graph theory (e.g.
Harris et al. 2008), the epochs correspond to vertices on a graph;
the pairs to edges. SAR images acquired using different radar fre-
quencies cannot be combined to form interferograms unless their
spectra overlap (e.g. Arnaud et al. 2003). Consequently, the graph
for the LdM data set breaks into four separate trees, each of which
is an acyclic and connected graph, as shown in Fig. 4. These trees
are also known as ‘species’ (Feigl & Thurber 2009).

The observed values of wrapped phase change in early 2012
appear in the first panel (a) of Fig. 5. The principal signal in the
interferograms is a concentric fringe pattern centred on the lake. The
range from satellite to ground decreases with time, consistent with
uplift. In this interferogram, one fringe of phase change corresponds
to 15.5 mm of range change along the line of sight between the
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Figure 2. Simplified geological map highlighting the postglacial and silicic volcanism of the Laguna del Maule lake basin after Hildreth ef al. (2010). The
ages of selected units (Singer et al. 2000; Hildreth e al. 2010; Andersen ez al. 2012) and field relationships demonstrate the basin-wide evolution during
postglacial time. Unit names include: Rhyolite of Arroyo de Sepulveda (ras), Rhyolite of Cerro Barrancas (rcb), Rhyolite of Colada Divisoria (rcd), Rhyolite of
Cari Launa (rcl), Rhyolite of Loma de Los Espejos (rle), Rhyolite of Colada Las Nieblas (rln), Rhyodacite of Arroyo de la Calle (rdac), Rhyodacite of Colada
Dendriforme (rdcd), Rhyodacite of the Northwest Coulee, Rhyolite of Cerro Negro (rcn), Rhyodacite of Domo del Maule (rddm), Rhyodacite west of Presa
Laguna del Maule (rdop), Younger Andesite of West Peninsula (apj), Andesite of Arroyo Los Mellicos (aam), Basalt of El Candado (bec) and the Ignimbrite
of Cajones de Bobadilla (igcb). The labels for some older or small units are omitted for simplicity.

satellite and the ground at an incidence angle of 35° from vertical.
The two fringes indicate more than 31 mm of range change over
the 44-d measurement interval between 2012 March 14 and April
27.1f the motion were purely vertical, then the rate of uplift du ; /9t
would be greater than 300 mm yr~'.

2.2 Elimination of artefacts

Before interpreting the InNSAR observations in terms of deformation
on the ground, we consider, and then reject, four other possibilities.
The first possibility is that errors in the orbital trajectories for the
spacecraft are responsible for the observed fringe pattern. In this
case, the artefacts would tend to form phase gradients mimicking
topography. To quantify the probability of this possibility, we use
these gradients to estimate adjustments to the orbital parameters

using the approach proposed by Kohlhase et al. (2003) and gener-
alized by Béhr & Hanssen (2012). This approach (also known as
‘baseline adjustment’) is implemented in GIPhT (Feigl & Thurber
2009; Ali & Feigl 2012). It can estimate four parameters: the ra-
dial and along-track components of the spacecraft’s position and
velocity vectors. Each of these four parameters is estimated at each
of the acquisition epochs, except the first one in a tree, when the
adjustment is set to zero as an arbitrary reference to regularize the
solution (Feigl & Thurber 2009). The estimated values of the ad-
justments to the orbital parameters do not differ significantly from
zero with 95 per cent confidence. We conclude that orbital errors
are not responsible for the observed fringe pattern.

The second possibility is that perturbations in the troposphere
contribute to the observed fringe pattern. For example, a plot of
observed phase as a function of topographic elevation (Fig. 6) shows
no obvious correlation between the two quantities. To quantify the
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Table 1. List of interferometric pairs of SAR images, including dates of first and second image acquisitions, orbit numbers, altitude of ambiguity #,, fringe spacing, track, frame, separation in azimuthal Doppler

Apoppler, perpendicular component of the ‘baseline’ vector between the two orbital trajectories at the times of acquisition, three components of the unit § vector pointing from ground to satellite, and the name of

the satellite mission.

Sn Su Satl Sat2
dimless

dimless

K

Fringe (mm)

Bperp metre

Fram Apoppler

Trk

2nd epoch year

Ist epoch year

At days

orbit2 h, metre

orbitl

2" Epoch

YYYY MM DD

1** Epoch
YYYY MM DD

Pair

dimless

PRF
+0.0964

ENVI
ALOS
ALOS
ALOS
ALOS
ALOS

ENVI
ALOS
ALOS
ALOS
ALOS
ALOS

—0.0872 0.9402

28.1 0.3292

49.6
1519.2
1454.5

271.5
1155.5
-1170.8

0000
6450
6450
6450
6450
6450

1117.1

1506.2

2003.2274
2010.0110
2010.0110
2010.2630
2010.2630
2007.1151

9.1288

2004.0902
2007.9973
2008.1229
2008.1229
2008.2486
200

690
782
736

736
~736

72.58

2003 MAR 25
2010  JAN
2010  JAN
2010 APR
2010 APR
2007 FEB

03
5
15
0
17

FEB
DEC
FEB

FEB
APR
FEB

2004
2007
2008
2008
2008
2009

2P00
P01
P02
P03
P04
P05

2007.1151

2007.1151

370

-109.0

-0.0028
+0.0154
+0.0124
+0.0121
—0.0062

0000
0000

28

1.3397
1.3096
1.3397
1.3699
2.3197

91.2
-15.3
342

—131.1

28
28

0000
0000
0000

28

111

20
20

589
995

0.

2.

5602
5602
4841

21035

21706
3672
3839
3839
3839

26330

20

-1104

-55.40
103.36

FEB 12

2007

77

MAY 05

55
66
77

114.84
~796.31

4674
4841

MAY 05

188.33 20
20

5008
26998

44

35.17

P07
P08

P11

P12

2Pair analysed by Fournier ef al. (2010).

magnitude of a possible tropospheric effect, we estimate the vertical
component of the range change gradient d(Ap)/dz in parts per
million of topographic relief using GIPhT (Feigl & Thurber 2009).
The estimated values do not differ significantly from zero with
95 per cent confidence at each of the acquisition epochs except
the first. Even an extremely large tropospheric perturbation that
altered the vertical component of the range gradient by ~1073
(Hanssen 2001) would contribute less than ~10 mm in range to
the interferograms considered here because the topographic relief
is less than ~1000 m in the part of the LdM basin covered by the
interferograms. Neglecting turbulence, we infer that tropospheric
effects are not responsible for the observed fringe pattern.

