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Abstract

We used continuous Global Positioning System (GPS) measurements to infer the fault geometry and the amount
of coseismic slip associated to the August 24, 2016 Mw 6 Amatrice earthquake. We realized a three-dimensional
coseismic displacement field by combining different geodetic solutions generated by three independent analyses of
the raw GPS observations. The coseismic deformation field described in this work aims at representing a “consen-
sus” solution that minimizes the systematic biases potentially present in the individual geodetic solutions. Be-
cause of the limited number of stations available we modeled the measured coseismic displacements using a uni-
form slip model, deriving the geometry and kinematics of the causative fault, finding good agreement between our
geodetically derived fault plane and other seismological and geological observations.

I. INTRODUCTION tude 42.698°N, at a depth

of 81 km

Mw 6.0 (Ml 6.0) earthquake struck the
ACentral Apennines between the towns of
Norcia and Amatrice on August 24,
2016, at 03:36 (local time). The mainshock has
been localized at longitude 13.234°E and lati-

(http:/ /iside.rm.ingv.it). The aftershock se-
quence involved a crustal volume extending
SE-NW for ~30 km and down to ~15 km of
depth, including (up to October, 2016) one Mw
54 event and 14 events with Mx>4
(http:/ /iside.rm.ingv.it). The focal mecha-
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nisms of the mainshock and of the larger after-
shocks (http:/ /www.bo.ingv.it/RCMT and
http:/ /ent.rm.ingv.it/ tdmt) consistently show
a SW-NE oriented extension with chain-
parallel oriented nodal planes, in agreement
with the SW-NE extension measured by GPS
stations in this sector of the Apennines (e.g.,
Galvani et al., 2012 and references therein).
This earthquake occurred within the belt of
high geodetic deformation rates that character-
izes the Apennine chain (e.g., D’Agostino,
2014) and where several continuous Global
Navigation Satellite System (GNSS) networks,
managed by private and public companies and
institutions, are operating. Figure 1 shows the
(interseismic) horizontal GPS velocities with
respect to stable Europe together with a chain-
normal velocity cross section, where horizontal
velocities are projected along the N40°E direc-
tion, that is parallel to the direction of maxi-
mum geodetic extension. The velocity field
shown in Figure 1 has been obtained from the
combination of three different GPS velocity so-
lutions (e.g., Avallone et al., 2010), realized us-
ing the BERNESE, GAMIT and GIPSY soft-
ware. Figure 1 shows ~4 mm/yr of lengthen-
ing rate between Rieti and Ascoli Piceno, re-
sulting in a strain-rate of ~60 nanostrain/yr.
This kinematic feature is in agreement with
other geological and seismotectonics infor-
mation, and with the preliminary coseismic
deformation observed by radar (InNSAR) obser-
vations (Bignami et al., 2016) for the Amatrice
earthquake.

In this work we describe the GPS data used to
study the coseismic deformation related to the
August 24 mainshock and provide a prelimi-
nary model of the coseismic source inverted
from a “consensus” GPS coseismic displace-
ment field, obtained following the procedures
described in Devoti (2012) and used to study
the 2012 Emilia seismic sequence (Serpelloni et
al., 2012).
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Figure 1. [Top] Interseismic horizontal velocities
in the central Apennines (red arrows), with 95%
confidence errors (from Devoti et al., 2016). The
yellow star shows the epicenter of the August 24,
Mw 6 mainshock, whereas the colored circles show
the distribution of aftershocks occurred in the first
week from http:/[iside.rm.inguv.it, colored as a func-
tion of depth. The dashed lines show the box of the
A-B cross-section, shown in the bottom panel. [Bot-
tom] Cross section showing horizontal velocities
components projected along the N°40E profile, with
1o uncertainties, together with the swath topo-
graphic profile, the mainshock (yellow star) and
first week aftershocks (colored circles). The red ar-
row shows the position of surface breaks observed in
the  field by the INGV ~ EMERGEO
(http:/lemergeo.ingu.it/) working group (courtesy of
S. Gori and E. Falcucci).
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II. AVAILABLE GPS DATA

