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ABSTRACT: Between August and October 2016, the Central Italy area, along the Apennine
chain, has undergone a seismic sequence with three major earthquake events. The first event,
with moment magnitude M6.1, occurred on 24 August 2016, the second (M5.9) on 26 Octo-
ber, and the third (M6.5) on 30 October 2016. Each event triggered a substantial number of
coseismic landslides. The large majority of them are rock falls. For each mainshock, we ana-
lyze the spatial distribution of observed earthquake-induced landslides. Our analysis shows
that data from this earthquake sequence are in good agreement with empirical relationships
reported in the literature. We correlate the outermost landslide limits with peak ground accel-
eration (PGA) and peak ground velocity (PGV) spatial distributions, evaluated applying Kri-
ging of within-event residuals. Values of PGA at the landslide limits for this seismic sequence
are comparable to those observed during other earthquakes of comparable magnitude.

1 INTRODUCTION

In recent years, the spatial distributions of landslides triggered by earthquakes has been a
widely studied problem. Most studies focused on examining the limit distances within which
landslides have been observed during seismic events. Landslides limit distances depend on sev-
eral factors such as geo-morphological, hydrological, and seismic conditions. Pre-event fore-
cast of such limits is a useful tool to define areas that may be interested by seismically-induced
landslides following future earthquakes.
Earthquake-induced landslide hazard is very significant in Italy. This is due to the combin-

ation of two factors: (1) seismic hazard in Italy is very high due to the presence of active shal-
low crustal and deep seismogenic sources, and (2) many Italian areas are prone to landslides.
As a result, large earthquakes in Italy often trigger a relevant number of landslides (e.g. Govi,
1977; Del Gaudio and Wasowski, 2004).
Between 24 August 2016 and 30 October 2016, a wide region in Central Italy (a highly seis-

mic area) was struck by several earthquakes. The 2016 Central Italy seismic sequence was
characterized by three major earthquake events. The first event, with moment magnitude
M6.1, occurred on 24 August 2016, the second (M5.9) on 26 October, and the third (M6.5) on
30 October 2016. Each event was followed by numerous aftershocks. All mainshocks were
caused by normal faults part of the Mt. Vettore-Mt. Bove fault system. Several landslides and
rockfalls were triggered by the seismic sequence (e.g. Romeo et al., 2017; Franke et al., 2018).
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In this paper we analyze landslide types and their spatial distribution following all three
mainshocks of the 2016 Central Italy earthquake sequence. Landslide types are classified fol-
lowing the commonly-used seismic landslide classifications proposed by Keefer (1984). We use
the term landslides to define ground failure phenomena involving lateral and/or downslope
movement of soil and/or rock. Such definition is consistent with that adopted by Keefer
(1984). Landslides data are compared with empirical upper bound curves proposed by Keefer
(1984) in terms of surface-wave magnitude (MS) versus epicentral distance, envelope area
affected by landslides, and distance from the fault-rupture zone. In this study, we characterize
the distance from the fault-rupture zone using the well-known distance from the surface pro-
jection of the rupture surface (i.e. Joyner and Boore distance; RJB) as preferred metric. We
also compare magnitude-distance distribution of earthquake-induced landslides triggered
during the 2016 Central Italy earthquake sequence with those observed following the M6.1
1997 Umbria-Marche earthquake. Finally, we show peak ground acceleration and velocity
(PGA and PGV, respectively) distributions at the landslides limits. We anticipate that the
availability of such high-quality data can be used to improve existing empirical relationships
and microzonation studies (e.g. Silvestri et al., 2016).

2 RECENT ITALIAN CASE HISTORIES

In the last century, several seismic events in Italy have triggered a relevant number of land-
slides. The 1976 Friuli (Northern Italy) earthquake sequence was characterized by two main-
shocks. The first mainshock occurred on 6 May with moment magnitude M6.4, while the
second one on 15 September with moment magnitude M5.9. Both events, triggered almost
entirely rockfalls and occurred near the tops of the rock-walled slopes. Most of these land-
slides were concentrated in the epicentral areas of both events. Ambraseys (1976) and Govi
(1977) observed that the surface of rupture of some landslides coincided with pre-existing frac-
ture planes.
During the M6.9 1980 Irpinia (Southern Italy) earthquake, the majority of earthquake-

