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Abstract we have analyzed the impact of different forcings, such as rain and seismicity, on

slope instabilites on an active volcano. For this, we compiled a catalog of the locations and
volumes of rockfalls in the Piton de la Fournaise crater using seismic records. We validated it by
comparing the locations and volumes to those deduced from photogrammetric data. We
analyzed 10,477 rockfalls, spanning the period 2014 to 2016. This period corresponds to the
renewal of volcanic activity after a 41-month rest. Our analysis reveals that renewed eruptive
activity has unsettled the crater edges. External forcings such as rain and seismicity are shown to
potentially increase the number and the volume of rockfalls, with a stronger impact on the
volume. Preeruptive seismicity seems to be the main triggering factor for the largest volumes,
with a delay of one to several days. Rain alone does not seem to trigger especially large rockfalls.
We infer that repetitive vibrations from the many seismic events, combined with the action of
rain, induce crack (or slip) growth in highly fractured (or granular) materials, leading to the
collapse of large volumes. Regarding their spatial distribution before an eruption, the largest
rockfalls seem to migrate toward the location of magma extrusion.

1. Introduction

Rockfalls (RFs) form one of the main geomorphic processes involved in the reshaping of landscapes in moun-
tainous areas (De Blasio, 2011). Because of their sudden and often unpredictable occurrences, they represent
an important natural hazard. RFs are mainly controlled by different external factors, such as climate (D’Amato
et al,, 2016; Delonca et al., 2014; Dietze, Mohadjer, et al,, 2017; Helmstetter & Garambois, 2010; Krautblatter
etal,, 2012), seismicity (Keefer, 2002; Lin et al., 2008; Tatard et al., 2010), and volcanic activity (Calder et al., 2002;
Hibert, Mangeney, et al., 2017; Voight et al., 2000). However, the influence of these factors and the way they
trigger RFs are not yet well understood (D'Amato et al.,, 2016; Dietze, Turowski, et al., 2017; Hibert, Mangeney,
et al, 2017; Stock et al., 2013). Indeed, it is difficult to clearly link these different forcings to RF occurrences.
One reason is that these different forcings can overlap or have additive effects. Another is that time-accurate
data are needed to better constrain the relationship between the triggers and the RFs. Until recently, RFs
were only identified and classified using field observations or aerial/satellite images (Krautblatter et al., 2012;
Lacroix, 2016). This leads to high uncertainty in their times of occurrence. New monitoring techniques, with
regular photography and lidar campaigns or satellite data, can provide more complete catalogs of RFs in a
given region (among others, Abellan et al.,, 2011; D'Amato et al., 2016; Lacroix, 2016). However, they do not
provide accurate occurrence times, with time precision of tens of minutes in the case of continuous moni-
toring, and sometimes give access only to the cumulative volume of several RFs. Over the last few years, in
order to obtain more accurate RF catalogs, new methods have been developed to compute the volumes of
RFs from seismic signals, in addition to detecting and locating them accurately (Dammeier et al., 2011; Deparis
et al., 2008; Dietze, Mohadjer, et al., 2017; Helmstetter & Garambois, 2010; Hibert et al., 2011, 2014; Lacroix &
Helmstetter, 2011; Norris, 1994; Zimmer & Sitar, 2015). These new catalogs, with precise occurrence times (pre-
cision on the order of seconds) and location and volume of each individual event, allow more detailed studies
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on the links between RFs and external forcings like climate and seismic or volcanic activity (Dietze, Turowski,
et al.,, 2017; Helmstetter & Garambois, 2010; Hibert, Mangeney, et al., 2017; Lacroix & Helmstetter, 2011).

