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Abstract We document the first time series of a landslide reactivation by an earthquake using
continuous GPS measurements over the Maca landslide (Peru). Our survey shows a coseismic response of
the landslide of about 2 cm, followed by a relaxation period of 5 weeks during which postseismic slip is

3 times greater than the coseismic displacement itself. Our results confirm the coseismic activation of
landslides and provide the first observation of a postseismic displacement. These observations are
consistent with a mechanical model where slip on the landslide basal interface is governed by rate and
state friction, analogous to the mechanics of creeping tectonic faults, opening new perspectives to study
the mechanics of landslides and active faults.

1. Introduction

The mechanics of landsliding under seismic forcing assume that the landslide kinematics can be mod-
eled by the perturbation of the basal friction of a rigid block moving on a sliding surface [Newmark,
1965]. This model suggests a pure coseismic motion, but various observations suggest a more compli-
cated mechanism. Delayed initiation ranging from hours to days after the earthquake are sometimes
observed [Hadley, 1960; Jibson et al., 1994; Keefer, 2002; Agnesi et al., 2005] and cannot be explained by
coseismic effects only. Also, earthquakes can produce numerous fissures that accelerate the rate of land-
slides during the subsequent heavy rains [Lin et al., 2008; Huang and Fan, 2013]. These postseismic effects
have been explained by coseismic weakening of substrate material [Dadson et al., 2004; Petley et al., 2006]
or increased spring flow and pore water pressures associated with tectonic deformation [Jibson et al.,
1994; Wasowski et al., 2002]. However, all these assumptions have never been validated considering
geodetic data acquired on active landslides during an earthquake. Unfortunately, these data are sparse
[Wilson and Keefer, 1983; Jibson et al., 1994; Harp and Jibson, 1995; Pradel et al., 2005; Moro et al., 2011]
and lack the temporal resolution required to correctly distinguish the coseismic from the preseismic and
postseismic effects.

To increase our understanding of the triggering mechanisms of landslides by earthquakes, we studied the
Maca landslide, situated in the central volcanic zone of Peru (Figure 1), an area of intense sustained seismic-
ity [Dorbath et al., 1990; Antayhua et al., 2002]. This landslide is a slow-moving translational slide [Cruden and
Varnes, 1996] that developed into lacustrine sediments. Rainfall is the main factor of instability, with a sea-
sonal movement related to the binary seasons of the Andean fore-arc region (Figure 2). The particularity of
this landslide is the sensitivity of the movement to earthquakes, with several reactivations occurring in 1991
and 2001 after tectonic earthquakes [Bulmer et al., 1999; Gomez et al., 2002].

On 17 July 2013, a shallow M,, 6.0 earthquake struck the Colca region, south of Peru. The location and
induced surface deformation of this earthquake is known by the interferometric synthetic aperture radar
(InSAR) processing represented in Figure 1. The Maca landslide, 20 km far from this earthquake, is located
outside the region of significant deformation. A continuous GPS station, installed on the active part of the
landslide (Figure 1b) on an area representative of the overall landslide motion (except its northern part
where the river erosion plays a major effect), recorded the triggered movement (Figure 2). The occurrence of
this earthquake is a real opportunity to study landslide dynamics under seismic forcing. Indeed, it occurred
during the dry season (Figure 2) so that the effects of rainfalls and earthquake on the landslide movement
can easily be decoupled.
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Figure 1. (a) Map of the Colca valley and (b) zoom on the landslide area. The deformation field produced by the

17 July 2013 M,, 6.0 earthquake is represented in color levels based on an InSAR of TerraSAR-X data (Copyright
Deutsches Zentrum fir Luft-und Raumfahrt 2013, courtesy of J. Jay) (Figure 1a). Each fringe cycle represents 1.6 cm
change in the line of sight between the satellite and the surface. The position of the permanent GPS is replaced on

the deformation field (21 March 2013 to 29 July 2013) of the Maca landslide, estimated by correlation of two succes-
sive orthorectified Pléiades images (Copyright Centre National d'Etudes Spatiales 2013/Distribution Airbus Defence and
Space) on windows of 64 pixel size (Figure 1b). Areas where the correlation coefficient is lower than 0.95 are represented

in gray.