Several continuous GPS (cGPS) stations, man-
aged by different private and public institu-
tions, were operating in and around the epi-
central area, before and after the seismic se-
quence started on August 24, 2016. Figure 2
shows the distribution of cGPS stations, to-
gether with the first week of aftershocks. With
the exclusion of the GPS station in Norcia
(NRCI), all sites were continuously measuring
across the mainshock. The first data for NRCI
after the mainshock is relative to August 26. In
the following hours and days, several GPS in-
struments have been installed at geodetic
markers belonging to the CaGeoNet network
(Anzidei et al., 2008; Galvani et al., 2012) and
the first rapid solution has been integrated (see
Figure 2) with data from continuous GPS net-
works managed by the Italian Civil Protection
Department (DPC) and the Istituto Superiore
per la Protezione e la Ricerca Ambientale
(ISPRA). In particular, 7 sites of the CaGeoNet
network have been re-occupied following the
indications from a forward coseismic model
implemented from the mainshock focal solu-
tion and selecting sites for which relatively
longer time-series where available, in order to
allow a rather robust estimate of the pre- (ie.,
interseismic) seismic velocities. The data col-
lected at these stations are, at the time of this
publication, still under processing, and here
we focus on the results provided by the con-
tinuous GPS stations. It is worth noting that
many stations were collecting data at higher
sampling rates than standard 30 seconds (from
1Hz to 20Hz sampling frequencies), and rec-
orded the dynamic displacements related to
the mainshock over a wider area in central Ita-
ly (Avallone et al., this issue).

ITI. GPS DATA ANALYSIS

The available GPS data, in the form of 24-
hours 30-seconds sampling, RINEX files, have
been processed by three different GPS data
analysis groups, using different software and
analysis procedures, as in Serpelloni et al.
(2012). In particular, GPS data have been ana-
lyzed using the BERNESE
(http:/ / www.bernese.unibe.ch), GAMIT
(http:/ / www-gpsg.mit.edu/~simon/ gtgk)
and GIPSY
(http:/ / gipsy.jpl.nasa.gov/orms/goa)  soft-
ware. We refer to Avallone et al. (2010) and
Serpelloni et al. (2012) for more detailed de-
scriptions of the three processing approaches.
In this work the three sets of coseismic dis-
placements solutions have been obtained esti-
mating offsets in the position time-series using
up to 15 days before and three days after the
August, 24 mainshock, respectively. The time
series of stations displacements are provided
at the following link:
ftp:/ / gpsfree.gm.ingv.it/amatrice2016/static/
plots.

The combination of the individual solutions
has been obtained by solving for the combined
offsets (unknowns) in a least squares sense (see
Devoti, 2012). The WRMS (weighted root mean
squared) of the differences between the three
solutions is of 1.6 and 3.3 mm in the horizontal
and vertical components, respectively. The fi-
nal coseismic displacement field can be con-
sidered as a “consensus” measurement and it
is the result of a comparison and validation
process with repeated feedback between the
three different analysis centers. The compari-
son is done with the intention of comparing
the different results and reducing sources of
error associated with individual processing
strategies. The iteration process assesses the
robustness of each single GPS result, thus min-
imizing erroneous interpretations based on in-
dividual solutions.



ANNALS OF GEOPHYSICS, 59, FAST TRACK 5, 2016; DOLI: 10.4401 / ag-7269

Table 1. Observed and modeled co-seismic displacements for the cGPS stations shown in Fig. 3, where
E_obs, N_obs and Up_obs are the observed co-seismic displacements (in mm) for the east, north and vertical
components and SE_obs, SN_obs and Sup_obs are the uncertainties of the co-seismic displacements (in mm)
for the east, north and vertical components, respectively. E_mod, N_mod and Up_mod are the modeled co-
seismic displacements (in mm). The table including all the stations analyzed is available at the following
link: ftp://anonymous@gpsfree.gm.ingu.itlamatrice2016/static/gps_cos_mod.txt.

