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GNSS application

Chile is one of the world’s most seismically active regions and is
therefore extensively studied by the earthquake sciences. The
great length of the country hosts a variety of measurement systems allowing for the characterization of earthquake processes
over a wide range of timescales and in different phases of the
seismic cycle. Starting in the early 1990s, several research
groups began to deploy continuously operating geodetic networks in Chile, forming the core of the modern network of
Global Navigation Satellite Systems (GNSS) receivers used
to monitor geodynamics from the southern tip of the Americas
to the central Andes. Today, the Centro Sismológico Nacional
(CSN) of the Universidad de Chile maintains and improves
this network, increasing its coverage and spatial density while
greatly reducing solution latency. We present the status of the
GNSS network, its data streams, and the real-time analysis system used to support real-time modeling of earthquakes. The
system takes 2 s, on average, to collect raw data, estimate positions, and stream results. Such low latency is essential to enabling early warning of earthquakes and tsunamis in Chile.

Electronic Supplement: Figures showing schema of communication from the stations to the servers used at Centro Sismológico
Nacional (CSN), comparison between velocities derived from
real-time Global Navigation Satellite Systems (RT-GNSS) data, kinematic finite-fault inversion results and waveform comparison, and
results of the estimation of M w as a function of time, and tables of
station locations and estimated total coseismic displacement.

INTRODUCTION
Deformation rates of the Earth’s surface, derived from modern
space geodesy, constitute the observational basis for physical

models of the earthquake deformation cycle, providing key information to describe the processes leading up to and following
great events (e.g., Vigny et al., 2011; Ruiz et al., 2014; Schurr
et al., 2014; Duputel et al., 2015; Melnick et al., 2017). Along
the Chilean subduction zone, the Chilean network of Global
Navigation Satellite Systems (GNSS) has been steadily growing
from the early 1990s to the present day, with the earliest stations coming from different international research projects and
institutions such as the central Andes Global Positioning System (GPS) project (CAP) (Bevis et al., 1999; Kendrick et al.,
1999), the German Research Centre for Geosciences (GFZ),
the currently active Integrated Plate Boundary Observatory
Chile (Angermann et al., 1999; Klotz et al., 2017; Moreno
et al., 2017), the French National Research SUBChile project
by Institute de Physique du Globe de Paris and École Normale
Supérieure in Paris, France (Ruegg et al., 2009; Vigny et al.,
2009), and the Central Andean Tectonic Observatory Geodetic Array of the California Institute of Technology (Caltech) (Simons et al., 2010; Bejar-Pizarro et al., 2013).
At the end of the twentieth century, GNSS data from continuous and campaign observations were primarily used in
Chile and neighboring countries to estimate plate motion
and interseismic deformation (Norabuena et al., 1998; Angermann et al., 1999; Bevis et al., 1999, 2001; Kendrick et al.,
1999, 2003, 2006; Brooks et al., 2003; Ruegg et al., 2009; Moreno et al., 2011; Bejar-Pizarro et al., 2013; Metois et al., 2013;
Melnick et al., 2017). The GNSS network now provides good
spatial coverage throughout Chile’s seismogenic zone, enabling
the observation of the complete seismic cycle, including the
coseismic deformation caused by the M w 8.8 giant Maule event
in 2010 (Vigny et al., 2011; Moreno et al., 2012; Lin et al.,
2013), and by events in Iquique (M w 8.1) in 2014 (Ruiz et al.,
2014), Illapel (M w 8.3) in 2015 (Duputel et al., 2015; Melgar,
Crowell, et al., 2015; Ruiz et al., 2016), and Chiloé (M w 7.4) in
2016 (Melgar et al., 2017; Ruiz, Aden-Antoniow, et al., 2017;
Ruiz, Moreno, et al., 2017). The GNSS network also records
the postseismic transients caused by these events (Bedford et al.,
2013, 2016; Klein et al., 2016). Several researchers proposed
the use of real-time GNSS (RT-GNSS) data to estimate not
only the magnitude of an event but also its rupture geometry
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Abstract Fast and reliable characterization of earthquakes can provide vital information to the population,
even reducing the effects of strong shaking produced by them. In this study, we explore the minimum time
required to estimate the magnitude for subduction earthquakes. Using traditional P wave earthquake
early warning parameters and considering a progressively increasing time window, we are able to estimate
magnitude for subduction earthquakes ~30 s from the origin time (with an average residual of 0.01 ± 0.28).
However, estimations for larger events (Mw ≥ 7.5) present larger errors (average residual of !0.70 ± 0.30).
We complement our data with Global Navigational Satellite System observations for these events, enabling
magnitude estimations ~70 s from the origin time (average residual of !0.42 ± 0.41). We propose that
rapid estimations of magnitude should consider, initially, P waves in a progressively increasing time window,
and complemented with GNSS data, for large events.

