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Abstract

We reconstruct the tectonic framework of the 24 August 2016, Amatrice earthquake. At least three main
faults, including an older thrust fault (Sibillini Thrust), played an active role in the sequence. The
mainshock nucleated and propagated along an extensional fault located in the footwall of the Sibillini Thrust,
but due to the preliminary nature of the data the role of this thrust is still unclear. We illustrate two com-
peting solutions: 1) the coseismic rupture started along an extensional fault and then partially used the
thrust plane in extensional motion; 2) the thrust fault acted as an upper barrier to the propagation of the
mainshock rupture, but was partially reactivated during the aftershock sequence. In both cases our tectonic
reconstruction suggests an active role of the thrust fault, providing yet another example of how structures
inherited from older tectonic phases may control the mainshock ruptures and the long-term evolution of

younger seismogenic faults.

I. INTRODUCTION

he M,, 6.0, 24 August 2016, Amatrice earth-
quake devastated a mountainous area of
the Central Apennine, claiming nearly 300
casualties. Its aftershock sequence spreads over

a NNW-SSE trending, ~30-km-long, ~15-km-
wide area (Fig. 1). Interferometric Synthetic Ap-
erture Radar (InSAR) elaborations based on
various sensors and processing strategies de-
pict a gently asymmetric coseismic ground dis-
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placement pattern having two subsidence max-
ima of 15-20 cm east of Norcia and north of
Amatrice (Fig. 1b). The first post-earthquake
field surveys revealed an alignment of surface
breaks (fissures, open fractures and centimetric

14°00E Q)

offsets), in an area including the western flank
of Mt. Vettore (Fig. 1b; Emergeo Working
Group, 2016); ground failures of various types
were also observed over a much larger area
(CERI Working Group, 2016).
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Figure 1. a) Simplified tectonic map of the area struck by the 24 August 2016, Amatrice earthquake sequence (updated as of 15
September 2016). Red stars indicate the largest earthquakes: the mainshock (Mw 6.0), and the largest aftershock (Mw 5.4). White dots
represent the aftershock epicenters. White lines indicate the trace of the cross-sections used to image the sequence and the geological
structures at depth. b) Line drawing of the subsidence isolines shown by the ALOS-2 interferogram (LOS point of view; available
from http;/fwww.eorc.jaxa.jp/ALOS-2/en/img_up/dis_pal2_ita-eq_20160825.htm), describing the surface deformation detected after

the mainshock (orange areas: uplift; green-purple areas: subsidence).

The moment tensor solutions of the mainshock
and of the largest aftershocks
(http:/ /cnt.rm.ingv.it/tdmt) indicate the acti-
vation of extensional faults striking NNW-SSE
and dipping 40°-50°. Ongoing extension in the
area is testified by the analysis of crustal strain
and seismicity data (e.g. Carafa and Bird, 2016),
yet the tectonic setting and the landscape of the
region are still dominated by the contractional
structures of the Neogene-Quaternary Apen-
nines fold-and-thrust belt. The extension in the
Apennines is indeed a relatively youthful pro-
cess (e.g. Maliverno and Ryan, 1986) that pro-
ceeds at the relatively slow rate of 2-3mm/yr
(Carafa and Bird, 2016). Consequently, the cur-
rently active structures have not yet fully re-
shaped the Apennines highs-and-lows of con-
tractional origin with extensional basin-and-

range-type landforms. It is worth recalling that
some of the well-exposed extensional faults,
generally bounding an intermountain basin,
were created by a pre-orogenic (Mesozoic) or by
a syn-orogenic extensional (Miocene) regime
and were shifted to their present location dur-
ing the Neogene thrusting phase, for instance
through a shortcut mechanism (positive inver-
sion tectonics; e.g. Tavarnelli, 1996; Butler et al.,
2006; Scisciani, 2009).

The complex framework described above ex-
plains why identifying and characterizing seis-
mogenic sources in the Apennines is extremely
challenging (see Vannoli et al., 2012, and Bonini
et al., 2014, for a discussion on this topic). How-
ever, the detailed information that exists on It-
aly’s geology (e.g. geological maps, seismic re-
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flection data and deep well logs from hydrocar-
bon exploration) can be combined with post-
earthquake high-resolution seismological and
geodetic data to propose coherent seismotec-
tonic models.

This study provides a preliminary interpreta-
tion of the sources of the Amatrice earthquake
sequence through the integration of all availa-
ble geological, seismological, and geodetic data.
We propose a scheme of the fault systems that
participated in the earthquake sequence. We
then discuss the implications that our findings
may have on future research about the seismo-
tectonic characterization of the Apennines.

