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Surface ruptures and off-fault
deformation of the October
2016 central Italy earthquakes
from DINnSAR data

Filippo Carboni?, Massimiliano Porreca'”, Emanuela Valerio?, Manzo Mariarosaria?,
Claudio De Luca?, Salvatore Azzaro', Maurizio Ercoli* & Massimiliano R. Barchi'

Large magnitude earthquakes produce complex surface deformations, which are typically mapped by
field geologists within the months following the mainshock. We present detailed maps of the surface
deformation pattern produced by the M. Vettore Fault System during the October 2016 earthquakes
in central Italy, derived from ALOS-2 SAR data, via DInSAR technique. On these maps, we trace a set
of cross-sections to analyse the coseismic vertical displacement, essential to identify both surface
fault ruptures and off-fault deformations. At a local scale, we identify a large number of surface
ruptures, in agreement with those observed in the field. At a larger scale, the inferred coseismic
deformation shows a typical long-wavelength convex curvature of the subsiding block, not directly
recognizable in the field. The detection of deformation patterns from DInSAR technique can furnish
important constraints on the activated fault segments, their spatial distribution and interaction soon
after the seismic events. Thanks to the large availability of satellite SAR acquisitions, the proposed
methodological approach can be potentially applied to worldwide earthquakes (according to the
environmental characteristics of the sensed scene) to provide a wider and faster picture of surface
ruptures. Thus, the derived information can be crucial for emergency management by civil protection
and helpful to drive and support the geological field surveys during an ongoing seismic crisis.

Earthquakes can produce a wide spectrum of surface deformations associated with the main events or between
inter-seismic periods™?. The largest events (M,, > 5) can trigger deformations such as surface ruptures related
to the activation of main active faults and/or other deformations induced by seismic shaking (e.g., landslides,
creeping, sinkholes).

In the last three decades, remote sensing acquisitions such as Differential Synthetic Aperture Radar Interfer-
ometry (DInSAR), Lidar differencing, optical imagery, and GPS** have been implemented to reach an impres-
sively high accuracy, useful for detecting detailed surface deformations. In particular, DInSAR is one of the most
powerful and reliable techniques to provide a snapshot of the coseismic deformations’ generated by earthquakes
occurred worldwide within different complex geological and morphological settings®.

In 2016, a long earthquake sequence affected a tectonically complex region of the Apennines in central Italy
(Fig. 1), producing impressive surface ruptures due to the activation of the SW-dipping extensional M. Vettore
Fault System (VFS). Most of these ruptures are attributed to the 24 August Mw 6.0 and 30 October Mw 6.5 main-
shocks and have been investigated by several groups of field geologists soon after the earthquakes”®. The results
of the field surveys indicate a complex distribution of the ruptures reflecting the geological complexity of the
epicentral area, where a succession of both carbonate and siliciclastic rocks crops out”?.

The struck area has been also investigated by DInSAR technique, aiming at studying the rock volumes affected
by deformation, the faulting mechanics, the source geometry and local to large-scale surface deformation®*-1°.
However, these data have not yet been used to investigate in detail the single rupture’s locations associated with
the largest mainshocks. Here, we use SAR data acquired from the ALOS-2 system to generate line-of-sight (LOS)
displacement maps over ascending and descending orbits to retrieve the corresponding vertical and horizontal
displacement fields (VDM and HDM, respectively) affecting the investigated area.
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Figure 1. Geological map. Geological scheme of the study area (modified after*?) and coseismic ruptures
observed in the field along with the main shocks of the 2016-2017 earthquake sequence.

Sensor InSAR pair Orbit | Track | Wavelength (cm) | Perpendicular baseline (m) | Look angle (deg)
ALOS-2 24/08/2016-02/11/2016 | ASC 197 242 99 36.6
ALOS-2 31/08/2016-09/11/2016 | DESC 92 24.2 56 36.8
ALOS-2 24/08/2016-06/09/2017 | ASC 197 242 127 36.6
ALOS-2 31/08/2016-24/05/2017 | DESC 92 242 15 36.8

Table 1. ALOS-2 coseismic interferometric pairs exploited for the DInSAR analysis.

We propose a new approach aimed at a detailed identification and analysis of all the single surface ruptures
within the entire deformation field produced by the earthquakes. In this way, we are able to analyse, at the same
time, regional and local scale deformations at an accuracy never experienced before. The results of this work
show the potential of our approach in analysing DInSAR data to readily trace coseismic deformations, even if
located in remote and complex areas. Such displacement maps can therefore be considered an added valuable
information to support field activities during seismic emergencies.