Plain Language Summary

Fast and reliable magnitude estimation of earthquakes enables the
preparation of the public to reduce its impact. Here we test known methods to rapidly estimate the
magnitude of subduction earthquakes. We found encouraging results, taking a few tens of seconds to
provide reliable values. However, results for larger events tend to underestimate the real magnitude. Hence,
we propose the combination with other sources of information, such as Global Positioning System, that are
able to resolve these larger events.

1. Introduction

Geophysical Research Letters

Recent advances in communication and automatic processing of seismic data have enabled fast and reliable
10.1029/2018GL078991
earthquake source estimation, improving the rapid response of public and private agencies as well asFigure
the 4. Results of fast magnitude estimation for some interplate earthquakes using low-pass-ﬁltered peak displacement (Pd) from strong motion records (blue)
general public (Kanamori, 2005; Satriano et al., 2011). Indeed, fast estimations of the location, magnitude,
and peak ground displacement (PGD) from GNSS data (green); the vertical whiskers represent in the error in each case, and the height of the green rectangle is
and expected ground motions are the basis of the present Earthquake Early Warning Systems (EEWS) aimed
proportional to the number of GNSS stations considered, following the symbols of the lower, right corner. The small black crosses are the individual estimations of a
to prevent losses produced by earthquakes (Colombelli & Zollo, 2016; Heaton, 1985; Satriano et al., 2011).
In station, using Pd; the horizontal red line marks the real magnitude. In the upper, right corner of each panel we show the UTC date and time of the event.
single
general, these systems aim to provide a few seconds warning in advance of the destructive seismic waves of
an earthquake, based on a continuous, real-time, seismic monitoring (Colombelli et al., 2015).
The main principle in usual EEWS is that the information from few seconds of the P wave can provide information regarding the magnitude and location of an earthquake (Allen & Kanamori, 2003), and given that
these waves travel faster than the potentially destructive waves, this can provide an actionable warning to
the population to reduce the impact of shaking (Colombelli & Zollo, 2016). However, there always will be a
trade-off between the warning time and the reliability of the information: larger time windows should enable
better knowledge of the event, while giving less time to prepare for its impact; this concept has lead to a
general use of continuous updates in EEWS (Colombelli et al., 2012, 2015; Satriano et al., 2011). Moreover,
Minson et al. (2018), using simple seismological relations, discussed the minimum time required to estimate
the possibility of having strong ground shaking due to an earthquake: they showed that there is a limit given
by the required time for the earthquake to evolve into a large event.
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similar results were found for intermediate-depth, intraplate earthquakes (average residual of 0.00 ± 0.43).
However, for larger events, magnitude 7.5 and above, these estimates become less reliable (average
residual of !0.70 ± 0.30), ~70 s after origin.