II. SEISMOTECTONIC MODELING

The Amatrice earthquake sequence struck
an area straddling the southern and curved part
of one of the main regional thrusts of the Cen-
tral Apennines: the Sibillini Thrust system (e.g.
Cantalamessa et al., 1982; Bally et al., 1986; Ghi-
setti and Vezzani, 1991; Calamita et al., 2003;
Bigi et al., 2011). This large thrust separates two
markedly different geological domains: the
Meso-Cenozoic “Umbria-Marche” carbonate
succession, to the north, and the “Laga Basin”
succession, formed by Messinian slope-to-basin
and fore-deep deposits, to the south.

We first create a set of geological sections
crossing the area of the Amatrice earthquake
(CS#1, CS#2, CS#3, and SS#4 in Fig. 2). For the
structural reconstruction of the hanging wall of
the Sibillini Thrust we use published geological
maps (Pierantoni et al., 2013). For the Laga Ba-
sin area we use both geological maps and a
structural map of the buried structures (e.g. Bigi
et al., 2011; Bigi et al., 2013) based on extensive
hydrocarbon exploration carried out in the
1980s and 1990s. Seismic reflection data and
well logs are freely accessible (ViDEPI Project,

http:/ /unmig.sviluppoeconom-
ico.gov.it/videpi/) and over time led to a num-
ber of studies on the buried structures of this
area (e.g. Calamita et al., 1994; Scisciani, 2009;
Bigi et al., 2011; Bigi et al., 2013).

We then project the relocated aftershocks
(updated as of 15 September 2016; Michele et al.
2016) along the geological sections using a sym-
metric buffer width of 2.5 km:

o CS#1 (Figs. 2a-b) shows aftershocks
aligned along an hypothetical structure dipping
35°-40° to the WSW. The connection between
the aftershock patterns with the low-angle (10°-
20°) portion of the Sibillini thrust detectable at
surface (e.g. Koopman, 1983; Lavecchia, 1985)
seems to depict a ramp-flat structure. Hence,
this framework may suggest that this alignment
of aftershocks can be interpreted as the negative
inversion of the ramp of the Sibillini thrust. This
solution competes with an interpretation based
on the reactivation of a younger extensional
fault. The rectilinear alignment together with
the relative low-angle attitude of the aftershock
pattern (35°-40°) are in favor of the first solu-
tion, although a younger extensional system
cannot be excluded a priori from this cross-sec-
tion. The aftershock pattern also suggests the
activation of a NE-dipping fault, located in the
hanging wall of the Sibillini Thrust according to
our framework, which cannot be correlated
with any known geological structure, either at
the surface or at depth. Either fault are compat-
ible with the focal mechanism of the strongest
aftershock (My 5.4).

o CS#2 (Figs. 2c-d) shows two aftershock
alignments coherent with those seen in CS#1
and possibly involving the same structures, i.e.
a thrust ramp connected with an emerging low-
angle portion of the Sibillini Thrust, and a
NNE-dipping, blind antithetic fault.
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Figure 2. (g, ¢, ¢, g) Transversal (CSx) and longitudinal (55x) geological sections across the aftershock pattern of the Amatrice
sequence: each panel shows aftershocks falling within a 2.5 km range from the section plane (updated as of 15 September 2016,
data from Michele et al., 2016). The sections also show the trend of model faults derived from InSAR and seismological data. (b,
d, f, h) Geological sections showing the main faults that participated in the earthquake sequence (see Discussion section). A
profile of InSAR-detected elevation changes (from ALOS-2) is plotted above each section. See Figure 1 for the traces of the
sections. i) Model obtained from the inversion of strong motion data, showing the mainshock slip distribution (Tinti et al.,
2016).
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The suggested thrust-ramp looks steeper here
than in CS#1 (~40° instead of 35°-40°), a differ-
ence that can be explained considering that
CS#2 crosses a lateral ramp of the Sibillini
Thrust (e.g. Di Domenica et al., 2014).

o CS#3 (Figs. 2e-f) shows few after-
shocks, likely because the section crosses near
the mainshock hypocenter. This observation is
consistent with the location of one of the two
mainshock slip patches identified using strong-
motion data (Tinti et al., 2016).

J SS#4 (Figs. 2g-h) shows more clearly
that the aftershock distribution agrees better
with a thrust-ramp connected with the emerg-
ing Sibillini Thrust than with a younger exten-
sional fault, further supporting the thrust in-
volvement in the sequence.