The third possibility is that heterogeneities in the distribution of
electrons in the ionosphere contribute to the observed fringe pattern.
Such effects have been invoked to explain closed fringes, such as
the ~15-km-long ‘kidney-shaped’ pattern observed in all of the in-
terferograms involving the 56-mm-wavelength SAR image acquired
on 1992 July 3, 3 d after the Landers earthquake (Massonnet et al.
1994; Massonnet & Feigl 1995). Nonetheless, it seems unlikely that
such a phenomenon would recur repeatedly, in the same location, at
three different radar wavelengths (31, 56 and 236 mm). Similarly,
it seems unlikely that atmospheric effects would somehow conspire
to produce the similarly shaped ‘bull’s eye’ pattern on 15 different
epochs between 2007 and 2012, but not on the epochs forming the
fringe-free interferogram spanning the time interval from 2003 to
2004. We conclude that atmospheric effects are not responsible for
the observed fringe pattern.

The fourth possibility, that an error in the digital elevation model
(DEM) creates an artefact in the InSAR results, can be excluded
by two arguments: one qualitative and one quantitative. First, the
shape of the observed fringe pattern does not resemble that of the
topographic relief or that produced by interpolation of incorrect
elevations (e.g. Massonnet & Feigl 1995). Second, the signal ob-
served in the fringe patterns is much too large to be explained by
an error in the DEM. Derived from the Shuttle Radar Topographic
Mission, the DEM used to account for the topographic contribution
to the interferograms has a (vertical) uncertainty of o, ~ 20 m in
elevation (Falorni ez al. 2005). For example, the interferometric pair
shown in the first panel (a) of Fig. 7 has an orbital configuration
such that the altitude of ambiguity %, is ~72 m. The definition of
h, (Massonnet & Feigl 1998) implies that a hypothetical artefact in
the DEM would have to be 54, ~ 360 m in elevation to create the
five-cycle concentric fringe pattern observed in Fig. 7(a). Such an
artefact is extremely unlikely because it exceeds the DEM uncer-
tainty by a factor of 5k,/0, ~ (360 m)/(20 m) ~ 18. Furthermore,
in the case of a hypothetical artefact in the DEM, the number of
fringes would be inversely proportional to the altitude of ambiguity
h, in each pair (e.g. Massonnet & Feigl 1995). In fact, however,
the number of fringes is roughly proportional to the time interval
spanned by the interferometric pair.

2.3 Interpretation in terms of deformation

From the preceding four arguments, we conclude that the signal
observed in the InSAR results is due to deformation on the ground.

Other InSAR observations indicate that rapid deformation began
some time between 2004 February and 2007 February. We can-
not resolve the exact date because no geodetic measurements were
acquired around LdM during this time interval. The deformation be-
tween 2007 and 2010 was captured by the interferogram shown in
Fig. 7. The five 118-mm fringes indicate more than 590 mm of range
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Figure 3. Map of study area at Laguna del Maule, showing the location of three GPS stations (red triangles), the dam (blue square), and the international border
(black line) on a radar ‘amplitude’ image showing the reflectivity or ‘backscatter brightness’ as acquired on 2012 March 14 by the X-band SAR sensor aboard
the TerraSAR-X satellite. Large rectangle implied by its corners marked in yellow delimits the subset of TerraSAR-X track 111 coverage that is analysed in
subsequent figures. Small rectangle implied by its corners marked in orange delimits the subset of ALOS path 113 and TanDEM-X track 28 that is analysed in

subsequent figures.

shortening at an incidence angle of 41° from vertical. If the motion
were purely vertical, then the rate of uplift du ; /9t would be greater
than 260 mm yr'. Similarly, Fig. 8 shows more than two concentric
fringes of range decrease (|[Ap| > 31 mm) during a 77-d interval
in early 2011. The corresponding rate of range shortening—dp/dt is
at least 147 mm yr' along the radar line of sight at 42° incidence.
If the motion were purely vertical, then the rate of uplift du /9t
would be greater than 200 mm yr'. The high rate of deformation in
2011 has been confirmed by a separate analysis of the InSAR data
(Catherine Hickson, personal communication, 2011). The interfer-
ogram enlarged in Fig. 9 shows a rate of range shortening—dp/dt of
at least 300 mm yr! along the radar line of sight at 35° incidence
during a 44-d interval in early 2012. Fig. 10 shows the range change
in profile for the same time interval.

3 GPS MEASUREMENTS

In early 2012, the Southern Andes Volcanological Observatory (OV-
DAS) of the Chilean SERNAGEOMIN agency began continuous

recording of GPS signals in the LdM study area at three permanent
stations, named MAU2, PUEL and LDMP, as mapped in Fig. 3
and listed in Table 2. As of 2013 March, each of the three sta-
tions is equipped with a dual-frequency (L1 and L2) Trimble NetR9
receiver, a choke ring antenna, a hemispherical radome and solar
panels. GPS data from the three stations (along with waveforms
from broad-band seismometers at MAU2 and PUEL) are transmit-
ted to OVDAS in real time for monitoring volcanic activity. Before
2012 March, however, the Trimble NetR9 GPS receiver at LDMP
was not configured for telemetering.

At each of the three stations, the monument is a 38-mm-diameter
steel rod inserted into a ~70-cm-deep hole drilled into bedrock
and encased in a concrete pillar. GPS station MAU?2 is attached
to a postglacial lava flow mapped as ‘younger andesite of West
peninsula’ and abbreviated as unit ‘apj’ by Hildreth ez al. (2010). It
is located on the peninsula at the west side of the lake, within 1 km of
the centre of the deformation pattern seen in the InSAR observations
spanning 2007-2010. GPS station PUEL is anchored to the rhyolitic
lava flow that emanated from Cerro Negro, mapped as unit ‘rcn’
by Hildreth et al. (2010). It is located on the east side of LdM.
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Figure 4. Orbital separation versus time for the radar images analysed in
this study showing the individual images (epochs) as points with symbols.
The interferometric pairs are shown as line segments connecting the points.
The horizontal coordinate displays the acquisition date (epoch) of each im-
age in decimal years. The labels next to the points give the corresponding
orbit numbers. The vertical coordinate shows the orbital separation, or per-
pendicular component of the ‘baseline’ vector between the positions of the
radar sensor at the acquisition epochs. The four ‘species’ (trees in the in-
cidence graph) include: 2003—2004 (ENVISAT (Fournier et al. 2010), red
diamonds), 2007-2010 (ALOS path 113, blue circles), 2011 January—April
(TanDEM-X track 28, green squares) and 2012 January—April (TerraSAR-X
track 111, magenta asterisks).

GPS station LDMP sits on top of a rhyodacitic dome mapped as
unit ‘rdop’ by Hildreth ez al. (2010). It overlooks the dam across the
Rio Maule at the northwest corner of the lake.