Nevertheless, for large events, the GNSS systems provide useful information that enable robust magnitude
estimation within the ﬁrst couple of minutes from the origin time (average residual of !0.42 ± 0.41, 70 s after
origin); similar results were found for earthquakes in Japan and California by Colombelli et al. (2013). This is
due to the fact that GNSS systems are still not able to precisely record the early P waves, recording only
the largest portion of the shaking, as shown in Figure 5, probably due to the noise levels that currently
real-time GNSS time series present. From this ﬁgure, we can see that in all cases, the GNSS is able to record
Indeed, a key aspect that remains controversial is whether a few seconds of the P wave can predict the earthonly the second portion of the shaking, after the S wave arrival, as has been pointed out (Allen & Ziv, 2011).
quake’s size over a wide range of magnitudes: some authors suggest that an initial rupture will develop into a
large earthquake only if it has enough fracture energy to break across several heterogeneities (Olson & Allen,
Hence, independent from the network geometry for a speciﬁc case, strong motion stations (using P wave
2005). In this case, the Deterministic model, the ﬁnal seismic moment is determined by the initial rupture
methods) will always be able to provide faster magnitude estimates, but it might be an underestimation
(Ellsworth & Beroza, 1995; Zollo et al., 2006). However, as pointed out by Rydelek & Horiuchi (2006), it is
for large events (Mw ≥ 7.5). On the other hand, GNSS systems required a longer time window in order to
not clear by which mechanism the information between these heterogeneities is transmitted across large
provide useful data; however, these estimations will be more accurate, providing a better estimation of the
magnitude for large events (Allen & Ziv, 2011). Here based on the data analyzed, we propose to consider time
1
windows of ~30 and ~70 s from origin time, for Pd and PGD, respectively, but more detailed studies should
better constrain these values. Nevertheless, these longer time windows can still provide an alert to the
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aveforms used in this study. The black lines are unﬁltered displacement time series used for PGD
ines show the waveforms ﬁltered with different ﬁve-pole Butterworth high-pass ﬁlters. The ﬁlter
cally used when processing accelerograms [e.g., Kamai and Abrahamson, 2014]. The results illustrate
with ﬁltered displacement data will ultimately underestimate its value and lead to saturation.

w proposed by Crowell et al. [2013] for PGD which includes magnitude-dependent
unt for the relative strengths of the near-, intermediate-, and far-ﬁeld seismic
Figure 3. Scaling of peak ground displacement measurements (PGD). The oblique lines are the predicted scaling values
from the L1 regression of the PGD measurements as a function of hypocentral distance.
Figure 2. Sample GPS waveforms used in this study. The black lines are unﬁltered displacement time series used for PGD
wﬁve-pole Butterworth
w high-pass ﬁlters. The ﬁlter
calculation. The colored lines show the waveforms ﬁltered with different
corners (fc) are those typically used when processing accelerograms [e.g., Kamai and Abrahamson, 2014]. The results illustrate
wavefront radiates outward from the source, and only stations within this travel-time mask are included in the
how PGD computations with ﬁltered displacement data will ultimately underestimate its value and lead to saturation.

logðPGDÞ ¼ A þ B % M þ C % M % logðRÞ:

(2)

magnitude calculation. In this way, stations far away that are recording noise before seismic motions occur are
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This is source
also in keeping to
with the idea that PGD will occur once the static
andthe calculation.
R is the
re the regression coefﬁcients, Mw is moment magnitude,
offset, which travels at S wave speed [e.g., Grapenthin et al., 2014], is fully developed.
We use the scaling law proposed by Crowell et al. [2013] for PGD which includes magnitude-dependent
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3. Results
radiation terms