STN E_obs SE_obs N_obs SN_obs Up_obs Sup_obs E_mod N_mod Up_mod Lon Lat

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (°E) (°N)
AMAT -11.0156 1.0904 21.9345 1.1709 -14.8495 4.4746 12.3;500 22.4500 -11.4100 13.2924 42.6265
ASC1 14.5814 0.9515 6.2451 0.9864 -0.6316 3.6641 10.9500 4.8100 -0.2500 13.6061 42.8521
ASCC 12.9191 0.8879 6.2370 1.0215 -1.8462 3.6052 11.3700 5.2200 -0.2200 13.5930 42.8573
CATO 2.3978 1.2143 3.0954 1.3590 -4.2582 4.9760 -0.0100 1.0500 2.8000 13.4091 42.5291
GNAL 5.9601 0.7159 0.1391 0.8175 -1.2956 2.8290 4.3100 -0.0500 2.0200 13.5199 42.5837
LNSS -17.1031 0.9388 -15.3757 1.0555 3.5472 3.7793 18.7_500 12.9-900 1.7500 13.0403 42.6029
MTER -1.5630 0.6407 -8.9677 0.7256 1.3275 2.5464 -3.9700 -5.7700 2.4700 13.2144 42.5088
MTRA -3.5790 1.1637 -8.4185 1.2404 -1.6215 4.3798 -3.6900 -4.9800 3.1500 13.2400 42.5279
NRCI -21.6327 1.4209 -10.9122 1.6509 5.1067 5.9161 20.5_400 -9.9600 6.0800 13.0971 42.7825
TER1 5.2000 1.8605 -0.6200 1.8605 -1.1500 7.3890 5.7500 0.4400 0.3200 13.7004 42.6621
TERA 6.6400 1.7808 0.7300 1.7808 0.2600 7.0967 5.6500 0.3900 0.3500 13.6981 42.6571
TOSS 3.5957 0.9985 -0.4689 1.2137 3.4299 4.0764 2.7600 -0.0400 0.9300 13.6458 42.5472

IV. COSEISMIC DISPLACEMENTS AND FAUT MODEL

Figure 2 shows the combined horizontal (red
arrows) and vertical (blue arrows) coseismic
displacements for the August, 24 mainshock,
with 65% error ellipses. The east, north and ver-
tical coseismic offsets (in mm) are available at
the following link:
ftp:/ / gpsfree.gm.ingv.it/ amatrice2016/ static/

CombinedGPS_Offsets_v4R.dat, where infor-
mation about the original GNSS network to
which each station analyzed belongs is provid-
ed. The horizontal coseismic displacements
highlight a SW-NE oriented extension, in
agreement with pre-seismic geodetic measure-
ments. The stations LNSS (Leonessa) and NRCI
(Norcia) moved respectively 24 and 23 mm, to-
ward SW whereas the stations in Ascoli Piceno
(ASCC and ASC9) moved NE-ward of ~15 mm.

The station that experienced the largest dis-
placements is the one in Amatrice (AMAT),
which moved in a NNW direction of 24.5 mm,
subsiding of 15 mm. We used the estimated
“consensus” displacements to infer geometric
and kinematic information for the causative
fault. Because of the limited number of GPS
sites available, we do not attempt to invert for a
heterogeneous distribution of coseismic slip,
but limited this analysis to uniform slip models.
To infer the geometry of the uniform slip fault
we model the observed horizontal and vertical
near- and far-field coseismic displacements us-
ing a rectangular dislocation in a elastic, homo-
geneous and isotropic half-space (Okada, 1985).
In the inversion the top of the rectangular dislo-
cation is constrained to be in the 0-5 km depth
interval, the dip in the 40-70° interval, the
length and width in the 3-30 km and 3-15 km
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intervals, respectively and the strike is confined
between 140 and 180°. The best-fitting fault pa-
rameters and their relative confidence intervals
were found using a global optimization algo-
rithm (Corana et al., 1987) and a Monte Carlo
simulation technique (e.g., Press et al., 1992) as
described in Cheloni et al. (2010). In the uni-
form-slip solution (Table 2) the causative fault
strikes ~NW-SE and dips ~45° to the SW, with
an average slip of ~0.7 m (rake -78°), which (us-
ing a value of 30 GPa for rigidity) gives an es-