Seismotectonic setting

The area affected by the 2016 seismic events is localized in a tectonically complex region of the central Apennines
(Fig. 1), whose structural evolution is characterized by a first Late Miocene—Early Pliocene compressional phase,
followed by Late Pliocene—Quaternary extension'®!. The compressional phase has been controlled by the M.
Sibillini thrust'® (MSt, Fig. 1) which marks the tectonic boundary between the Mesozoic—Paleogene carbonate
sequence at its hangingwall, and the Late Miocene—Early Pliocene flysch at its footwall (Fig. 1).

The N-S trending compressional structures are displaced by later NN'W-SSE trending normal faults, even if
their cross-cutting relationships are still debated'*-*!. The VFS (Fig. 1), characterized by several fault segments?, is
the main extensional structure. The seismic sequence, which ruptured the entire VFS, started with the 24 August
2016 Mw 6.0 and Mw 5.4 events, followed, two months later, by the 26 October Mw 5.9 and the 30 October Mw
6.5 events®; this work is focused on the deformation associated with the October earthquakes.

The activation of the VFS during the largest events is recorded by surface ruptures developed along the major
SW-dipping fault segments and minor synthetic and antithetic structures depicting a complex deformation
pattern®-27,

Data and methods

We use SAR images collected from the ALOS-2 system between the 24 August 2016 (excluding the 24 August
main-shock) and the 6 September 2017, coupled to generate four interferometric pairs (Table 1 and Fig. S1).
Data from the 24 August 2016 (acquired immediately after the 24 August Accumoli event), the 2 November
2016 and the 6 September 2017 have been collected over ascending orbit, while data from the 31 August 2016,
9 November 2016 and 24 May 2017, over descending orbit.
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In this work, the exploited DInSAR measurements have been retrieved by using the Parallel Small BAseline
Subsets (P-SBAS) algorithm?®. These SAR acquisitions have been exploited to compute the differential inter-
ferograms and the corresponding radar line-of-sight (LOS) displacement maps. We remark that the processing
is carried out at the ALOS-2 full spatial resolution up to interferogram generation. At this step, to produce the
differential interferograms, a multi-look operation is implemented to increase the signal-noise ratio. In addi-
tion, to remove the topographic phase contribution, the SRTM-1arcsec Digital Elevation Model (DEM) has
been used. The corresponding displacement maps have a ~ 30 m-pixel resolution and are estimated through an
appropriate phase unwrapping operation®’. Subsequently, we combine these displacement maps***! to obtain
vertical and horizontal (East-West) coseismic displacement components maps. More in detail, we combine
the displacement maps with shorter timespan over ascending (24/08/2016-02/11/2016) and descending orbits
(31/08/2016-09/11/2016) to retrieve the VDM1 and HDM1 maps (Fig. S2a,b). Instead, the displacement maps
with longer timespan over ascending (24/08/2016-06/09/2017) and descending orbits (31/08/2016-24/05/2017)
have been used to generate VDM2 and HDM2 maps (Fig. S2¢,d).

The comparison between the two sets of displacement maps, allows us to better discern the actual zones
affected by ground deformation from a possible influence of the atmospheric phase artefacts.

The interferometric pair has been imported into MOVE software (Petroleum Experts Ltd.) as a point cloud, to
be subsequently interpolated. The interpolation has been performed by using two different algorithms, Delaunay
Triangulation® and Ordinary Kriging®, using suggested parameters, to verify their influence on the output sur-
face. Since the two interpolations gave the same analytical result, we can assume that, with such a dense points
cloud, the output surfaces are not affected by interpolation methods. We decided to use the surface created by
Delaunay Triangulation for the analysis performed in this work.

We analyse the coseismic deformation patterns mainly on the VDMs since the studied earthquakes are mainly
controlled by prevalent dip-slip movement®*. In particular, we focus on the analysis of the VDM1, which involves
the temporally shorter and less noisy interferometric pairs. Nevertheless, we also inspect the VDM2 (Figs. S2,
S$3), to better discriminate the zones actually affected by surface deformation from possible undesired phase
artefacts (e.g., atmospheric phase delays, phase unwrapping errors).

Starting from the VDM1 (Fig. S2a), we investigate the surface ruptures and large-scale deformation tracing
a set of 35 cross-sections covering the whole analyzed area. These transects are 1-km spaced and orthogonal to
the mean strike of the VFS (Fig. 2a). In Fig. 3, we report a selection of seven sections, which are representative
of the overall deformation pattern.