The PGD measurements for all events are shown in Figure 3. The regression coefﬁcients computed are
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ring on the LCZ triggered seismic activity in its
region activated by the precursors that occurred
vicinity. Up to now, SSEs have remained undein March (19.57°S, 70.91°W). The peak seismic
tected by the cGPS network operating in northmoment release rate during the Mw 8.1 earthern Chile for more than a decade. Nevertheless,
quake took place ~30 s after the initial nucleation
the very inference of a LCZ off the coast of Iquique
(fig. S6). We used standard teleseismic methods
implies some degree of accommodation of plate
(17) to invert for the coseismic slip of the main
convergence by aseismic slip, which might opevent and its large Mw 7.6 aftershock that ocerate by repeated SSEs. We postulate that until
curred 2 days later (Fig. 2 and figs. S6 and S7).
now, either the magnitude of these SSEs was too
The maximum slip associated with these events
small, or they occurred too far from the coast
was deeper than that of the March precursors
to be detected by GPS measurements. The only
and ~20 km inland, affecting areas of higher
major change we detected in plate convergence
coupling (>0.6). Coseismic slip appears to overin the area before 2014 was a long-term velocity
lap (at least partially) with the slow slip event
change at the cGPS station operating in Iquique
(SSE) (Fig. 4), but no substantial coseismic slip
since 1995 (UAPE): its eastward velocity decreased
occurred in the LCZ (Fig. 1). Whereas precursory
after 2005 by ~20%, from 19.5 to 15.2 mm/year
seismicity migrated northward, the mainshock
(fig. S9). This suggests that interseismic loading
and its aftershock propagated toward the south,
has been decreasing in the Iquique area during the
similar to what was observed for the 2007 Mw 7.8
past decade, probably reflecting a very SSE ocTocopilla earthquake (7, 8).
curring on the decadal scale. This change could
The LCZ off the coast of Iquique
can be as10.1002/2017GL074133
have been triggered by the deep intraslab 2005
sumed to play a key role in the events that

often associated with seismic swarms (18), we
propose that the seismicity observed in northern
Chile since 2008 was triggered by a SSE, developing for several years and accelerating during
the final foreshock sequence as in the preslip
model of nucleation (19). As suggested by many
laboratory experiments (20), the SSE might have
occurred in the nucleation zone of the impending megathrust rupture (Fig. 4). This precursory
sequence included several shallow crustal events
that took place near the 16 March foreshock;
these events may be associated with the activation
of a listric fault in the outermost fore-arc. This
area is poorly known due to the lack of marine
seismic profiles, but it may be similar to the
eroded wedge enhanced by fracturing imaged
at 22°S (21).
Several other subduction earthquakes were
preceded by precursory seismic activity (12); in
particular, the 1985 Valparaiso Mw 8.0 (22) and
2010 Maule Mw 8.8 (23) Chilean events and the
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Fig. 3. Motion of coastal GPS stations preceding the Iquique earthquake. (A) North and (B)
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model with seasonal variations estimated since
2012 (14). The thick red line denotes the origin time
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show the occurrence times of the Mw > 6 foreshocks. Error bars indicate 1s formal uncertainty.
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Figure 3. Degree of plate locking and velocity ﬁeld before the 2010 Maule earthquake. GPS vectors have been corrected by
viscoelastic relaxation following the 1960 earthquake. Blue star denotes the epicenter of Chiloé earthquake.

The overall decadal velocity ﬁeld shows an increase in the velocities in the sense expected from interseismic
contraction in the Chiloé region (Figure 2). Interestingly, the pattern of postseismic deformation that followed
the 1960 event seems to have rapidly ended after the 2010 earthquake. This is quite clear in the time series of
the cGPS station ESQU (Figure 2a). Before the 2010 Maule earthquake, ESQU was moving toward the trench at
8.97 ± 0.39 mm/yr, as a result of post-1960 mantle relaxation [Hu et al., 2004]. Immediately after the 2010
earthquake, the linear velocity trend of ESQU reduced to 0.72 ± 0.12 mm/yr, probably due to a complex readjustment in mantle ﬂow patterns, which could be interpreted as an apparent end to post-1960 mantle ﬂow.
The increase in velocities estimated at sites PM01 and CSTO (Figures 2b and 2c) located above the locked
portion of the seismogenic zone suggests locally enhanced shortening rate in the upper plate, which
probably reﬂects an increase in the degree of interseismic plate locking. On the other hand, sites MELK
and GUAF (Figures 2d and 2e) show no signiﬁcant variation after the 2010 earthquake, suggesting that this
area has not been affected by the Maule megathrust earthquake. The large landward velocity gradient
between these stations suggests a high degree of locking in the Chiloé area since at least the year 2009
(Figure 3).