The GPS data were analysed with the GIPSY software (re-
lease 6.1) from the Jet Propulsion Laboratory (JPL). Daily GPS
station coordinates in a satellite-centric (non-fiducial) reference
frame were estimated using a precise point-positioning strategy
(Zumberge et al. 1997) and constrained by the latest IGS or-
bits available in mid-2012, a priori hydrostatic and wet tropo-
spheric delays from Vienna Mapping Function (VMF1) parameters
(http://ggosatm.hg.tuwien.ac.at), elevation- and azimuth-dependent
GPS and satellite antenna phase centre corrections from IGS08 AN-
TEX files (available via ftp from sideshow.jpl.nasa.gov), and cor-
rections for ocean tidal loading (http://holt.oso.chalmers.se). Wide-
and narrow-lane phase ambiguities were resolved for all the data
using GIPSY’s single-station ambiguity resolution feature. Seven-
parameter Helmert transformations from JPL were used to trans-
form the daily estimates of non-fiducial station location to IGS2008.

The station velocity at each site has been referred to the South
America Plate by subtracting the predicted motion of the South
America Plate. The angular velocity that best describes the motion
of South America relative to IGS08 is determined from a weighted
inversion of the velocities of 23 continuous GPS stations located
in the stable interior of the South America Plate for which we also
analyse daily data.

The resulting time series of relative position coordinates for
MAU?2, PUEL and LDMP appear in Figs 11-13, respectively. All
three stations show rapid uplift rates that are an order of magnitude
or more larger than their uncertainties. For example, station MAU2
moves upward at a rate of 280 & 4 mm yr~!, as shown in Fig. 11. The
horizontal components of velocity are also rapid and differ signifi-
cantly from zero (with 95 per cent confidence) at all three stations,
as listed in Table 2. For example, station MAU2 moves westward,
away from the centre of the InSAR fringe pattern, at a rate of 180 &
4 mm yr! with respect to South America, as shown in Fig. 11.
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Figure 5. SAR interferograms for interferometric pair P12, spanning the
44-d time interval from 2012 March 14 to 2012 April 27 and showing the
complete scene imaged by the TerraSAR-X satellite. The panels include (a)
observed phase values; (b) modelled phase values calculated from the final
estimate of the parameters in the Okada dislocation model; (c) final residual
phase values formed by subtracting final modelled values from observed
phase values and (d) angular deviations for final estimate. Asterisk indicates
the location of the centroid of the modelled sill. One cycle of phase denotes
15.5 mm of range change. The TerraSAR-X orbit numbers are 26630 and
26998 in Strip 7 of Track 111. The altitude of ambiguity is 35.2 m. Unit
vector [E,N,U] = [-0.5082, —0.1277, 0.8517]. The incidence angle is 35°
from vertical. Coordinates are easting and northing in kilometre using the
Universal Transverse Mercator (zone 19) projection (Snyder 1982).
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Figure 6. Observed, wrapped phase values in cycles as a function of to-
pographic elevation for the interferogram spanning the time interval from
2012 Mar 14 to 2012 April 27 shown in the previous figure. One cycle of
phase denotes 15.5 mm of range change.

4 MODELLING

In this section, we analyse the deformation on the ground by esti-
mating the parameters in several different conceptual models, in-
cluding gravitational loading and magmatic sources. To do so, we
use GIPhT (Feigl & Thurber 2009) to estimate the optimal values
of the parameters in a geophysical model by minimizing the circu-
lar mean deviation of the residual difference between the observed
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Figure 7. Interferograms for Laguna del Maule, spanning the 1058-d time
interval from 2007 February 12 to 2010 January 5 (P06). The panels include
(a) observed phase values; (b) modelled phase values calculated from the
final estimate of the parameters in the Okada dislocation model; (c) final
residual phase values formed by subtracting final modelled values from
observed phase values and (d) angular deviations for final estimate. One
cycle of phase denotes 118.1 mm of range change. The ALOS orbit num-
bers are 5602 and 21035. The altitude of ambiguity is 71.7 m. Unit vector
[E,N,U] = [-0.6242,-0.1851, 0.7590]. The incidence angle is 41° from ver-
tical. Coordinates are easting and northing in kilometre using the Universal
Transverse Mercator (zone 19) projection (Snyder 1982).

and modelled values of wrapped phase. This objective function
may be interpreted as the mean (or L1 norm) of the angular de-
viations between the observed and modelled values of wrapped
phase. For each pixel in an interferogram, the angular deviation
is defined by the ‘arc’ function that returns the lesser (in abso-
lute value) of the two angles separating the direction of the ob-
served phase from that of the modelled phase. The ‘arc’ function
was originally defined by Mardia (1972), named by Niolaidis &
Pitas (1998), and expressed in eqs (14)—(16) of Feigl & Thurber
(2009).

GIPhT then solves the non-linear inverse problem using sim-
ulated annealing, starting from an initial estimate of the param-
eters. A set of upper and lower bounds for each parameter con-
strains the search a priori. GIPhT offers several important advan-
tages over previous strategies for analysing InSAR data. First, since
GIPhT operates directly on ‘wrapped’ phase data ranging from
—1/2 to +1/2 cycles, it avoids the possible pitfalls of unwrapping
(Feigl & Thurber 2009). Secondly, GIPhT can evaluate the statistical
uncertainty of the estimated model parameters because the resid-
ual phase values follow a von Mises distribution (Feigl & Thurber
2009).

The first conceptual model attributes the deformation to gravita-
tional loading and unloading caused by changes in the level of water
impounded in the reservoir behind the dam at LdM. The second
model attributes the deformation to an inflating magma chamber
at depth. Both models assume an elastic rheology with uniform
material properties everywhere in a half-space. Poisson’s ratio is
assumed to be v = 1/4.

Rapid uplift at Laguna del Maule (Chile) 891
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Figure 8. Interferograms for Laguna del Maule, spanning the 77-d time
interval from 2011 February 17 to 2011 May 5 (P08). The panels include (a)
observed phase values; (b) modelled phase values calculated from the final
estimate of the parameters in the Okada dislocation model for an inflating
sill; (c) final residual phase values formed by subtracting final modelled
values from observed phase values and (d) angular deviations for final
estimate. Asterisk indicates the location of centroid of the modelled sill.
One cycle of phase denotes 15.5 mm of range change. The Tandem-X orbit
numbers are 3672 and 4841 in Strip 12 of Track 28. The altitude of ambiguity
is 103 m. Unit vector [E, N, U] =—0.6418,-0.1718, +0.7475]. The incidence
angle is 42° from vertical. Coordinates are easting and northing in kilometre
using the Universal Transverse Mercator (zone 19) projection (Snyder 1982).