Due to the complexity of the deformed zone, we apply an integrated approach to trace the surface ruptures
by means of the analysis of the displacement gradient on both the cross-sections and VDM1. On the cross-
sections, we consider vertical displacements higher than 3 cm'%, corresponding to about 1/8 of the exploited
ALOS-2 system wavelength, which represents a realistic error range for the estimated coseismic displacements.
On VDM, we identify the steep displacement gradient computing the slope (see Fig. 2b and the raster file in
the supplementary material) by using the QGIS software, that provides the rate of the vertical displacement
(i.e., deformation gradient) ranging from 0° to 30°. This latter approach allows to automatically trace the surface
ruptures. The length of each rupture is ensured by cross-checking the amounts of displacement on the sections
and the lateral continuity of the slope values calculated on the VDML. Finally, the retrieved ruptures (Fig. 2a)
are subsequently compared and validated with those recognized from the field surveys® (Fig. 2c).

Results and discussion
The VDMI shows a generalized subsidence of the hanging-wall block characterized by a peculiar triangular
shape (Fig. 2), with a maximum value (~ — 101 cm) recorded north of Castelluccio di Norcia (dark red). A weak
uplift (~+17 cm) is recorded in the Norcia area, to the west of the subsiding sector (light blue). The maximum
displacement gradient, marked by the sharp contact between green to red patterns (Fig. 2) follows the complex
trace of the seismogenic VFS.

The selected cross-sections (Fig. 3) show a southward increase of the subsidence, ranging from a maximum
of 30-40 cm to the north (sections S1-S3), up to 85-100 cm in the central part of the subsiding area (sections S4,
S5), which also corresponds to the area of maximum horizontal displacement (Fig. S4). While the VFS hanging-
wall is characterized by a long-wavelength upward-convex curvature (Fig. 3), the VFS fault zone is characterized
by sharp, well-localised vertical displacements. In the southern sector, the long-wavelength deformation is less
evident and locally interrupted to the south by a steep vertical gradient, testifying the occurrence of an antithetic
NE-dipping fault (Fig. 3f).

Besides considering the deformation caused by the October earthquakes, our data also include the post-seis-
mic deformation following the 24 August earthquake. However, we assume that the small post-seismic deforma-
tion, estimated to ranging from 13.2+ 1.4 to 35.5+ 1.7 mm from 30 October 2016 to 6 January 2017%, is negligible
(i.e., in the range of the error of the DInSAR dataset) when compared with the total amount of deformation.

Despite thousands of coseismic ruptures have been recognized in the field, for a cumulative length of ca.
88 km, we are able to recognize evidence of unclear and debated seismic ruptures recognized in the field. In detail,
even if we identify a lower number of coseismic ruptures, these are characterized by higher lateral continuity,
up to a cumulative length of ca. 100 km.

We focus on the area south of M. Vettore (Fig. 4, inset in Fig. 2a) where, although high resolution kinematic
field data are available, the activation of some fault segments and cross-cutting relationships are still debated. We
thus report a comparison among the VDM1 slope analysis (Fig. 4a), the DInSAR- (Fig. 4b) and the field-derived
surface ruptures”® (Fig. 4c). The results of the first two analyses allow us to further extend the lateral continuity of
the coseismic ruptures, which are characterized by higher lengths than those observed in the field; this is strongly
evident by comparing F1, F2, F3, F4 and F6 segments (Fig. 4b,c). In particular, we retrieve a ~ 5 km long rupture
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Figure 2. Comparison between DInSAR and field data. (a) Vertical displacement map (VDM1) with traces
of the coseismic surface ruptures from this study and the cross-section traces (labelled S1 to S7). (b) Results
of the slope analysis carried out on the whole studied area and superimposed on the VDM1. The blue zones
correspond to steep vertical gradients of the VDMI1 and are interpreted as coseismic ruptures. (¢) Vertical
displacement map (VDM1) with traces of the coseismic surface ruptures from the field surveys® (purple lines).

in the southern sector (F4 in Fig. 4b), which is longer than the SW-dipping fault segment previously mapped’.
In the same sector, we are also able to confirm the southward continuity of the F3 segment, cross cutting the
MSt (Fig. 4b); this segment is clearly visible in the field when cuts carbonate sequence, whereas is less clear in
siliciclastic deposits®*. In addition, we observe a minor correspondence in a restricted zone on the steep SW
slope of Mt. Vettore, where some segments, characterized by different orientation, dip and displacements, are
located in a zone affected by high decorrelation noise of the DInSAR data. Indeed, we recognize a SW-dipping
segment (Fa in Fig. 4b), not observed in the field, located in the same area of an antithetic segment (F7 in Fig. 4c),
which in turn we are not able to identify.