2. Data and Methods

The GPS data analyzed, with a sampling frequency of 15 s, cover the preseismic, coseismic, and postseis-
mic period over 6 months. The data are processed both statically on 24 h sessions for the whole period and
kinematically at a 15 s sampling rate for the day of the earthquake.

The 24 h sessions GPS data were processed using the GAMIT/GLOBK software [Herring et al., 2010], with
33 International Global Navigation Satellite Systems Service (IGS) stable points situated in South America
and the Pacific Ocean. The baselines
between all GPS points were first cal-
culated by least squares adjustment for
each 24 h session (GAMIT). The time
. series (Figure 3) for each point were then
calculated in the International Terrestrial
Reference Frame referential [Altamimi
- et al., 2012] by optimization using
Kalman filters (GLOBK). Then, to remove
unmodeled errors, we subtract the
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processing and zoom (inset) on the north component around the ment (Figure 3) of 2 + 0.6 cm northward
earthquake timing processed at a 15 s sampling rate using a kinematics d08 + 1 cm downward is fully consis-
processing. The best fits using the afterslip and gravity models are rep- an T . . Y ]
resented with blue and black curves, respectively. The red vertical bar tent with the direction of the landslide
represents the timing of the 17 July 2013 earthquake. displacement calculated by 2 years of

GPS campaigns (azimuth N2°, dip 15°).

The postseismic motion (Figure 3), with
about 6 cm of cumulative displacement, is 3 times greater than the coseismic one. It displays a logarithmic
increase for about 35 days, followed by a return to a steady state velocity V, = 8.67 10~ m/d (3.1 cm/yr).

3. Discussion

The coseismic movement of the Maca landslide compares well with other studies showing coseismic land-
slide displacement of few centimeters after M,, 6.3-6.7 earthquakes for source-to-landslide distances
between 10 and 25 km [Pradel et al., 2005; Moro et al., 2011]. The initiation of the accelerating phase is clearly
triggered by the shaking of the seismic waves (Figure 3, inset). The coseismic displacement is found to be
accommodated within about 30 s, which is approximately the duration of the soft soil ground motion for

a M,, 6.0 earthquake at 20 km distance [Trifunac and Brady, 1975]. This coseismic observation therefore
confirms the dynamic triggering of this landslide as assumed by previous studies [e.g., Newmark, 1965].

The postseismic motion of landslides observed here has, however, never been quantified. In particular,
the shape of the landslide response to the earthquake shaking is very intriguing and raises the question

of the mechanisms of landsliding under seismic forcing. Since no variations of the river flow nor a delayed
response of the motion are observed, destabilization by increase of the water pore pressure can be dis-
carded [Wang et al., 2001]. A more appealing mechanism would be variations of the frictional stress of

the interface due to a sudden increase of the sliding velocity induced by the passage of seismic waves
[Chau, 1995]. Indeed, the response of the Maca landslide to nearby earthquakes resembles the postseismic
response of a tectonic fault to a coseismic slip: (1) a sudden motion due to the main shock followed by (2) a
relaxation during which slip rate decays to reach its long-term value V.

Following this analogy, one can first consider the model of Perfettini and Avouac [2004] that describes the
evolution of the postseismic slip following a main shock under the assumption that friction on the creep-
ing patch is governed by rate and state friction [Dieterich, 1981]. In this model, the elastic response of the
medium plays a fundamental role since only a fraction of the interface is sliding, the rest of the interface
remaining locked. A second major difference is that no inertial terms are needed in this model. We will refer
to this model, described in the supporting information, as the afterslip model. The main parameters of this
model are V,, V*, the sliding velocity at the end of the coseismic phase, and t,, the relaxation time. If the
whole interface of the landslide is sliding homogeneously, then the elastic response of the medium can be
ignored, and the landslide can be described as a block sliding under its own weight, analogous to the slider
block model of Newmark [1965]. We will refer to this model, presented in the supporting information, as the
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slider block model. The slope of the sliding interface (= 15°) is inferred from the GPS measurements. The
free parameters of the model are the frictional parameters d_, a, and b and the velocities V, and V*. To eval-
uate the goodness of the fit to the models presented here, we use a reduced chi-square criterion y, (see the
supporting information).