In addition to the previously described tectonic
features, i.e. the normal faulting source of the
mainshock, the portion of the Sibillini Thrust re-
activated as a normal fault and the antithetic
fault (respectively F#1, F#2 and F#3 in Figure
2), all sections show a cloud of seismicity defin-
ing a very low-angle E-dipping plane that ex-
tends beneath the source of the mainshock at
~10 km depth (Fig. 2b-d-f).

II. DISCUSSION

Based on the integration of our geological re-
construction with seismological data we sug-
gest that:

1) the mainshock nucleated along a 45°-
50° blind normal fault located beneath the Laga
Basin area (F#1);

2) the 30°-40° dipping ramp of the Sibillini
Thrust has been reactivated in an extensional
fashion (negative inversion; F#2);

3) an antithetic normal fault locates in the
hanging wall of the Sibillini Thrust (F#3);

4) alow-angle, E-dipping plane responsi-
ble for minor seismicity lies below all the above
mentioned faults; its geometry resembles the
low-angle normal faults well documented by
seismic reflection data to the north of the area
illustrated here (i.e. Alto Tiberina Fault; e.g.
Collettini and Barchi, 2002).

This interpretation raises two fundamental
questions, which we address in the following
two subsections:

e what is the nature of the relationship
between the mainshock causative fault and the
Sibillini Thrust?

e what is the role of previously-mapped
active SW-dipping normal faults such as the
Vettore fault?

On the role of the Sibillini Thrust

Two additional elements can contribute to this
analysis: 1) the ground-surface displacements
derived from InSAR data, and 2) the mainshock
slip distribution derived from strong motion
data.

InSAR data show a relatively simple pattern
formed by the coalescence of two subsidence
maxima (Fig. 1b). This pattern is different north
and south of the Sibillini Thrust, however: the
southern part depicts a narrow, NW-SE-
trending oval-shaped bowl, whereas the north-
ern part is a nearly circular bowl with its major
axis slightly rotated toward the north. The ma-
jor axes of the two subsidence maxima exhibit a
10°-15° orientation change. This pattern in itself
is suggestive of a change in strike of the seismo-
genic rupture and of a possible involvement of
the Sibillini Thrust.

Models based on the inversion of strong motion
data (Tinti et al., 2016) show two maxima (Fig.
2) with predominant dip-slip, respectively lo-
cated in the region beneath the Laga Basin and



ANNALS OF GEOPHYSICS, 59, FAST TRACK 5, 2016; DOI: 10.4401/ag-7229

in the area of the Umbria-Marche carbonates,
close to the Castelluccio Plain.

c)
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Figure 3. Side view of the analog models from Bonini et al.
(2015), modified. Red lines show the initial locations of the ex-
tensional faults. White arrows indicate the displacement field
measured during the experiments. A white line represents a
pre-existing fault. A colored bar below the lowermost panel in-
dicates the strain rates, quantifying the propagation of the ex-
tensional fault. A traffic light on top of each panel summarizes
the mechanism acting when the extensional fault meets the in-
herited fault. Notice the crucial role played by the relative dip
of the new fault and the older discontinuity.

These two maxima correspond rather well with
the regions of maximum surface displacement
depicted by InNSAR data, indicating that the two
models are in good agreement (Fig. 2i).

Adding these two elements to our structural re-
construction combined with the aftershock dis-
tribution remarkably improves the picture. The
southern maximum subsidence-slip-peak pair
corresponds to a region of limited aftershock

activity, close to where the mainshock nucle-
ated on a SW-dipping plane. Conversely, the
northern maximum subsidence-slip-peak pair
corresponds to the region where the aftershock
distribution suggests the activation of a more
complex fault system: this may include a SW-
dipping, low-angle fault - likely the Sibillini
Thrust - and a NE-dipping fault possibly asso-
ciated with the Mw 5.4 aftershock, all in addi-
tion to the main SW-dipping plane. Hence, the
involvement of the normal fault located be-
neath the Laga basin during the mainshock is
also coherent with geodetic and seismological
data, whereas what happened more to the north
is still unclear.