4.1 Gravitational loading and unloading

The water level in the LdM varies by as much as A% ~ 10 m over the
course of a year, as shown in Fig. 14. Consequently, the incremental
gravitational loading stress is p,, pgAh ~ 0.1 MPa where p,, is the
density of water and g is the gravitational acceleration. For example,
we consider an interferogram spanning the 3-yr time interval from
2007 February 12 through 2010 January 5, as shown in Fig. 15.
During this time interval, the water level dropped by 10.37 m, as
recorded by the Ministry of Public Works in Chile. By assuming an
elastic formulation (Pinel ez al. 2007) and a water table that follows
the shoreline, we calculate the modelled interferograms shown in
Fig. 15. To do so, we consider four different values for the Young’s
modulus £ of the rock underlying the reservoir. The best-fitting
estimate £ = 0.7 GPa produces the modelled phase values shown
in the last panel (d) of Fig. 15. The misfit of the gravitational
loading model to the observed phase values, as evaluated by the
circular mean deviation of the wrapped phase residuals, is 0.2134
cycles. This result is not significantly different (at the 95 per cent-
confidence level) from the null model of no deformation or from
models with Young’s modulus E ranging from 0.5 to 0.8 GPa. In
Fig. 15, the previous panels (a—c) show values 0of 20, 10 and 5 G Pa,
respectively for Young’s modulus E.

The best-fitting estimate of Young’s modulus £ is 1-3 orders
of magnitude lower than the conventional values of 4-210 GPa
for crustal rocks derived from seismological studies and labora-
tory experiments of rock samples with P-wave velocities of 1.5 to
8.5kms™! and densities of pg = 2.0 to 3.5 Mg m= (Brocher 2005),
assuming Poisson’s ratio v = 1/4 and the relation £ = 5p4V,%/6.
Similarly, our best-fitting estimate is much lower than the value of

ISUOJSIAN J0 AlIsiBAIUN e /Blo'sfeulnolployxo16//:dny woly pspeojumog

¥10Z ‘Lgaunt


http://gji.oxfordjournals.org/

892 K L. Feigletal.

+1/2
€
=3
o § 8
£ ©
< >
£ )
o
=z
-1/2
+1/2
6010 2
¢ ©°
>
(&)
6000 (£ -1/2

360 365 370 Easting (km)

Figure 9. Enlarged SAR interferograms for pair P12, spanning the 44-d
time interval from 2012 MAR 14 through 2012 APR 27 and showing only
the subset from which data are drawn for estimating model parameters.
The panels include (a) observed phase values; (b) modelled phase values
calculated from the final estimate of the parameters in the Okada dislocation
model; (c) final residual phase values formed by subtracting final modelled
values from observed phase values; and (d) angular deviations for final
estimate. Asterisk indicates the location of the centroid of the modelled sill.
One cycle of phase denotes 15.5 mm of range change. The TerraSAR-X
orbit numbers are 26630 and 26998 in Strip 7 of Track 111. The altitude of
ambiguity is 35.2 m. Unit vector [E,N,U] =[-0.5082,-0.1277, 0.8517]. The
incidence angle is 35° from vertical. Coordinates are easting and northing
in kilometre using the Universal Transverse Mercator (zone 19) projection
(Snyder 1982).
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Figure 10. Range change along a profile striking due East, showing range
change as observed (red dots) and modelled using the best-fitting param-
eters estimated for the sill model (black line) for interferometric pair P12,
spanning the 44-d time interval from 2012 March 14 to 2012 April 27. The
horizontal coordinate shows easting in kilometre. The profile is located at
northing Yytm = 6008.7 km (latitude S36.07°) using the Universal Trans-
verse Mercator (zone 19) projection (Snyder 1982). On the vertical scale,
15.5 mm of range change corresponds to one cycle of phase.

E = 44 GPa (with v = 0.31) found by an InSAR-based study of
the deformation attributed to the changing gravitational load of the
Dead Sea (Nof et al. 2012).

During the 2-yr time interval from 2008 April 1 to 2010 April
7, the water level increased by 1.3 m (Fig. 14), thus increasing
the gravitational load on the surrounding rock. Assuming the rock
behaves as an elastic material, we would expect it to subside instan-
taneously. The observations from the corresponding interferogram
(pair P04), however, show uplift of at least 600 mm along the radar
line of sight at 41° incidence.

On the other hand, if the rock behaved as a viscoelastic medium,
then the deformation would be more sensitive to the long-term trend
in water level over timescales of the order of ~10 yr than to short-
term (seasonal) variations on timescales of less than a year. Assum-
ing a Maxwell viscoelastic rheology with viscosity 1 ~ 40 EPa.s and
a Young’s modulus £ ~ 70 GPa, we would expect a relaxation time
of © ~ 2n/E ~ 36 yr (Turcotte & Schubert 2002). Since the dam
was constructed in 1958, we would expect the viscoelastic response
to have begun by 2003. Yet interferometric pair P00, spanning the
time interval between 2003 March 25 and 2004 February 3, shows
no measurable deformation (Fournier ef al. 2010).

Since the predictions of the elastic and the viscoelastic model are
incompatible with the observed deformation, we reject the possibil-
ity that gravitational unloading could cause the observed deforma-
tion.

4.2 Magmatic sources

Alternatively, the second conceptual model interprets the observed
deformation as the result of hydrothermal fluids and/or magma mi-
grating within the crust. The centre of the source is located below the
southwest part of the lake. The GPS stations move radially outward
from it, consistent with the InSAR results from 2012 (Fig. 20).

In our preferred model, the source of the deformation is described
as a rectangular prismatic sill, using a dislocation formulation with
nine free parameters (Okada 1985). The estimated values of the
model parameters are listed in Table 3. For InSAR data spanning
from 2007 to 2010 (Fig. 7), the modelled sill increases in volume
at a rate of 34 & 2 x 10° m? yr'. It has a length of 7.6 & 0.3 km,
width of 5.5 £ 0.2 km and a dip of 22 & 2° from horizontal.

To mitigate trade-offs between parameters, we constrain a priori
the depth parameter to fall between 4.7 and 5.3 km in all the simu-
lated annealing solutions. The validity of this constraint is discussed
below.

Using the model of the rectangular sill, the estimated depth
is 4.9 £ 0.1km. The resulting modelled phase values shown in
Fig. 7(b) reproduce the concentric pattern of the observed phase
values shown in Fig. 7(a). Their differences, the wrapped residual
phase values shown in Fig. 7(c), exhibit less than one fringe of un-
explained signal. This model fits the resampled InSAR observations
to within 0.1119 cycles in phase (13.2 mm in range), as measured
by the circular mean deviation of the phase residuals, the objective
function minimized by GIPhT. Considering the angular deviations
of all the pixels in the 2.9-yr interferogram (Fig. 7d), we find their
circular mean deviation to be 0.1440 cycles in phase (17.0 mm in
range).

We also consider a source shaped like a prolate spheroid as
parametrized by Yang et al. (1988) and implemented in Matlab
by Fialko and Simons (Fialko & Simons 2000). The semi-major
and semi-minor axes of the prolate spheroid are estimated to be
a=3679 =79 m and b = 875 £ 12 m, respectively. The rate of
pressure increase is estimated to be dP/df = 155 4= 3 MPa yr!. The
misfit for the best-fitting estimate of the parameters in the prolate-
spheroid model is 0.1388 cycles in phase (16.4 mm in range) for
the pixels sampled from the 3-yr interferogram shown in Fig. 7(a).