Figure 3 shows the evolution of the total slip with time. When the afterslip model is considered, the best
fit to the data yields V, =1.04 107 m/d, V*=1.91 10"" m/d, and t,=1.53 10° days. The model fails to adjust
properly the data, and y? ~ 0.41.So we reconsider the assumption that only a fraction of the interface

is sliding and suppose that the whole interface is slipping as in the slider block model. The best fit to

the data using the slider block model leads to d,=6.12107> + 1.59107° m, a=4.3710"° + 2.96 1077,
b=3.9610"> +4.101077,V,=8.50 107> + 8.43107% m/d, and V*=3.60 1073 + 8.59 10~> m/d. The model
adjusts the data perfectly (Figure 3), and y? ~ 4.78 1072, Although formally five parameters need to be
adjusted, the values of the dynamic parameters V, and V* of the best fit model are in close agreement
with the observed values so that in practice, the only relevant parameters are the frictional parameters g, b,
and d,.

Laboratory values of d_ typically fall in the range 1076-10=° for dry surfaces but can be much larger when
fault gouge is considered [Marone, 1998], making our estimate of d, consistent with those estimates. The
ratio a/b ~ 1.1 is consistent with rate-strengthening friction (a/b > 1). The difference a — b is smaller
than laboratory estimates on natural clay-rich fault samples which typically stands in the range 107*-1072.
A decrease of a — b with the loading velocity and confining pressure has been observed in laboratory
experiments [Saffer et al., 2001; Ikari et al., 2009; Boulton et al., 2012, 2014; Niemeijer and Vissers, 2014]. We
believe that our low estimate of a — b (~ 4 x 1079) is consistent with the much lower loading velocity of
the landslide, estimated to be of the order of 1072 m/s, a value at least 2 orders of magnitude lower than
the loading velocities in those experiments. Our low estimate of a — b is also consistent with the lower
effective normal stress on the landslide interface (of the order of 0.5 MPa, assuming a stress gradient of

10 kPa/m and a thickness of the landslide body of 50 m), compared to the typical 100 MPa for laboratory
experiments. The ratio V* /V, ~ 42 is smaller than inferred from the analysis of postseismic slip following
large earthquakes [Perfettini and Avouac, 2004; Hsu et al., 2006]. This is not surprising remembering that the
stress changes experienced by the Maca landslide, distant by about 20 km from the main shock (two fault
lengths), are much smaller than those experienced by creeping zones immediately surrounding the areas of
coseismic rupture.

4, Conclusion

Based on a unique data set of GPS measurements over a landslide during a M,, 6.0 earthquake at
source-to-site distance of 20 km, we confirm the dynamic triggering of landslides during earthquakes and
show the first evidence of a landslide postseismic movement. Our modeling suggests that the mechanisms
of landsliding can be treated as a rigid body, equivalent in assuming that the whole interface is sliding
homogeneously under rate and state dependent friction. Even though the slider block model has been
applied on a stable landslide (i.e., that creeps continuously) in this study, it can also describe the motion of
unstable landslides assuming a < b.

Based on our results, the analogy between creeping landslides and afterslip tectonic fault mechanics seems
sound. Indeed, both dynamics are controlled by the perturbation by an earthquake of the sliding velocity
of a creeping interface, assuming that rate and state friction governs the evolution of the frictional stress.
A significant difference is that the postseismic displacement of a landslide can be much larger than the
coseismic one as observed here, a feature not observed on tectonic faults. However, the amount of afterslip
on active faults is only inferred by inversion of geodetic data and is not a reliable feature of the inversion
[Perfettini and Avouac, 2014].

Slow-moving landslides can therefore be considered as a mechanical analogous of creeping faults. Their
easier monitoring due to their smaller spatial scales, shallower characteristics, and faster kinematics makes
landslides interesting candidates to study the frictional behavior of creeping zones of tectonic faults. This
paper opens new perspectives to characterize rock friction at an intermediate scale between the labo-
ratory and the active faults scale, a necessary feature to understand the complex dynamics of faulting
and landslides.
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