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SUMMARY

The Maca landslide, located in the Colca Valley, in 
the Arequipa region is threatening the security of 
the village composed of around 800 inhabitants, 
the development of tourism in the Colca valley 
(160 000 tourist in 2009) and the pre-Inca heri-
tages. The landslide real-time monitoring started 
in 2015 when 3 huts were built, 2 on the landslide 
and one on the rim the landslide, with continuous 
GPS and seismic measurements. Those data are 
also a key to study the combined eff ect of earth-
quakes and precipitations on the landslide kine-
matics. Preliminary results showing the response 
of the landslide to 2 major earthquakes are shown, 
and hypothesis regarding the associated mechan-
ics are presented in this study.

INTRODUCTION 

The Maca landslide, located 70 km to the North of 
Arequipa is one of the largest slow moving land-
slide of the Colca Valley (see fi gure 1). It is devel-
oping in lacustrine sediments. The fastest part of 
the landslide has been moving at a rate of ~ 0.8-
1.5m/yr over the last 30 years (Bontemps et al., 
2018) and is currently threatening the security of 

the village composed of around 800 inhabitants, 
the development of tourism in the Colca valley 
(160 000 tourist in 2009) and the pre-Inca heritage 
(Fidel and Zavala, 1994). The Maca landslide ki-
nematic is mainly driven by rainfall and the river 
erosion, with a threshold of precipitation above 
which  deformation initiates (Zerathe et al., 2016). 
Regional earthquakes (see fi gure 1) can also ac-
celerate rapid motion in a co-seismic way, fol-
lowed by a period of relaxation of approximately 
30 days (Lacroix et al., 2014). These observations 
were linked to frictional properties of the land-
slide interface. 

Previous studies (Bontemps et al., 2018; Marc et 
al., 2015) show that earthquakes  can have an ef-
fect on landslides for several years after the shak-
ing (Bontemps et al., 2018; Marc et al., 2015). The 
proposed mechanism is that an earthquake will 
damage the ground by fracturing and/or fi ssuring 
it, hence easing the rainfall infi ltration toward the 
sliding surface of the landslide (Marc et al., 2015; 
Scheingross et al., 2013). This can decrease the 
rainfall threshold required to trigger the landslide 
motion (Bontemps et al., 2018). These observa-
tions highlight the combined eff ects of earthquakes 
and precipitation on the landslide triggering. Nev-
ertheless, this mechanism has never been proven 
with in-situ measurements on a landslide. In this 
study, we show the data from the monitoring of 
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the Maca landslide, to better understand the mech-
anisms of landslide deformation in active seismic 
regions where precipitation and earthquake effect 
can combine. 

Figure 1: 2016-2017 seismicity map of the study 
area. Major earthquake correspond to earth-
quake with a magnitude ML>5 while minor 

earthquake correspond to those with a magnitude 
ML<5.

DATA AND METHOD

Three observation huts were built at the end of 
2015, two on the Maca landslide (MAC1 and 
MAC3) and the third one, MAC2, in the village, 
on the rim of the landslide (see figure 2). Each 
hut contains a GPS and a seismometer recording 
almost continuously since their installation. This 
multi-parameter instrumentation allows to moni-
tor the soil rigidity (Mainsant et al., 2012) and the 
surface displacement on the landslide. Geophysi-
cal and geodetical observations are also compared 
to meteorological data collected in the nearby vil-
lage of Madrigal.

To detect soil rigidity evolutions, we propose to 
monitor the seismic relative velocity changes 
(dV/V) of the landslide material using ambient 
seismic noise correlation and monitoring (Bren-
guier et al., 2008; Mainsant et al., 2012; Snieder 
and Larose, 2013). A seismic station of the IN-
GEMMET, located in a stable area in the south-
ern part of Achoma (see black triangle in fig. 1) is 
used as a reference site.  

The ambient seismic noise is processed as follow: 
hour-long records are whitened, clipped and cor-
related. Hourly correlation are then filtered using 

an SVD-based Wiener filter (Moreau et al., 2017) 
and eventually averaged every day (Larose et al., 
2015). Daily correlations are then compared to 
each other to track relative velocity changes using 
the stretching method (Mainsant et al., 2012).

For GPS measurements, between 53 station of 
South America were processed in double differ-
ence using GAMIT 10.61 software (Herring et al., 
2008), and the results were mapped into the ITRF 
2008 (Altamimi et al., 2011) in order to obtain the 
time series of the three Maca seismic stations.

Figure 2: Displacement field of the Maca land-
slide (in meters) thanks to correlation of two ort-
horectified Pléiades images (Zerathe et al. 2016). 
The three huts MAC1-3 built on the landslide are 

represented by the small black houses.