We also consider a model of a ‘penny-shaped’, pressurized crack
with tapered edges, as parametrized by Sun (1969) and implemented
in Matlab by Fialko et al. (2001). The rate of pressure increase is
estimated to be dP/dt = 1.2 & 0.02 MPa yr' on a horizontal sill
with a radius of 4.7 £ 0.1 km. The misfit for the best-fitting estimate
of the parameters in the penny-shaped crack model is 0.1303 cycles
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Table 2. Position coordinates and estimated velocities for GPS stations near Laguna del Maule, with respect to the
stable interior of the South America Plate, as defined by a network of 23 GPS stations.

Station  Latitude (deg)  Longitude (deg)  Height (m) V, (mm yr!) V, (mm yr ) V,, (mm yr ')
LDMP -36.012435 289.437941 2391.48 -99.27 4+ 4796  84.72 £+ 37.82 176.8 £+ 81.3
MAU2 -36.067288 289.465393 2253.28 -180.07 + 3.56 45.62 + 2.17 279.8 + 4.0
PUEL -36.048310 289.543228 2417.52 9.24 £ 2577 32.81 £+ 20.44 86.4 + 434
MAUL —35.809636 289.178536 1183.92 -85.47 £ 10.13  39.25 + 8.02 53.2 + 16.9
2012-02-06 2012-11-19 2012-04-05 2012-05-24
50 v v v A
-180.07  3.56 mm/yr 101 -99.27 + 47.96 mm/yr
- 04 = . —_
€ e, E o] e
£ =
» _ 4
dl 00 8 ~1°
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§ 1001 g 10
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04 ~10] 176.8 +81.30 mm/yr
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Figure 11. Time-series of relative position coordinates for GPS station
MAU?2 with respect to the stable interior of South America, showing relative
displacement in the three directions: eastward (top), northward (middle)
and upward (bottom). Labelled triangles indicate calendar dates of the first
and last measurements, respectively. The blue lines indicate the best-fitting
velocity as listed in Table 2.
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Figure 12. Time-series of relative position coordinates for GPS station

PUEL with respect to the stable interior of South America. Plotting conven-

tions as in previous figure.

in phase (15.4 mm in range) for the pixels sampled from the 3-yr
interferogram shown in Fig. 7(a).

Finally, we also consider a spherical source (Mogi 1958; Segall
2010). The rate of volume increase is estimated to be dV/dfr = 36 +
0.6 x 10° m* yr'. The misfit for the best-fitting estimate of the
parameters in the Mogi model is 0.1274 cycles in phase (15.0 mm

95 100 105 110 115 120 125 130 135 140 145
Day of 2012

Figure 13. Time-series of relative position coordinates for GPS station
LDMP with respect to the stable interior of South America. Plotting con-
ventions as in previous figure.
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Figure 14. Water level in Laguna del Maule as a function of time, showing
the value on the first day of each month, as extracted from daily measure-
ments on the structure near the dam at Laguna del Maule by E! Ministerio
de Obras Publicas, Direccion de Obras Hidrdaulicas in Chile.

in range) for the pixels sampled from the 3-yr interferogram shown
in Fig. 7(a).

4.3 Time dependence

Next, we apply the inverse modelling procedure to the 11 other inter-
ferometric pairs individually, as shown in Fig. 16. The estimated pa-
rameters and their uncertainties are listed in Table 3. The estimated
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Figure 15. Interferograms for the 1058-d time from 2007 February 12
to 2010 January 5 (P06) showing modelled phase values calculated using
various values of Young’s modulus £ in an elastic formulation (Pinel &
Jaupart 2000) to account for the change in gravitational load caused by
the drop of 10.37 m in the lake level over the considered time interval. The
panels include: (a) a low, but conventional value of Young’s modulus £ = 20
GPa; (b) Young’s modulus £ = 10 GPa; (¢) Young’s modulus £ = 5 GPa
and (d) the value of Young’s modulus £ = 0.7 GPa that best fits the data
in Fig. 7a. One cycle of phase denotes 118.1 mm of range change. The
ALOS orbit numbers are 5602 and 21035. Unit vector [E,N,U] = [-0.6242,
—0.1851, 0.7590].

depth of the modelled sill’s upper edge varies between 4.7 and
5.3km below the free surface as a result of the constraint on this
parameter. The typical uncertainties (70-280 m) on the depths esti-
mated from each of the 12 pairs are consistent with their scatter, as
measured by the standard error (40 m) of their weighted mean.

The rate of deformation is not constant in time, as shown in
Fig. 17. While the interferometric pair spanning the interval from
2003 March to 2004 February ‘shows no deformation’ (Fournier
et al. 2010), the rate of inflation in the modelled sill from 2007 to
2010is dV/dt =31 £ 1 x 10° m® yr'. To evaluate the time depen-
dence, we perform a time-series analysis using temporal adjustment.
This procedure converts the rate of volume change estimated over
several time intervals into the integrated volume at each point in
time or ‘epoch’ (Beauducel et al. 2000; Feigl et al. 2000; Schmidt
& Burgmann 2003; Feigl & Thurber 2009; Grandin et al. 2009). We
assume a piecewise linear parametrization, including four segments
corresponding to the intervals beginning on the first epoch of each
of the four trees in the incidence graph (Fig. 4). We estimate the
rate of volume increase to be 0 + 5 x 10°, 31 &1 x 10%, 29 +
2 x 10% and 51 = 8 x 10° m® yr™! for the four intervals, respec-
tively (Fig. 18). The rate of inflation is significantly higher during
the fourth interval (early 2012) than during the third interval (early
2011) with 95 per cent confidence. The location and intensity of the
source driving the deformation appears to have changed sometime
between mid-2011 and early 2012.

S DISCUSSION

5.1 Geodetic comparisons

As in previous studies, the uncertainties of the parameter estimates
are formal in the sense that they do not account for systematic

Table 3. Parameters in the elastic sill model, as estimated by GIPhT, including the final estimate and uncertainty for each of the 12 pairs.

t (yr)
2010.0110

t (yr)
2007.9973

Y (km) Uz (mmyr')  dV/de [M(m?) yr']

X (km)

W (km) D (km) Dip (deg) Str (deg)

L (km)