induced landslides were rock falls (47.2%). Translational and rotational slides were also
numerous (40.2%) and occurred in areas characterized by highly susceptible lithological and
morphological conditions (Esposito et al., 1998). A peculiar feature of landslides triggered by
the Irpinia earthquake is represented by the delayed effects. Several instability phenomena
(~24% of the total) occurred after several hours from the earthquake (Esposito et al., 1998).
The time delay was up to 72 hours for some landslides. Such delayed responses were due to
the fact that the materials involved in these landslides were saturated high-plasticity varie-
gated, varicolored clays (Cotecchia and Del Prete, 1984; D’Elia et al., 1985; Ishihara and Hsu,
1986). Ishihara and Hsu (1986), show that such instability phenomena occurred as reactiv-
ations of quiescent landslides in which residual shear strengths have been mobilized under
undrained conditions. The above-mentioned characteristics of many earthquake-induced
landslides observed following the 1980 Irpinia earthquake, generated an anomalous spatial
distribution of landslides in which the majority of them occurred at large epicentral distances.
Del Gaudio and Wasowski (2004) found that in most cases the minimum PGA to trigger
reactivated landslides during the 1980 Irpinia earthquake was in the range of 0.05–0.08g, with
some of them triggered at PGA values as low as 0.01g.
During theM6.1 1997 Umbria-Marche (Central Italy) earthquake, rock falls and rotational

slides were the most frequently observed phenomena. Rock falls were widely prevalent (60%)
while rotational and translational slides were less frequent (35%). Only a few cases of earth
and debris flows have occurred (<5%). Most rock falls have been observed along steep road
cuts and they have interested limestones and marly limestones, interbedded by clay and sand-
stones. The rotational slides occurred in debris deposits and often are the reactivation of pre-
existing landslides. The spatial distribution of the triggered landslides highlights that around
60% of landslides occurred within a distance of 10 km from the epicenter and the maximum
epicentral distance was 25 km. The M6.1 6 April 2009 L’Aquila (Central Italy) earthquake,
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triggered a relatively small number of landslides (mainly falls of sedimentary rocks and small
debris avalanches). Such phenomena typically occurred at short distance from the epicenter.

3 THE 2016 CENTRAL ITALY SEISMIC SEQUENCE

Between 24 August 2016 and 30 October 2016, a wide region of Central Italy was struck by
several earthquakes. Historical seismicity studies (e.g. Rovida et al., 2016) show that this area
has been characterized by an intense seismic activity in the past centuries. The first important
known earthquake was the M5.3 July 1627 Monti della Laga event that was followed by the
M6.2 7 October 1639 Amatrice earthquake. The latter event caused severe damage in Ama-
trice and Accumoli. Other events occurred in 1646 (M5.9) and in 1672 (M5.3). The area was
then interested by the catastrophic 1703 January – February seismic sequence, characterized
by two main events: M6.9 14 January, in the Norcia region, and M6.7 2 February in the
L’Aquila region. Many additional minor events occurred during the 19th century. More
recently, the Central Italy area was interested by the Ms 5.9 1979 earthquake, the M6.1 1997
Umbria-Marche earthquake, and theM6.1 2009 L’Aquila event.

The 2016 seismic sequence was characterized by three mainshocks: (1) M6.1 24 August, (2)
M5.9 26 October, and M6.5 30 October. Each event was followed by numerous aftershocks.
All mainshocks were caused by normal faults part of the Mt. Vettore-Mt. Bove fault system.
The 24 August event caused massive damages especially to the villages of Amatrice, Accumoli,
and Arquata del Tronto. In total, there were 299 fatalities, generally from collapses of unre-
inforced masonry dwellings. The October events caused significant new damage in the villages
of Visso, Ussita, and Norcia, although not producing fatalities, since the area had largely been
evacuated. The 2016 Central Italy sequence occurred in a gap between two earlier earthquake
events, the 1997 M6.1 Umbria-Marche earthquake to the north-west and the 2009 M6.1
L’Aquila earthquake to the south-east (Stewart et al., 2018; Lanzo et al., 2018).