Ruiz et al. 2017

Figure 3. Valparaiso GPS time series and slip distribution of nucleation phase. (a) East–west daily GPS solution for TRPD
station. An accelerated movement to west is observed 4 days before mainshock. (b) Six hours GPS solution at TRPD
station; the nucleation phase is observed in more detail before the mainshock. (c) Slip distribution inverted considering the
2 day movement detected by the GPS stations; in Figure S3 we show the time series of TRPD, CTPC, and ROB1 GPS stations.
The colored arrows are the real GPS vector data, and the transparent arrows are the simulated GPS vectors.

full dynamic inversion considering the ellipse approximation (Ruiz & Madariaga, 2011, 2013), using the
strong-motion records from this earthquake (evtdb.csn.uchile.cl). We ﬁltered them between 0.02 Hz to
0.1 Hz, and we integrated twice the traces to compute the dynamic inversion (Figure S6). We inverted for
10 parameters that completely describe the geometry and rupture process of the asperity (see details in
Herrera et al., 2017). The frictional parameters are deﬁned by three parameters proposed by Ida (1972):
slip weakening distance (Dc), stress drop (Te), and yield stress (Tu). Wave propagation from source to
receivers was computed with the AXITRA code of Bouchon (1981) and Coutant (1989). The velocity model
used to generate synthetics is in Table S1. For the inversion, we used an L2 misﬁt function between
RUIZ ET AL.
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Interferogram 2011-05/2011-06, 30 d, Mogi models
Location (UTM 18S)
734 500 m E, 5 515 300 m N
740 600 m E, 5 504 100 m N

Depth [m]
3400
3900

Volume [km3 ]
−0.096
−0.017

rms [m]
0.054

Interferogram 2011-05/2011-06, 30 d, Okada model

Volcanoes

Location (UTM 18S)
735 000 m E, 5 513 000 m N

Depth [m]
5500

Length∗ [m]
4250
Volume [km3 ]
−0.062

Interferogram 2011-05/2011-06, 30 d, Okada + Mogi model

Width∗ [m]
7250
rms [m]
0.082

Volume [km3 ]
−0.078

rms [m]
0.072

Volume [km3 ]

rms [m]

Strike∗ [◦ ]
139

Dip [◦ ]
42

Rake [◦ ]
−47

Slip [m]
6.3

Open [m]
−2.0

Interferogram 2011-06/2011-07, 30 d, Mogi model
Location (UTM 18S)

312

Chaitén

Depth [m]

100 m E, 5 514 200 m N
5200
−0.169
0.022
Co-eruptive deformation and dome growth during 736
the 2008-2009 Chaitén eruption, Southern andeS.
Interferogram 2011-07/2011-10, 90 d, Mogi model
Location (UTM 18S)
736 800 m E, 5 512 500 m N

Depth [m]
5700

Volume [km3 ]
−0.077

Laguna del Maule

rms [m]
0.008
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was inInterferogram
turn associated
with an explosive event
2011-10/2011-12, 60 d, Mogi model
3]
dated Location
ca. 9.4(UTM
ka18S)
(Naranjo and
Stern,
2004).
Depth
[m]
Volume [kmThe
rms [m]
738
250
m
E,
5
513
100
m
N
older volcanic pile rests on a 6200
basement−0.047
formed by 0.011
both Miocene granitoids and Paleozoic schists and
gneises (SERNAGEOMIN-BRGM, 1995; Fig. 2).
Chaitén Volcano lies close to the the LOFZ main
strand (Fig. 1). A plausible local setting is that it
lies along a LOFZ-related pop-up structure similar
to that depicted in other areas (e.g., Cembrano et
al., 2002). Such a structure is consistent with structural data obtained from an east-dipping reverse fault
found along the western boundary of this structure
and along the master fault (Figs. 1, 2; Piña-Gauthier
and Vega, 2010)1. Wicks et al. (2011) proposed this
reverse fault as an effective path for magma migration during the short period of unrest that preceded
Figure
4.etModel
LOS deformation in interferograms in Fig. 2(e), (f) and (g). Black cross marks the location of the respective Mogi source, black triangles
2008
Chaitén
142the A.
Wendt
al. oferuption.