1D

34
31

22
24
24
23

913
760
904
881
533
718
796
620
601
663
676

0.24

6007.35

0.15
0.16
0.13
0.26
0.20
0.09
0.09
0.32
0.79
0.24
0.24
0.27

365.06

4
3
3
4
2
2
2
4
8
4
4
5

22
20

22

0.07
0.13
0.13
0.08
0.07
0.11
0.11
0.12
0.16
0.11
0.20
0.28

4.90
4.80
4.94
491
5.15
5.08
4.95
5.10
4.84
5.20
5.15
5.17

0.16
0.25
0.22
0.35
0.15
0.09
0.15
0.37
0.92
0.18
0.10
0.38

4.96
5.24
4.72
5.42
6.37
5.22
4.88
4.72
6.04
6.13
6.20
5.33

0.34
0.33
0.31
0.33
0.52
0.26
0.33
0.99
0.65
0.22
0.14
0.29

7.52
7.73
7.69
7.67
8.36
7.86
7.65
9.03
7.03
8.97
6.41
9.00

P01
P02
P03
P04
P05
P06
P07
P08
P09
P10
P11

2010.0110

2008.1229

0.20
0.20

6007.54
6007.89

12 364.97

17
25

2010.2630
2010.2630
2009.1288

2008.1229

33

364.95

14

2008.2486
2007.1151

37
28

0.30
0.21
0.10

0.12

6007.44
6007.32

365.12

24
21

11 365.71

12
10
15
11

32

2010.0110

2007.1151

29
30
26
25

6007.67

364.96

2010.1370

2007.1151

16
37
39
28

6007.34

364.97

19
17
13
25

2011.3397
2011.3096
2011.3397
2011.3699

2012.3197

2011.1288
2011.1589
2011.1589
2011.1589

2012.1995

0.45
0.58

6007.91

364.38

6007.83

365.58

36
27

0.23

13 366.08 6007.41

22
20

26
48

0.26

6006.73

365.23

27

51

1072

0.45

6008.04

366.30

14

P12
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Figure 16. Interferograms for Laguna del Maule, for the 12 interferometric pairs, as numbered in Table 4. The panels include: (rows 1, 4 and 7) observed
phase values; (rows 2, 5 and 8) modelled phase values calculated from the final estimate of the parameters in the Okada dislocation model; and (rows 3, 6 and
9), angular deviations for final estimate. Pairs labelled PO1 through P07 are from the ALOS mission (118 mm of range change per fringe, or cycle of phase
shift). Pairs labelled P08 through P12 are from the TanDEM-X mission (15.5 mm/fringe). Pair P13 is from the TerraSAR-X mission (15.5 mm/fringe). For
each pair, the white asterisk indicates the projection of the centroid of the modelled sill. Tick marks are spaced every 5km in Universal Transverse Mercator
Easting and Northing.
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Figure 17. Values and uncertainties of model parameters as estimated from
the InSAR data, showing the rate of volume change of the rectangular sill as a
function of time. Coloured symbols represent the final estimates determined
from each pair individually, using the same colour convention as in Fig. 4.
Bars indicate the 1o uncertainty as determined by GIPhT, assuming that the
phase residuals sample a von Mises distribution (Feigl & Thurber 2009).
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Figure 18. Volume change as a function of time as estimated from the
individual pairs using temporal adjustment, assuming a piecewise linear
model. Each red line segment represents an individual InSAR pair connect-
ing the first epoch (red dot) taken as a reference and plotted arbitrarily on
the modelled curve (black) with the second epoch (blue dot with bar denot-
ing +10). The slope of each red line segment denotes the rate of volume
change estimated from the corresponding InSAR pair. The modelled curve
(black) assumes a piecewise linear model with four free parameters corre-
sponding to the rate of volume change over the four time intervals measured
by InSAR: 20032004 (Fournier et al. 2010), 2007-2010 (ALOS), 2011
January—April 2011 (TanDEM-X) and 2012 January—April (TerraSAR-X).
During the gaps between the measured time intervals, the rate of change is
(arbitrarily) assumed to continue at the same rate as in the preceding interval.

errors in the measurements, correlations in the resampled data set,
or oversimplifications in the physical earth model. For example, we
assume the values of the wrapped phase values, as determined by
the quad-tree resampling procedure, to be independent in all our sta-
tistical tests. Although neighbouring pixels are correlated in space
(Hanssen 2001; Lohman & Simons 2005) and pairs sharing a com-
mon epoch are correlated in time (Biggs et al. 2007), the parameter

Table 4. List of parameters in the affine trans-
formation estimated to adjust InSAR model to
GPS velocities.

Parameter Value Unc? Dimensions
Ve -53.74  +13.97 [mmyr']
Vn 2490 41230 [mmyr!]
Vu 285  +17.82 [mmyr']
dVe/dx ~136  +4.09  [1E-6/yr]
dVe/dy 299  +4.05 [1E-6/yr]
dvn/dx -191  +3.58  [1E-6/yr]
dvn/dy —-1.44 4352  [1E-6/yr]
dVu/dx 224 +5.19  [1E-6/yr]
dvu/dy 5.59 +5.07  [1E-6/yr]

2Uncertainty is 1 standard deviation, after scal-
ing by Mean Standard Error.

estimates are robust to different (randomly selected) subsets of the
pixels, as discussed previously (Feigl & Thurber 2009; Ali & Feigl
2012).

The GPS and InSAR measurements indicate exceptionally high
rates of deformation from 2007 January to 2012 May. Before com-
paring the InSAR results to the GPS velocity, we adjust the mod-
elled velocity field calculated from the parameters estimated from
the 2012 InSAR data using an affine transformation. The adjustment
uses a standard weighted least-squares algorithm to estimate nine
additional parameters, including three components of a translational
velocity vector and 6 = 3 x 2 components of the deformation gra-
dient tensor, that is, the partial derivatives of the three components
of'the vector velocity field with respect to the two horizontal coordi-
nates. To estimate the nine parameters in the affine transformation,
we consider 12 data, including the three-component velocity vec-
tors at the three GPS stations MAU2, PUEL and LDMP in the
LdM study area, as well as a fourth station, MAUL, that is located
some ~35 km NW of LdM. The resulting estimates of the nine
affine parameters and their uncertainties appear in Table 4.

The affine transformation may be interpreted as deformation that
is not explained by the model describing the inflating sill below
the LdM volcanic field. For example, some of the observed motion
may be due to transient post-seismic deformation following the M,,
8.8 earthquake of 2010 February 27 (e.g. Lorito et al. 2011; Vigny
et al. 2011). The estimated translational velocity of the LdM study
area with respect to South America in 2012 is approximately
59 mm yr! at an azimuth of N65°W. Since none of the compo-
nents of the deformation rate tensor are significantly different from
zero with 95 per cent confidence, we neglect the effect of transient
phenomena, such as post-seismic relaxation, at spatial scales longer
than the ~20 km width of the LdM study area.