TheM6.1 24 August event is a peculiar two-fault event caused by the rupture of the south-
ernmost section of the Mt. Vettore-Mt. Bove fault system and the Amatrice fault in the Laga
Mountains. The 26 and 30 October events were both caused by the rupture of the Mt. Vettore
- Mt. Bove fault system (Galadini et al., 2018). Comparisons between recorded and predicted
ground motions show a relatively good agreement of attenuation with distance of the shaking.
As a result, overall, ground motions generated by these events are not unusually strong. How-
ever, Zimmaro et al. (2018) show that for many intensity measures, including PGA and PGV,
there is a strong attenuation of recorded ground motions with distance.
From a geological point of view, the area is characterized by Miocene flysch units and the

Carbonatic units of the Umbria-Marche Succession. Flysch units (Laga formation) consist of
alternating sandstone and marls layers, where sandstone is always the prevailing component.
The flysch, similar to many other turbidite formations, presents variations in sandstone/marl
ratio and layer thickness due to the distance from the source area in the depositional basin.
Discontinuity spacing further varies depending on the distance from fault zones. Weathering
of marl layers, though limited to extremely shallow depth, occurs soon after marls are exposed
from highway cuts and excavations. This weathering is sufficient to undercut overlying sand-
stone slabs, which can break free when exposed to strong ground motions (GEER, 2017).

4 LANDSLIDES DATA

The 2016 Central Italy seismic sequence has triggered several landslides which occurred in
steep slopes and along artificial and natural scarps bordering main and secondary roads.
Information about landslides triggered by the three events are mainly based on CERI (2016)
and GEER (2016, 2017). We subdivide the landslides inventory into three main categories
defined by Keefer (1984): (1) Category I: falls and slides; (2) Category II: coherent slides; (3)
Category III: lateral spreads or flow slides. No Category III features have been observed
during the 2016 Central Italy earthquake sequence. When observed landslides do not fall into
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any of the mentioned standard categories or are not adequately described, they are labelled as
“other” category. Landslide phenomena observed following the three main events of the seis-
mic sequence are described below.
Figure 1 shows the observed landslides locations and surface fault projections, while

Table 1 lists the percentages of observed landslide categories. Most of the observed phenom-
ena (~83%) fall in Category I and involve mainly small rock falls observed along roadways
cuts throughout the earthquake zone. Observed Category II landslides are mainly debris slides
and rock slide occurring in gentle slope (labelled as “rock slide*”). The distribution of land-
slides in each category is practically the same for all three events of the 2016 seismic sequence.
Such landslide categories distribution is similar to that observed following the 1997 Umbria–
Marche earthquake (Esposito et al., 2000).
The landslide phenomena located within the surface fault projection are about 25% of the

total for the 24 August and 30 October events. This percentage increases to about 40% for the
26 October event. Figure 2 shows landslide data for the three events compared with the empir-
ical upper bound limits defined by Keefer (1984) in terms of surface-wave magnitude (MS;
assumed to be 6.1 for the 24 August event) versus epicentral distance (Repi; Figure 2a) and
Joyner and Boore distance (RJB; Figure 2b).

The same information is reported in planar view in Figure 3 for the 24 August event.
Figure 3a and b show landslide locations versus empirical upper bound limits (Keefer, 1984)
using Repi and RJB as distance metrics, respectively. The empirical upper-bounds in planar
view are drawn in Figure 3 as the loci with the same distance from the epicenter (Figure 3a) or
from the surface fault projection (Figure 3b) (dashed lines).
The comparison with the empirical limits shows that the zone involved in the activation of

Category I landslides is limited to an area with a radius of about 40 km around the epicenter
(about half the distance limit indicated by Keefer (1984) for this kind of phenomena) with the

Table 1. Percentage of landslides falling into each category and landslide types for each category.

Event Category I Category II Other

83% 10% 7%

24 August rock fall 95% debris slide 71%

rock slide 5% rock slide* 29%

90% 5% 5%

26 October rock fall 94% debris slide 67%

rock slide 6% rock slide* 33%

83% 3% 14%

rock fall 86% debris slide 66%

30 October rock slide 10% rock slide* 13%

other mech. 4% earth slide 13%

other mech. 8%

Figure 1. Observed landslides and surface fault projections following the (a)M6.1 24 August, (b)M5.9

26 October and (c)M6.5 30 October 2016 events.
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majority being at 10 km or less from the surface ruptures. Comparing all mapped landslides
with the Italian landslide inventory (Inventario dei Fenomeni Franosi in Italia, IFFI project,
ISPRA – Dipartimento Difesa del Suolo Servizio Geologico d’Italia, available at: http://www.
progettoiffi.isprambiente.it), new landslides are mostly in the near-field (< 10 km), while far-
field landslides are present in the preexisting landslide inventory (Pavlides et al., 2017).
Figures 4 and 5 show, for the 26 and 30 October events, the areal distribution of landslide