Cordón del Caulle

indicate GPS sites, note different colour scales. The eruptive vent is marked by a star.

4. Overview of the Chaitén Volcano and 2008the eruption, the recorded deformation cannot be compared with
2009
eruption
the predictions of the source models derived from interferogram

Piña-Gauthier et al./ Andean Geology 40 (2): 310-323, 2013

FIG. 1. Location map of volcanoes and major tectonic structures
for a segment of the Southern Andes. Conspicuous
morphological faults/lineaments are shown, notably
the Liquiñe-Ofqui Fault Zone (LOFZ). Volcanoes are
indicated by black triangles. Regional GPS stations are
indicated by red diamonds and temporary (campaign)
GPS stations are indicated by gray diamonds. Red box
indicates area of figure 2.

et al., 2013, this volume) suggests that products
of some Holocene eruptions previously attributed
to the neighboring Michinmahuida stratovolcano
were sourced at Chaitén Volcano, and there is new
evidence that historical eruptions have occurred
(Lara et al., 2013, this volume). Based on a geological reconnaissance, two volcanic units have
been defined (SERNAGEOMIN-BGRM, 1995): a
Pleistocene, undifferentiated pre-caldera sequence,
and a post-caldera rhyolitic dome. The latter was
considered older than 5.6 ka based on ages from
archeological sites where obsidian tools have been
found (Stern et al., 2002). The 3-km-wide caldera

2011-05/2011-06. Results of the comparison between measured
modelled
displacements
for the subsequent
interferograms
Onand
2 May
2008
a large volcanic
eruption
began are
listed in Table 4.
in the southern
Andes
withouthorizontal
significant
precursory
As expected,
the modelled
displacements
point tothe centre
of deformation
6). only
The observed
GPS vectors
activitywards
(Carn
et315al.,
2009). In(Fig.
fact,
36 hours
of
differ from this direction by 6◦ for LINC and by 23◦ for PJRT. For
seismicinterferogram
activity were
recorded by distant instruments,
2011-06/2011-07, displacements measured at LINC
locatedagree
more
300 kmfrom
away
from
themodel
Chaitén
with than
those computed
the Mogi
source
within uncertainties.
the station
PJRT
horizontal
movement derived by
Volcano.
On 30ForApril,
some
large
volcano-tectonic
GPS for the time of interferogram 2011-06/2011-07 is of smaller
(VT) earthquakes
with
codaone.
magnitude
up to
5 were
magnitude than the
modelled
On the contrary,
measured
subsi-

dence is one order of magnitude larger than predicted by the model.
Unfortunately, this large deformation cannot be verified by InSAR
directly because of the low coherence in this area, but the difference
between model and observation is well above the error bound of
the GPS measurements. The residual displacement at PJRT comparing the observation with the model prediction is 0.06 m in SE
direction and a subsidence of 0.18 m. Any monument instability
or local effect can be excluded, because the station has a steel
monumentation as it is conventionally used for CGPS sites and is
installed in a locally stable zone. However, this additional local effect could be related to the location of PJRT in the trace of the
LOFZ pointing to a possible movement of the structure during the
eruption.