We then apply the nine-parameter affine transformation to the
InSAR modelled velocity field. As shown in Fig. 19, the vertical
components of the GPS velocity vectors agree (to within their un-
certainties) with those calculated using the sill-model parameters
estimated from the interferogram spanning 2012 January to March
(Fig. 9) and the affine transformation at GPS stations MAU2 and
PUEL. At station LDMP, the two estimates of the uplift disagree
by more than 100 mm yr!, but the discrepancy is not significantly
different from zero with 95 per cent confidence. The large uncer-
tainty in the GPS measurement of the vertical velocity at LDMP
is a consequence of the short duration of the time series. Since the
GPS station at LDMP did not yet include telemetering, only 50 d of
data were retrieved before snowfall in late 2012 May.
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Figure 19. Vertical displacement rate vz = duz/df on a path from GPS
station LDMP through MAU2 to PUEL. The three circles denote the rate
of vertical uplift with respect to South America, as measured by GPS at
the three stations, LDMP, PUEL and MAU2. The curves show the modelled
values of vertical displacement rate calculated from the final estimate using
the InSAR data for 2012 January—April from TerraSAR-X, after the affine
transformation described by the parameters listed in Table 4. The colours of
the curve correspond to those of the two segments of the profile, as shown
by dashed lines in map view in Fig. 20.
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Figure 20. Map of velocity field in 2012, showing horizontal components
of velocity with respect to the stable interior of South America as measured
by GPS (blue arrows with 95 per cent-confidence ellipses) and velocity as
modelled (red arrows) using the parameters estimated from the 2012 InSAR
data, after the affine transformation described by the parameters listed in
Table 4. Dashed lines indicate the profile through the deformation field
shown in Fig. 19. Coordinates are latitude and longitude.

5.2 Interpretation of the modelling results

The assumption of uniform elastic properties in a half-space is
a heuristic model to account for the most salient features of the
observed deformation field. For example, neglecting the effect
of topographic loading is justified because the estimated depth
(~5km) of the sill is greater than the ~1km of topographic re-
lief surrounding the LdM basin (Cayol & Cornet 1998). On the
other hand, the estimated depth is likely to be deeper in a more
realistic (but more computationally expensive) model with a het-
erogeneous distribution of material properties than in a model with
a homogenous distribution (Cattin et al. 1999; Masterlark 2007).
To mitigate this effect, we have imposed bounds of 4.7-5.3 km on
the depth parameter, as noted above.

Another caveat involves the pressure within the modelled magma
chamber. The model of a pressurized prolate spheroid (Yang et al.
1988) yields an estimate of pressure that is unrealistically large.
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Indeed, the estimated annual increase in pressure exceeds the litho-
static value of 120—-150 MPa expected at a depth of 5 km, assuming
a density of 2500-3000 kg m> for the overburden. Although the
pressurized penny-shaped crack model yields smaller, more reason-
able estimates of pressure, the ratio of depth to radius is approxi-
mately ~1, much less than the minimum value of 2.5 required for
the calculated displacements to be accurate within 3 per cent (Sun
1969). Alternatively, one would expect a lower estimate of the pres-
sure and better fit to the data by allowing the amount of opening on
the sill to decrease with distance from its centre (Yun et al. 2006).

‘We note that the Mogi (1958) model with four adjustable param-
eters fits the InSAR data better than does the Yang et al. (1988)
model with 8 adjustable parameters, as indicated by the cost values
0f0.1274 and 0.1388 cycles, respectively, for the resampled pixels in
the 3-yr interferogram (Fig. 7a). The volume change in the infinites-
imal, spherical (Mogi) parametrization is effectively concentrated
at the estimated depth, whereas half of the finite pressurized cavity
in the prolate-spheroidal Yang formulation is distributed above the
estimated depth. Consequently, the difference in misfit between the
two corresponding solutions is likely to be a result of the 4.7-to-5.3-
km constraint on the depth parameter, as discussed below.

Among the four models for the magmatic source, the Okada
(1985) parametrization (tensile opening on a rectangular sill) pro-
vides the best fit to the InSAR data. The Okada model yields the
lowest value of the objective function. For example, we compare
the residual phase values from the Okada model to those from
the Mogi model for the resampled pixels in the 3-yr interferogram
(Fig. 7a). Following Feigl & Thurber (2009), we use the two-sample
statistic v, given by Mardia & Jupp (2000) in their eq. (7.3.24).
We test the null hypothesis that the von Mises concentration pa-
rameters of the phase residuals from the two models are equal
k(mO9) = (mM°2), The corresponding mean resultant lengths
are R (m°<%) = 0.6642 and R (m™°¢) = 0.5914, respectively for
the two sets of residual phase values. The number of data n = 6043
in both solutions. Since the two-sample statistic v, = 8.49 is greater
than the two-tailed critical value Z; 975 = 1.96 for the standard nor-
mal distribution at the 0.05 significance level, we reject the null
hypothesis. Thus the Okada residuals are more concentrated than
the Mogi residuals. Therefore, we infer that the Okada model fits
the InSAR data significantly better than does the Mogi model with
95 per cent confidence.

Taken together, the arguments above favour the Okada (1985)
model of tensile opening on a rectangular sill below the LdM vol-
canic field. In summary, the Okada model: (1) is a valid approxima-
tion to the geometric configuration at LdM; (2) allows the length,
width, and dip of the sill to vary to match the shape of the elongated
fringe pattern observed in the InSAR data and (3) has the best fit to
the InSAR data.

5.3 Implications for the eruptive cycle at LdM

The model of an inflating sill is also supported by other observations.
A zone of anomalously low electrical resistivity lies at 4-5km
depth beneath the western side of the LdM rhyolite dome ring,
according to a magneto-telluric (MT) data set collected by Alterra
Power. The projection of the sill source estimated from the 2007—
2010 InSAR data falls within a few kilometres east of the oval-
shaped area of low resistance in a preliminary 2-D inversion of the
MT data (Martyn Unsworth, personal communication, 2011). Our
interpretation involves a fluid-rich zone associated with a magma
chamber located in the upper crust beneath the region of maximum
surface deformation.
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The LdM area is also seismically active. An earthquake with a
magnitude of 5.5 occurred on 2012 June 07 some ~15 km west of
LdM and ~9 km south—southwest of Tatara-San Pedro volcano (OV-
DAS 2012). A preliminary analysis of 12 months of data retrieved
from five local broad-band seismometers in the LdM basin in 2012
April reveals dozens of shallow earthquakes that occurred between
the surface and 5km depth in three swarms below the southern
half of the postglacial rhyolite dome ring, as reported by the seis-
mology team at OVDAS. Two types of earthquakes (short-period,
volcano-tectonic earthquakes with magnitudes as large as 1.5 and
long-period earthquakes) are concentrated in these zones, suggest-
ing that magma and/or hydrothermal fluids may be accumulating
in, and/or ascending from, a reservoir at a depth of ~5 km.

One cluster of these shallow earthquakes and the centre of the
measured uplift are located within 5 km of the vent of the Rhyolite
of Colada Las Nieblas (unit ‘rln’). Although this flow has not yet
been dated, we infer that it is among the youngest eruptions in the
volcanic field, based on its lack of pumice cover and low degree
of erosion. Its proximity to the locus of unrest suggests that the
inflation that began in 2007 is driven by the same large magma
body that fed the postglacial silicic eruptions since ~25 ka.