A quantitative comparison of DInSAR- and field-derived vertical displacement® (Fig. 4d) reveals that our
approach is particularly effective to constrain ruptures characterized by spatial vertical displacement up to
50-60 cm, which, in the field, show an unclear lateral continuity. For instance, we show that F3 is characterized
by a high displacement with a peak of 50 cm in carbonate rocks at the MSt hangingwall, decreasing down to
10 cm in siliciclastic rocks at the MSt footwall.

The overall results highlight a good agreement in the spatial distribution of the DInSAR-derived and field rup-
tures; moreover, thanks to the VDMI, we are able to recognize evidence of debated coseismic ruptures recognized
in the field. On the other hand, the performed quantitative analysis reveals that the vertical displacement values
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Figure 3. VDMI cross-sections. Seven representative cross-sections showing the vertical displacement (VD,
in black), and the topography (in red). The grey areas represent the zones affected by deformation close to
the VES. The VFS, the antithetic fault, the VD and the ruptures have been derived from the VDM1. Vertical
exaggeration of the VD = x 25.

obtained by DInSAR data, are generally lower than those measured in the field (Fig. 4d). These discrepancies
occur because the interferometric phase is strongly noisy close to ruptures as displacement exceed a single-phase
cycle, which corresponds to half wavelength of the transmitted signal®”.

Our results also find evidence of large-scale deformation, which is challenging to measure in the field. The
clearest evidence is represented by the flexural bending of the VES hanging wall as reconstructed in detail from
our cross-sections (Figs. 3, S3 and S4). To the north, the hangingwall is downthrow and reaches a maximum
subsidence of ~ 30 cm. Southward, the deformation profiles show a typical curvature, characterized by bending
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Figure 4. Comparison of field and DInSAR results of the M. Vettore area. (a) Slope distribution obtained

from the VDM1, superimposed on the DEM. (b) Coseismic ruptures derived from the VDMI. (c) Coseismic
ruptures mapped in the field®. The white lines mark the trace of the M. Sibillini Thrust (MSt). (d) Comparison
of the vertical displacement (VD) accrued by single ruptures as observed in the field (dotted lines) and from the
VDM1 (continuous lines).

toward the main fault and a weak bulge, up to ~ 15-20 cm along its hinge zone. Further to the south, the defor-
mation gradient increases and an antithetic fault forms, leading to the loss of the curvature and of the back
bulge (Fig. 5). In this model, a first stage of deformation is characterized by a downthrow movement of the
hangingwall following a gradual curvature toward the main fault. When the hangingwall experiences further
bending, accompanied by a forward migration of the fold hinge, the strength limit of the rocks is reached, and
an antithetic fault is produced to accommodate the on-fault movement.

We remark that the retrieved results provide new important constraints that can be exploited for further
studies on mechanical and kinematic modelling.

Conclusions

The new approach of DInSAR data interpretation propose in this work allows us to quickly generate a detailed
map of the surface deformation patterns related to the fault segments activated during the October 2016 earth-
quakes in central Italy. In addition, we give insights on debated cross-cutting relationships (i.e., the southern
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Figure 5. Off-fault deformation development. Conceptual model of the long wavelength hangingwall
deformation. (a) Hangingwall bending increases where the fault displacement is higher. (b) Rupture of the
hangingwall following its forward migration, and development of an antithetic fault.

segment of the VFS cross-cutting the MSt) as well as on large-scale deformation associated with faulting (i.e.,
the bending of the hanging-wall block).

Our approach does not intend to substitute fieldwork activities, but it aims to demonstrate the potential of
DInSAR technique to support field survey overcoming its limitations (i.e., remote areas or ruptures hidden by
alluvium deposits). In addition, the quick identification of coseismic ruptures just after major seismic events,
would allow to reduce the costs and time spent in the field by efficiently driving the geologists onsite. On the other
hand, the intrinsic limitations of the DInSAR technique make the fieldwork essential to identify and quantify
the actual amount of coseismic displacement accrued by single ruptures and faults.