The faults that slipped in the northern part of
the region affected by the Amatrice earthquake
include a younger, 40°-50°-dipping extensional
fault (F#1) and an older, 30-40°-dipping thrust
ramp (F#2) located above its upper tip (Fig. 2a-
d). From a mechanical point of view this would
imply a simultaneous activity of an extensional
fault likely generated during the Quaternary
extension - hence relatively youthful - and an
inherited structure such as a thrust fault ramp.
Over the past few years the relationships be-
tween extensional faults and inherited struc-
tures have been thoroughly investigated, espe-
cially through analog modeling (Bonini et. al.,
2015, 2016). One of the cases investigated by Bo-
nini et al. (2015) analyzed the interaction be-
tween a new, extensional fault attempting to
grow up-dip and a 30°-dipping thrust ramp lo-
cated above its upper tip (Fig. 3a), showing that
contemporaneous activity of the two structures
is mechanically feasible. We maintain that this
modeling configuration is reminiscent of the ac-
tive faults in the central-northern area of the
Amatrice sequence. Notice that there is no gen-
eral rule describing the relationships between
new and older faults. For example, a low-angle,

6
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synthetic fault located above an upward propa-
gating extensional fault tends to slow down or
even stop the development of any new faults
(Fig. 3b), whereas the development and propa-
gation of the same fault is favored if the inher-
ited fault s horizontal (Fig. 3c).

el

ok
G9);

A (M. Vettore faulth = 4 * W 7
127 ’ s
o

ol et o | ¥
FZMt. Gorzano faul
L

P 7

Figure 4. a) Simplified tectonic sketch of the area hit by the
Amatrice earthquake sequence. The location of the coseismic
breaks seen along the Mt. Vettore Fault is shown in yellow
(Emergeo Working Group, 2016). Thin, black and yellow lines
are presumed active faults from Galadini and Galli (2003). A
thick, black line shows the trace of the Sibillini Thrust. Colored
boxes (blue, green and orange) show the simplified surface pro-
jection of the three main faults that participated in the earth-
quake sequence. The pattern of elevation changes detected by
ALQOS-2 is shown in white.

In summary, the preliminary nature of the data
and models available so far does not allow us to
confirm whether a portion of the Sibillini Thrust
slipped coseismically, with normal sense of
movement, during the Amatrice, 24 August
2016 mainshock. However, mechanical models
of extensional fault propagation suggest that in
the northern portion of the area affected by the
Amatrice earthquake there exists a mechani-
cally plausible structural configuration that
complies with the active participation of both
faults in the earthquake sequence. In other
words, the local structural configuration may
have encouraged the two faults to work to-
gether for accommodating the active NE-SW

extension of the Apennines. This configuration
may be common to several other cases in the
Apennines and elsewhere.

On the role of previously-mapped normal faults

Two major faults, the Mt. Vettore Fault and the
Mt. Gorzano Fault, have been traditionally con-
sidered to separately accommodate active ex-
tension in the region of the Amatrice earth-
quake (e.g. Calamita and Pizzi, 1992; Galadini
and Galli, 2003; Fig. 4). The ensemble of data
collected after the mainshock, however, to-
gether with the structural reconstruction illus-
trated above indicates that neither of them
played a primary role in the mainshock of the
24 August, Amatrice earthquake sequence. In-
SAR observations (see Gruppo di lavoro IREA-
CNR & INGYV, 2016) have shown that the sur-
face breaks identified on the western flank of
Mt. Vettore and on its southward prolongation
toward Mt. Gorzano could be ascribed to sec-
ondary phenomena such as: shaking-induced
landsliding, deep-seated gravitational move-
ments, and passive reactivation of secondary
faults.The gap between the northern tip of the
Mt. Gorzano Fault and the southern tip of the
Mt. Vettore Fault is crossed by the Sibillini
Thrust, previously recognized as the major
boundary between the two fault segments
(Pizzi and Galadini, 2009). Our reconstruction
suggests that the ramp of the Sibillini thrust sys-
tem could in itself comprise a seismogenic seg-
ment rather than simply a segment boundary.
In this view all high-angle faults located in its
hanging wall may be considered as secondary
faults that may be occasionally remobilized, de-
pending on the amount of extensional reactiva-
tion of the thrust ramp.
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IV. CONCLUSIONS

We reconstructed the causative faults of the 24
August 2016, Amatrice earthquake sequence
using geological and seismological data. We
found that four main players have been in-
volved. Among them, the SSW-dipping fault lo-
cated beneath the Laga basin, i.e. very close to
the village of Amatrice, is the fault where the
mainshock nucleated. The second main player
is the deeper portion of the Sibillini Thrust, re-
activated in an extensional fashion. The third
player is a blind, ENE-dipping fault located in
the hanging wall of the Sibillini Thrust. The
fourth player is a less defined, low-angle,
deeper, east-dipping fault.

Although we discussed the possible role of the
Sibillini Thrust during the mainshock, we can-
not as yet provide conclusive evidence for its in-
volvement. Nevertheless, aside from its role as
an active player rather than simply as a pas-
sively reactivated feature, the extensional reac-
tivation of a thrust fault ramp is a rather novel
occurrence in the Apennines tectonic scenario,
implying a new and more active role for other
inherited - i.e. older - tectonic structures.
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