The rate of uplift at LdM is among the highest ever observed
geodetically for a volcano that is not actively erupting. To our
knowledge, the rate at Campi Flegrei (Italy) is unsurpassed. During
a brief episode of unrest between 1982 and 1984, the total vertical
displacement accumulated was 1.8 m (Trasatti et al. 2011; Dvo-
rak & Berrino 1991). The rapid deformation at LdM, however, has
continued for more than 5 yr.

A similar style of deformation, albeit at much lower rates, oc-
curred during the recent inflation episodes at three other large, silicic
volcanic systems. For example, the rate of vertical uplift at LdM is
larger by a factor of at least seven than that measured by GPS at
Yellowstone in the United States (Chang et al. 2010), as shown in
Fig. 21. At Santorini (Greece), the rate of inflation of 180 mm yr!
measured by GPS has been attributed to a source at 4 km depth that
expanded by 14 x 10° m* between 2011 January and 2012 January
(Newman et al. 2012). In the central Andes, the Lazufre volcanic
area has also been actively deforming since 1998 with a maximum
inflation rate of ~25 mm yr!' (Froger ef al. 2007). The affected area
is large—roughly ~50km x ~38km (Anderssohn et al. 2009)—
and the deformation source has been modelled as a sill at a depth
between 7 and 15 km (Froger et al. 2007; Ruch et al. 2008; Ander-
ssohn et al. 2009; Ruch et al. 2009; Ruch & Walter 2010; Budach
et al. 2013). Its average volumetric inflation rate is ‘about 14 x 10°
m? yr'!” (Froger et al. 2007).

The high rate of uplift observed at LdM is not constant. Since the
rate of vertical uplift at LdM has accelerated from zero in 2003—
2004 to more than 250 mm yr~' in 2007-2012, the causative process
must be episodic. On longer timescales, a field observation supports
the inference of episodic processes. A set of dipping, (undated)
lacustrine sediments are exposed only on the west side of LdM,
suggesting a previous episode of unrest.

Over geological timescales, volcanic eruptions have deposited
numerous lavas and tuffs in a spectacular concentric ring (Hildreth
et al. 2010). Their similar chemical compositions represent the cul-
mination of an eruptive sequence from andesite to dacite to rhyolite.
Considering the 6.4km? of postglacial rhyolite erupted in the last
19 ka as the 15-per cent residue left by fractional crystallization
of a larger body of parental basalt, we estimate the rate of volume
increase to be of the order of ~2 x 10° m? yr! (Andersen et al.
2012). Over the last 1.5 Ma, at least 350 km? of material has erupted
at LdM, for a mean rate of 0.2 x 10° m? yr™! (Hildreth et al. 2010).

1600
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Figure 21. Time-series of vertical displacement uz calculated as the max-
imum over the study area from the model parameters estimated using: EN-
VISAT data from 2003 to 2004 (Fournier et al. 2010), ALOS data from
2007 to 2010, TanDEM-X data from 2011 and TerraSAR-X data from 2012.
Plotting conventions for the temporal adjustment are the same as in Fig. 18.
Grey curve shows vertical uplift at Yellowstone (United States) as measured
by GPS (Chang et al. 2010). Yellow curve (stars) shows vertical uplift at
Lazufre (Chile), as inferred from InSAR (Pearse & Lundgren 2013), assum-
ing purely vertical motion and an incidence angle of 23° from vertical. Green
curve (squares) shows vertical uplift at Santorini (Greece), as measured by
GPS and InSAR (Papoutsis et al. 2013).

This rate is of the same order of magnitude as eruptive rates averaged
over intervals of ~10° to 10° yr at well-dated frontal arc complexes
(Singer et al. 2008). Although the flux rate estimated from erupted
volumes cannot be directly compared to that estimated from elastic
models of deformation without accounting for the compressibility
of'the magma (Rivalta & Segall 2008; Johnson ez al. 2000), the long-
term rates are slower than the 5-yr rates estimated over 2007-2012
by one or two orders of magnitude. These comparisons indicate that
the magmatic processes driving the deformation must be episodic.
The processes driving these unrest episodes must be complex, as
illustrated by the variety of eventual outcomes at other volcanoes. In
the cases of Yellowstone, Santorini, and Lazufre, the unrest ended
harmlessly. At Rabaul volcano in Papua New Guinea, however, an
episode of unrest ended in 1984 with a ‘geodetically quiet’ 10-yr
interval, after which the volcano began to erupt in 1994 (McKee
et al. 1984; Geyer & Gottsmann 2010; Ronchin ef al. 2013). Unlike
Eliot (1925), we do not know whether the unrest at LdM will end
with ‘a bang’ or ‘a whimper’.

6 CONCLUSION

The geodetic measurements indicate exceptionally rapid rates of
deformation at LdM from 2007 to 2012. The rate of vertical dis-
placement at LdM accelerated from at least 200 mm yr~! in 2007 to
more than 280 mm yr! in 2012, as shown in Fig. 21. The fringes
from three independent InSAR data sets, including ALOS (2007—
2010), Tandem-X (2011 January—March) and TerraSAR-X (2012
March—April) show a consistent spatial pattern. The large signal
also appears in GPS measurements at three continuously operating
stations. It cannot be explained by artefacts related to the effects
of tropospheric gradients, ionospheric disturbances, orbital errors
or topographic relief. We reject the hypothesis that changes in the
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level of water impounded behind the dam cause the deformation by
gravitational loading and unloading.

We therefore attribute the deformation at LdM to inflation of a
sill at depth of 4.7-5.3 km. Assuming a dislocation in a half-space
composed of a uniform, Poisson elastic solid, we estimate the length
of the sill to be 69 km and its width to be 5—6 km. Within the mod-
elled sill, the maximum rate of inflation of 51 £ 8 x 10°® m® yr!
(i.e. 1.6 + 0.3 m® s7!) occurred in early 2012. During the 5.3-yr
interval from 2007 January to 2012 April, the volume of the mod-
elled sill increased by at least 0.15 cubic kilometres. The change
in volume could be the result of magma migration or injection. It
could also be the result of increasing pressure of volatile phases
exsolving from hot magma.

These results lead to the hypothesis that the rhyolite vents have
tapped a ~20-km-diameter layer of melt that extends under the en-
tire basin at LdM (Hildreth ef al. 2010). Accordingly, the current
episode of unrest indicates the continuing growth of a large sili-
cic system by incremental emplacement of sills (e.g. Annen 2009;
Petford et al. 2000). Testing this hypothesis and evaluating the haz-
ard associated with the ongoing unrest will require a multidisci-
plinary study, including mineralogical, petrological, seismological,
magneto-telluric and gravimetric measurements. Careful numerical
modelling of such measurements will enhance understanding of the
underlying processes over timescales ranging from days (~10* s)
to millions of years (~10'3 s).
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