Accordingly, we suggest that future approaches, based on such data and methods, integrated with further
geodetic and surface geological measurements, can be profitably employed to provide a faster and better char-
acterization of active seismogenic faults.

We conclude that the methodological approach proposed in this paper can be potentially applied to world-
wide earthquakes, based on their environmental characteristics, aiming to speed up and better focus any kind
of post-earthquake interventions in the emergency phase.

Data availability

We include the original ASCII file of the DInSAR data (VDM1 and HDM1), the raster file of the slope analysis
of the VDMI1 and the original coseismic ruptures in .kmz file in the FigShare repository at the https://doi.org/
10.6084/m9.figshare.17128943.

Received: 23 July 2021; Accepted: 4 February 2022
Published online: 24 February 2022

References

1. Scholz, C. The Mechanics of Earthquakes and Faulting 3rd edn. (Cambridge University Press, 2019). https://doi.org/10.1017/97813
16681473.

2. DuRoss, C. B. et al. Surface displacement distributions for the July 2019 Ridgecrest, California, earthquake ruptures. Bull. Seis.
Soc. Am. 110(4), 1400-1418. https://doi.org/10.1785/0120200058 (2020).

3. Barnhart, W. D,, Gold, R. D. & Hollingsworth, J. Localized fault-zone dilatancy and surface inelasticity of the 2019 Ridgecrest
earthquakes. Nat. Geosci. https://doi.org/10.1038/s41561-020-0628-8 (2020).

4. Delorme, A. et al. Complex deformation at shallow depth during the 30 October 2016 Mw6.5 Norcia earthquake: Interference
between tectonic and gravity processes. Tectonics 39, €2019TC005596. https://doi.org/10.1029/2019TC005596 (2020).

5. Massonnet, D. et al. The displacement field of the Landers earthquake mapped by radar interferometry. Nature 364, 138-142
(1993).

6. Monterroso, F. et al. A global archive of coseismic DInSAR products obtained through unsupervised sentinel-1 data processing.
Remote Sens. https://doi.org/10.3390/rs12193189 (2020).

7. Villani, F. et al. A database of the coseismic effects following the 30 October 2016 Norcia earthquake in Central Italy. Sci. Data 5,
180049 (2018).

8. Brozzetti, E et al. High-resolution field mapping and analysis of the August-October 2016 coseismic surface faulting (central Italy
earthquakes): Slip distribution, parameterization, and comparison with global earthquakes. Tectonics 38(2), 417-439. https://doi.
0rg/10.1029/2018TC005305 (2019).

Scientific Reports |

(2022) 12:3172 | https://doi.org/10.1038/s41598-022-07068-9 nature portfolio


https://doi.org/10.6084/m9.figshare.17128943
https://doi.org/10.6084/m9.figshare.17128943
https://doi.org/10.1017/9781316681473
https://doi.org/10.1017/9781316681473
https://doi.org/10.1785/0120200058
https://doi.org/10.1038/s41561-020-0628-8
https://doi.org/10.1029/2019TC005596
https://doi.org/10.3390/rs12193189
https://doi.org/10.1029/2018TC005305
https://doi.org/10.1029/2018TC005305

www.nature.com/scientificreports/

9. Lavecchia, G. et al. Ground deformation and source geometry of the 24 August 2016 Amatrice earthquake (Central Italy) inves-
tigated through analytical and numerical modeling of DInSAR measurements and structural-geological data. Geophys. Res. Lett.
43(24), 12389-12398 (2016).

10. Cheloni, D. et al. Geodetic model of the 2016 Central Italy earthquake sequence inferred from InSAR and GPS data. Geophys. Res.
Lett. 44, 6778-6787. https://doi.org/10.1002/2017GL073580 (2017).

11. Polcari, M. et al. Using multi-band InSAR data for detecting local deformation phenomena induced by the 2016-2017 Central
Italy seismic sequence. Remote Sens. Environ. 201, 34-242. https://doi.org/10.1016/j.rse.2017.09.009 (2017).

12. Valerio, E. et al. Ground deformation and source geometry of the 30 October 2016 Mw 6.5 Norcia Earthquake (Central Italy)
investigated through seismological data, DInSAR measurements, and numerical modelling. Remote Sens. https://doi.org/10.3390/
1510121901 (2018).

13. Valerio, E., De Novellis, V., Manzo, M. & Tizzani, P. Fractal study of the 1997-2017 Italian seismic sequences: A joint analysis of
seismological data and DInSAR measurements. Remote Sens. https://doi.org/10.3390/rs11182112 (2019).