located roughly at 20 km from Chaitén Volcano (Basualto et al., 2009). The number of large VT events
reached up to 20 per hour on 2 May, coinciding with
the first subplinian eruption which began approximately at 8:00 UTC (Lara, 2009; Major and Lara,
2013,
this volume).
Seismicity
declined
abruptly
byvertical (U) component at continuous GPS stations LINC (left) and PJRT (right)
Figure
5. Time-series
of daily solutions
for northern
(N), eastern
(E) and
starting
12 Junebut
and sustained
18 June, respectively.
Displacements
are relative
to the8South American craton; for processing details see Section 3.2. Black dots are daily
3 May,
ash emission
continued
until
solutions with error bars, star marks the day of the eruption initiation (4 June). The time span of interferograms covering the time-series are highlighted in
May with several subplinian columns, the largest of
different grey levels and indicated at the bottom of the North panel; white lines depict linear trends for the time spans of the individual interferograms as listed
which
occurred on 6 May. The explosive phase of
in Table
4.
the eruption produced a total of ca. 0.5-1 km3 (bulk
Tablevolume)
4. Displacements
(in m) bothtephra
measured(76%
and modelled
GPS sites
of rhyolitic
SiO ;atReich
etLINC and PJRT for the time span of the individual interferograms. For the LOS
component uncertainties for both GPS and MOGI are given. 2
al., 2009; Castro and Dingwell, 2009; Watt et
LINC
PJRT
al., 2009; Alfano et al., 2011).
East
North
Up began on about
LOS
East
North
Up
LOS
Extrusion
of a rhyolitic
dome
12
2011-06/2011-07
(30 d)
May (Major
and Lara, 2013, this volume) although
GPSdirect observation
0.043
0.028
−0.020 until −0.048
± 0.011
0.004
0.019
−0.200
−0.158 ± 0.030
was not possible
21 May.
Mogi
−0.017
−0.060 3± 0.020
−0.028
0.067
−0.016
−0.020 ± 0.020
High but0.057
declining0.050
rates of dome
growth (>20
m /s,
3
2011-07/2011-10
(90m
d) /s in some periods; Lara et al., 2009;
even ca. 62
GPSPallister0.047
0.030
0.023
± 0.008
0.002
0.028
−0.003
−0.010 ± 0.004
et al., 2013,
this volume)
continued−0.019
through

Went et al., 2017, GJI

−0.031 ± 0.020

−0.015

0.043

−0.014

−0.013 ± 0.020

2011-10/2011-12 (60 d)
1
Piña-Gauthier, M.; Vega, M. 2010. Caracterización geológica y geofísica
del basamento
del Complejo
Volcánico Chaitén
Michinmahuida.
Report
GPS
0.025
0.016
0.052
0.020
± 0.010
(Unpublished), Sernageomin: 40 p.
Mogi
0.015
0.011
−0.005
−0.016 ± 0.020

Mogi

0.029

0.021

−0.003
−0.006

0.016
0.025

−0.003
−0.008

−0.005 ± 0.003
−0.009 ± 0.020

−0.010

In the case of interferograms 2011-07/2011-10 and 2011the horizontal displacement observed at
LINC is well reproduced by the prediction of the Mogi sources
below 2.36 cm/yr and are not represented. Linear regression was performed for each distinct stage
of displacement
in orderdeformation.
to
modelled
from InSAR
However, the uplift starting in
obtain velocities for these time windows (see Table 1). The most unambiguous variation is observed in the vertical component,
August cannot be explained by a deflating Mogi source. While this
which allows definition of five stages in terms of the co-eruptive ground deformation.
disparity in the observed and modelled vertical displacement could
point to the existence of rheological and/or geometrical complexity

we note basethat
FIG. 3. Time series of displacement components for the station CHAI, located 10 km west of the active10/2011-12,
vent atop the crystalline

Piña et al., 2009, Andean Geology
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Fig. 2. Ground surface displacement at the five GNSS stations operating at LdM. The red circles and associated name show the location of the GNSS stations. Blue dots with
error bars are the observed GNSS data with their 1σ uncertainty. Red line shows the reconstructed GNSS data using the first component of the decomposition.
Table 1
Summary of the processed SAR data.
Satellite