RESULTS AND DISCUSSION

Two earthquakes of magnitude higher than 5 oc-
curred in the Colca Valley in 2016. The first one 
(ML5.2) occurred the 20th of February, during the 
wet season while the second (ML5.3) occurred 
the 15th of August, during the dry season. They 
both occurred at approximately the same distance 
(~12km) from the landslide (see red stars in fig.1) 
but the August earthquake generated a 4.6 times 
higher ground motion than the February one. 
As they occurred in two different climatic seasons 
it is interesting to compare their impact on the 
Maca landslide kinematic. The August earthquake 
generated 1 cm of co-seismic slip followed by 11 
cm of post-seismic slip the next 30-40 days. No 
precipitations were recorded during this period.  
The impact of the February earthquake is hard to 
quantify directly as it also occurs during the wet 
season. However, the 2015-2016 wet season com-
bined with the February earthquake generates 80 
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cm of displacement, against only 34 cm of dis-
placement for the 2016-2017 wet season, despite 
the lower precipitation in 2015-2016 than in 2016-

2017 (rates?). This clearly highlights the strong 
impacts of the combination of precipitation and 
earthquake on the landslide mechanics.  

Figure 3: A) North displacement of the landslide at the MAC3 Location measured thanks to a GPS 
(black). In red is represented the velocity obtained by smoothing the black curve with a 5 days moving 

window and then by deriving it. b) Cumulative rainfall over the two observed wet season. Meteoro-
logical data were taken from the SENAMHI station located in Madrigal. C) Relative velocity changes 
(dV/V) of the landslide material using ambient seismic noise correlation at the station MAC3. Seismic 

data where filtered between 3 and 8 Hz. The grey shadowed zone represent the uncertainty on dv/v 
measurement. 

In addition, during this 2016-2017 wet season, 
the displacement of the Maca landslide started a 
few days after a 8th of March ML 3.9 earthquake. 
These few days of delay between an event and 
the landslide acceleration have already been seen 
(Jibson et al., 1994) and indicate a possible accel-
eration of the landslide due to an increase of pore 
pressure following the ML 3.9 event with move-
ment of fluids in the ground. This highlights that 
even very small earthquakes can have a strong im-
pact on the triggering of a landslide. 

These observations questions the mechanism of 
deformation at the origin of the combined effect 
of precipitation and earthquake, a mechanism that 
enhances the impact that one forcing, on its own, 
would have had on the landslide kinematic. To an-
swer this question, we follow the variation of the 
relative velocity at the MAC3 station. 

The dV/V shown in figure 3 c was obtained by fil-
tering the signal between 3 to 8 Hz, therefore giv-

ing the variation of the velocity in approximately 
the first 50 m of the soil. A fast drop of 4.6 ±0.3% 
and 2.8±0.5% of the relative velocity followed the 
February and the August earthquake respectively. 
In comparison, a drop of 1.7±0.1% and 3.1±0.1% 
for the two earthquakes were generated at the ref-
erence stable site in Achoma. The August earth-
quake source being located around 3 times closer 
from Achoma than MAC3 (see fig. 1), we expect-
ed a higher drop of the velocity at the reference 
site, which is not the case.  Moreover, the source 
of the February earthquake is approximately at 
the same distance from the reference site and the 
Maca landslide (see fig. 1), but the velocity varia-
tion at the MAC3 station is almost 3 times higher 
than the reference site. These fast velocity drops 
highlight the strong decrease of the rigidity that 
the landslide underwent following the two earth-
quakes of magnitude higher than 5, indicating ei-
ther a possible damage of the ground such as the 
creation of fractures and fissures , or an increase 
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of pore pressure (Hutchinson and Bhandari, 1971) 
(even in the dry season due to water reservoir in 
the landslide body), at the origin of a decrease of 
the soil cohesion, allowing the landslide to accel-
erate (Mainsant et al., 2012). For now, no mea-
surements allow us to confirm or disprove one of 
these hypotheses.

CONCLUSION 

We monitored the Maca landslide in the Colca val-
ley, Peru, thanks to GPS and seismometer for the 
period of 2016 and 2017. GPS times-series com-
bined with meteorological data allows to see the 
combined effect of precipitations and earthquakes 
on the slow moving landslide of Maca. Indeed, an 
earthquake of magnitude 5.2 which stroke the area 
in February 2016, during the wet season, triggered 
7 times more displacement than a 5.3 event that 
occurred in August, during the dry season, even 
though this last event generated a 4 times higher 
seismic ground motion on the landslide than the 
February earthquake. The ambient seismic noise 
correlation method allows us to confirm the strong 
decrease of the rigidity following the two 2016 
earthquakes. This can indicate a possible decrease 
of the grain cohesion, due to the presence of wa-
ter in the ground and a rapid increase of the pore 
pressure due to dynamic loading generated by the 
earthquakes or the generation of fractures or fis-
sures easing the infiltration of rainfall toward the 
sliding surface. 
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