timated seismic moment of 2.13 X 10* Nm (Mw
6.18). The total RMS misfit value is around 2.2
mm. Table 2 summarizes the fault parameters
obtained by non-linear inversion of the coseis-
mic displacements shown in Fig. 2. Despite the
limited number of stations, the derived source
model is in agreement with the mainshock focal
mechanisms and the surface ruptures
(EMERGEO Working Group, 2016) observed in
the field (see Figure 3).
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Figure 2. Horizontal (red arrows) and vertical (blue arrows) co-seismic displacements (with 68% confi-
dence errors, shown by error ellipses and error bars in grey for the horizontal and vertical components, re-
spectively), together with the August 24, Mw 6 mainshock (yellow star) and aftershocks (colored as a func-
tion of depth) from http:/[iside.rm.inguv.it. The black squares show the position of the INGV-RING stations
(http:/[ring.gm.ingv.it). The grey squares show the position of the CaGeoNet network (Anzidei et al. 2008;
Galvani et al., 2012) stations, where the green squares indicate benchmarks that have been re-occupied a few
hours after the August, 24 mainshock. The green triangles indicate the position of IGM95 benchmarks
(http:/[www.igmi.org/geodetical) that have been occupied by ISPRA (www.isprambiente.gov.it) and DPC
(Civil Protection Department) after the mainshock. The orange squares indicate continuous GPS stations

managed by DPC and ISPRA.
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Figure 3. [Top] The cyan, yellow and white arrows show observed (cyan) coseismic displacements and mod-
eled horizontal and vertical displacements, respectively, from the uniform slip inversion. The red stars show
aftershocks with M>4. The red box shows the projection of the seismic fault and the red line shows its along-
dip projection at the surface. [Bottom] Cross section (C-C’) showing the coseismic fault (continuous red
line), aftershocks (green circles), focal mechanism (http:/[ent.rm.ingv.it/tdmt) and surface ruptures (purple
triangles). It is worth noting that the earthquakes plotted in this figure are not from a relocated seismicity
catalogue, which explains the scattering.
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Table 2. Coseismic fault parameters obtained by non-linear inversion of the coseismic displacements shown
in Figure 2. CF., Lat and CF., Lon indicate the longitude and latitude of the center of the top edge of the
model fault. For each parameter we provide the lower and upper bounds at the 95% confidence obtained

from the Monte Carlo analysis.

Length  Width Depth, Dip  Stike  CF. Lon CF., Lat Slip Rake Mo.
o o o o
(km) (km) (km) ©) ©) (°N) (cm) ©) (10-Nm)
20417 5014 2750 456", 161555 132553°0% 4274460, 0.695';,  -78.07% 2.13%6

V. CONCLUSIONS

As shown during the Emilia 2012 earthquake
sequence, the availability of, even sparse, GPS
stations continuously recording across moder-
ate magnitude earthquakes can provide relia-
ble constraints on the geometry and kinematics
of the causative fault. The results shown in this
work have been obtained largely exploiting
data from non-geophysical networks, general-
ly characterized by relatively lower quality da-
ta and monuments than geophysical networks,
such as the INGV-RING network (INGV RING
Working Group, 2016). Moreover, as for the
L’Aquila 2009 sequence, the availability of a
denser survey-mode geodetic network, repeat-
edly measured in the past to provide reliable
estimates of the pre-seismic (i.e., interseismic)
velocities, such as the CaGeoNet, is of funda-
mental importance for discriminating near-
fault kinematic features as the spatial distribu-
tion of coseismic slip on the main fault and
post-seismic (e.g., afterslip) deformation. Alt-
hough preliminary, the results shown in this
work are in agreement with indications from
InSAR, earthquake focal mechanisms and sur-
face breaks observations, which consistently
suggest that the causative fault is a west-
dipping normal fault, activating the south-
western part of the Mnt. Vettore normal fault
(e.g., Pizzi and Galadini, 2009) and the north-
western part of the Gorzano normal fault
(Boncio et al., 2004). Further works will include
the densification of the GPS coseismic map, in-
cluding the coseismic displacements from the
campaign data collected soon after the

mainshock and the integration of GPS and In-
SAR displacements in order to solve for the
variable slip distribution and the stress chang-
es associated to this earthquake.
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