Mode

Orbit

Track

Mean incidence angle
(◦ )

No. of SAR images

Start

End

Envisat
ALOS-1
ALOS-1
ALOS2
SENTINEL1
SENTINEL1

IM
IM
IM
SM3
IW
IW

Ascending
Ascending
Ascending
Descending
Ascending
Descending

10
112
113
130
18
83

21
38.2
41.4
33
33.3
33.3

13
8
9
5
33
32

20030325
20070126
20070212
20150312
20141030
20141023

20061219
20101222
20110108
20170705
20170728
20170721

only one interferogram formed from the C-band Envisat images acquired in March 2003 and February 2004 is coherent, and it does
not reveal any displacements. Consequently, we generate two independent ALOS-1 InSAR time series from tracks 112 and 113,
using a similar approach to the one used previously. As the LOS are
very close for these two tracks, we can compare the two resulting
InSAR time series. This comparison shows a good agreement between the two independent datasets providing confidence in our
InSAR processing (Fig. 4B). In order to make the GPS vectors geometrically comparable with the InSAR data, we projected the GPS
vector observed at MAU2 into the LOS of the track 112. To fill the
gap between the end of InSAR measurement and the beginning of
the acquisition at MAU2 we used the average velocity observed at
MAU2 using ALOS1 data spanning the one-year period 2010–2011.

In agreement with Le Mével et al. (2016), the reconstructed displacement time history recorded at MAU2 from January 2007 to
July 2017 highlights a clear decrease of the displacement rate at
MAU2 from 24.4 cm/yr for the period spanning January 2007 to
January 2011 and 15 cm/yr for the period spanning October 2014
to January 2017 (Fig. 4B).
4. Mechanical modeling strategy
We first verify our assumption that the surface displacements
measured by InSAR and GNSS could be related to a pressure increase in a massive source. To determine the most appropriate
geometry of such a source, we consider a variety of classical analytical source geometries to model the surface displacements at

towards NNW and subsidence comparable to that at LINC. The horizontal residual amounts to 0.028 m towards SE. For the last time
period (interferogram 2011-10/2011-12) GPS-derived deformation
Fig.coincide
4. Spatial in
and
temporal behaviors of the ground surface displacement at LdM. A) Easting and vertical components of the mean displacement observed between November
at PRJT and the prediction of the Mogi model
direc2014 to
February 2017
tion with a slightly less pronounced deformation
measured
than obtained from the combination of the ascending and the descending Sentinel InSAR data. Left) Vertical component of the ground surface displacement.
Right)
Easting
component
of the ground surface displacement where negative and positive values indicate displacement to the west and to the east, respectively. Different
modelled.

Novoa et al., 2019, EPSL

color scales are used between the two maps in order to improve the contrast between them. B) Time series of LOS displacements and their uncertainties for ascending ALOS1
InSAR and Ascending Sentinel data at the location of the GNSS station MAU2.

Impact into GRF
SIRGAS-CHILE

SIRGAS-CHILE 2013-2016

SIRGAS-CHILE/ EQ

The Helmert transformation does not work in Chile, even the use of velocities to transform
epochs, due to deformation and earthquakes.

Final Remarks
• We developed an integrated system to obtain moment magnitude and slip
distributions with GNSS observations;
•

Next step will be to include intraplate and fault system EQ and also a
combination between displacement from GNSS and data from accelerometers
to characterize large EQ;

•

We generate high-quality observations, which are available in an ftp for the use
of the general public. We also keep the observations of the IGS stations in
Chile;

•

We participate in several multidisciplinary research project, national and
international, to better understand the seismic cycle in Chile and, a relation
between faults system and earthquakes.

https://scholar.google.com/citations?user=TeLKryYAAAAJ&hl=es
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