sites compared with empirical upper-bound loci defined from Keefer (1984) for epicentral dis-
tance (Figures 4a and 5a) and Joyner and Boore distance (Figures 4b and 5b). The compari-
sons with the empirical limits show that the zones involved in the activation of Category I
landslide are limited to an area with a radius of about 30 km and of 40 km around the epicen-
ter for the 26 October event and 30 October event, respectively.
Figure 6 shows the comparison between the envelope area affected by landslides for the

three events and the upper bound proposed by Keefer (1984) and Rodriguez et al. (1999). The
areas affected by landslides do not increase with the magnitude, as expected from the litera-
ture. Figure 7a reports epicentral distance versus magnitude for the three events of the 2016
seismic sequence and the 1997 Umbria–Marche earthquake, used here as a term of compari-
son. Figure 7b shows the same comparison in terms of Joyner and Boore distance. Landslides
triggered by the 2016 seismic sequence have landslides limit distances very similar to those
triggered by 1997 Umbria–Marche earthquake.
The spatial distribution of ground motion and the quantification of intensity measures at

the outher limit of landsliding (i.e., lower limit at which landslides occur) is an important
aspect in the analysis of earthquake-triggered landslides. In this section we show some analysis

Figure 2. Comparison between (a) epicentral distance and (b) Joyner and Boore distance, for landslides

following the three events and the empirical upper-bound curves proposed by Keefer (1984).

Figure 3. Areal distribution of landslides sites following the 24 August event compared with empirical

upper bound loci proposed by Keefer (1984) in terms of (a) epicentral distance and (b) Joyner and Boore

distance.
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using the peak ground acceleration and velocity (PGA and PGV, respectively) as reference
intensity measure. We found that approximately 50% of the reported landslides are observed
in the PGA interval of 0.01-0.49 g for the 24 August event, while such range is 0.01-0.38 g and
0.01-0.39 g for the events of 26 and 30 October, respectively. For the 24 August event, land-
slide limits are observed at eleven locations and the range of PGA values among these limits is
0.02-0.17 g. For the 26 October, PGA values along the landslide limits range from 0.04 to 0.38
g, while for the 30 October, PGA values at landslide limits fall in the range from 0.05 to 0.39
g. The values of PGA at landslide limits are comparable to those observed during other earth-
quakes of comparable magnitude (Jibson and Harp, 2016). However the lower PGA values
are substantially the same for the three events while the upper PGA values of the range are
much higher for the October events. This causes an increase in the width range at landslide
limits from August event to October events.
Approximately 50% of the reported landslides are observed in the PGV interval 1-39 m/s

for the 24 August event, while the range is 1-21 m/s and 1-29 m/s for the 26 October and 30
October events, respectively. For the 24 August event, landslide limits are observed at eleven
locations and the range of PGV values among these limits is 3.4-14.2 cm/s. For the 26 Octo-
ber, PGV values along the landslide limits range from 2.4 to 23.9 cm/s, while for the 30 Octo-
ber, PGV values at landslide limits fall in the range from 7.7 to 39.8 cm/s.

Figure 4. Areal distribution of landslides sites following the 26 October event compared with empirical

upper bound loci proposed by Keefer (1984) in terms of (a) epicentral distance and (b) Joyner and Boore

distance.

Figure 5. Areal distribution of landslides sites following the 30 October event compared with empirical

upper bound loci proposed by Keefer (1984) in terms of (a) epicentral distance and (b) Joyner and Boore

distance.
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5 CONCLUSIONS

Assessing the spatial distribution of landslides triggered by an earthquake (or earthquake
sequence) is not only important in understanding physical phenomena, but also to establish
hazard zoning in seismic active areas. In this paper, we describe landslide spatial distributions
and types of instability phenomena triggered by three major events during the 2016 Central
Italy seismic sequence. We show that landslides limit distances from the analyzed sequence are
in good agreement with empirical upper-bound curves proposed in the literature. Our com-
parisons are performed both in terms of epicentral and and Joyner and Boore distances. We
also compare such limit distances with landslides triggered by the 1997 Umbria–Marche earth-
quake, showing similar outcomes
Remarkably, the areas affected by earthquake-induced landslides do not increase with mag-

nitude for the three mainshocks of the 2016 Central Italy seismic sequence. This is somewhat
unexpected if looking at the existing literature. Threshold PGA and PGV values at the outer
limit of the landslides, highlight different behaviors following the three mainshocks. The
width range of PGA and PGV at landslide limits is larger for the October events.
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