It is well known that rain can trigger RFs through several possible mechanisms. It can increase the pore
pressure (Dietze, Turowski, et al., 2017), or it can produce chemical weathering, dissolving rock compounds
(D'Amato et al., 2016; Dietze, Turowski, et al., 2017; Krautblatter et al., 2012). Whatever the process involved,
RF activity has been shown to generally begin 1 hr to 2 days after the triggering rain episode (D'Amato et al.,
2016; Delonca et al., 2014; Dietze, Turowski, et al., 2017; Helmstetter & Garambois, 2010; Krautblatter et al,,
2012). Helmstetter and Garambois (2010) also point out that rain can have a long-lasting effect, with RF activ-
ity continuing several days after the rain has stopped. Earthquakes are a second important triggering factor.
Existing studies on the influence of earthquakes on slope instabilities mainly concern landslides or a mix of
RFs and landslide events. They show that earthquakes can produce a permanent decrease in bulk ground
strength leading to a slope collapse (Ambraseys & Bilham, 2012; Marc et al., 2015). This mechanism can explain
why high landslide rates are observed for several months to years after an earthquake (Lin et al., 2008; Marc
et al., 2015). The combination of seismic shaking and elevated pore pressure can lead to slope destabilization
several days after ground shaking has stopped (Keefer, 2002). It is commonly assumed that earthquakes with
magnitude M < 4 are not potential triggers for slope instabilities (Keefer, 1984; Tatard et al., 2010). However,
some observations suggest that sequences of small seismic events (M < 3.6), because of repetitive shaking,
may contribute to the triggering of a rockslide (Del Gaudio et al., 2000). Although it is difficult to clearly dis-
criminate rain and earthquake effects in some regions (Lin et al., 2008; Tatard et al., 2010), during dry periods
of the year, seismicity appears to be the most important triggering factor (Koukouvelas et al., 2015). A third
important triggering factor is volcanic activity. It has been shown in several studies that volcanic seismicity,
explosions due to eruptive activity, and local surface deformations due to magmatic intrusion and extrusion
trigger RFs on volcanic edifices (Calder et al., 2002; Hibert, Mangeney, et al., 2017; Voight et al., 2000).

These studies highlight the need for systematic data to improve the understanding of the role of external
forcings, especially the influence of small seismicity, in slope destabilization. Here we apply the method devel-
oped by Hibert et al.(2011, 2014) to investigate the spatiotemporal evolution of the number and volume of
RFs in the crater of the Piton de la Fournaise volcano (Reunion Island). These RFs are subjected to rain, vol-
canic seismicity, and deformation. We first explain how we create a catalog of RFs, comprising their occurrence
dates, locations, and volumes, using the seismic signals they generate. We then validate these locations and
volumes with those obtained from photogrammetric data. Next, we use our RF catalog to analyze the spa-
tiotemporal evolution of RFs. We correlate them with external forcings such as seismic and eruptive activity
and rainfall. In the last section, we discuss the links between the changes in RF activity and external forcings,
in particular the influence of seismic activity and rainfall on the size of RFs.

2. Study Site

The Piton de la Fournaise volcano is a unique site to study RFs. The first reason is that the Dolomieu crater floor
collapsed during the major April 2007 eruption (Michon et al., 2007; Peltier, Staudacher, et al.,2009; Staudacher
etal., 2009), exposing mostly vertical rockwalls prone to a continuous RF activity. The second reason is that the
summit of the volcano is densely instrumented, with seismic and geodetic networks (Figure 1), cameras, and
regular photogrammetric campaigns. It thus offers an unparalleled combination of data to study RF activity.
Finally, Piton de la Fournaise is located in a tropical region and is one of the most active basaltic volcanoes
in the world, with an eruption every 8 months on average (Peltier, Bachélery, et al. 2009; Roult et al., 2012;
Staudacher et al., 2009). This setting makes it possible to investigate the influence of different kinds of forcings
on RF activity, such as rainfall and seismic and volcanic activities.

Hibert et al., (2011, 2014, 2017) used the seismic network to analyze the RF activity that followed the 2007
Dolomieu summit crater collapse. They show that the highest RF activity lasted for 2 months after the col-
lapse. This 2-month strong relaxation phase was followed by a smoother and longer phase exhibiting a
constant rate of RFs but with a decrease in their volume. This phase lasted at least 3 years, until 2010 (Hibert
et al,, 2017), suggesting a long-term evolution of RF activity related to crater stability. They also analyzed
the spatiotemporal evolution of RFs in the Dolomieu crater during this particularly active period, between
2007 and 2011. They observed an increase in the number and volume of RFs before some eruptions and the
migration of the RFs toward the location of the next eruption, sometimes occurring 1 or 2 years later. This
migration pattern is in agreement with the location of seismic noise changes observed before some eruptions
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