14. Bignami, C. et al. Volume unbalance on the 2016 Amatrice-Norcia (Central Italy) seismic sequence and insights on normal fault
earthquake mechanism. Sci. Rep. 9(1), 1-13. https://doi.org/10.1038/s41598-019-40958-z (2019).

15. Brozzetti, F. et al. Mainshock anticipated by intra-sequence ground deformations: Insights from multiscale field and SAR inter-
ferometric measurements. Geosciences https://doi.org/10.3390/geosciences10050186 (2020).

16. Pauselli, C. et al. The crustal structure of the northern Apennines (Central Italy): An insight by the CROP03 seismic line. Am. J.
Sci. 306(6), 428-450. https://doi.org/10.2475/06.2006.02 (2006).

17. Barchi, M. R. The Neogene-Quaternary evolution of the northern Apennines: Crustal structure, style of deformation and seismicity.
J. V. Expl. https://doi.org/10.3809/jvirtex.2010.00220 (2010).

18. Mazzoli, S., Pierantoni, P. P, Borraccini, E, Paltrinieri, W. & Deiana, G. Geometry, segmentation pattern and displacement vari-
ations along a major Apennine thrust zone, Central Italy. J. Struct. Geol. 27, 1940-1953. https://doi.org/10.1016/].jsg.2005.06.002
(2005).

19. Porreca, M. et al. 3D geological reconstruction of the M. Vettore seismogenic fault system (Central Apennines, Italy): Cross-cutting
relationship with the M. Sibillini thrust. J. Struct. Geol. 131, 103938. https://doi.org/10.1016/j.jsg.2019.103938 (2020).

20. Ercoli, M. et al. Using seismic attributes in seismotectonic research: An application to the Norcia Mw = 6.5 earthquake (30 October
2016) in central Italy. Solid Earth 11, 329-348. https://doi.org/10.5194/se-11-329-2020 (2020).

21. Buttinelli, M. et al. The impact of structural complexity, fault segmentation, and reactivation on seismotectonics: Constraints from
the upper crust of the 2016-2017 Central Italy seismic sequence area. Tectonophysics 810, 228861. https://doi.org/10.1016/j.tecto.
2021.228861 (2021).

22. Barchi, M. R. et al. The influence of subsurface geology on the distribution of earthquakes during the 2016-2017 Central Italy
seismic sequence. Tectonophysics 807, 228797. https://doi.org/10.1016/j.tecto.2021.228797 (2021).

23. Chiaraluce, L. et al. The 2016 Central Italy seismic sequence: A first look at the mainshocks, aftershocks, and source models.
Seismol. Res. Lett. 88(3), 757-771. https://doi.org/10.1785/0220160221 (2017).

24. Civico, R. et al. Surface ruptures following the 30 October 2016Mw 6.5 Norcia earthquake, central Italy. J. Maps. https://doi.org/
10.1080/17445647.2018.1441756 (2018).

25. Ferrario, M. E. & Livio, F. Characterizing the distributed faulting during the 30 October 2016, Central Italy earthquake: A reference
for fault displacement hazard assessment. Tectonics 37, 1256-1273. https://doi.org/10.1029/2017TC004935 (2018).

26. lezzi, F, Roberts, G., Walker, J. F. & Papanikolaou, I. Occurrence of partial and total coseismic ruptures of segmented normal fault
systems: Insights from the Central Apennines, Italy. J. Struct. Geol. 126, 83-99. https://doi.org/10.1016/j.jsg.2019.05.003 (2019).

27. Perouse, E. et al. Coseismic slip vectors of 24 August and 30 October 2016 earthquakes in Central Italy: Oblique slip and regional
kinematic implications. Tectonics 37(10), 3760-3781 (2018).

28. Casu, E et al. SBAS-DInSAR parallel processing for deformation time-series computation. IEEE J. Sel. Top. Appl. Earth Obs. Remote
Sens. 7(8), 3285-3296. https://doi.org/10.1109/JSTARS.2014.2322671 (2014).

29. Costantini, M. A novel phase unwrapping method based on network programming. IEEE Trans. Geosci. Remote Sens. 36, 813-821
(1988).

30. Manzo, M. et al. Surface deformation analysis in the Ischia Island (Italy) based on spaceborne radar interferometry. J. Volcanol.
Geoth. Res. 151, 399-416. https://doi.org/10.1016/j.jvolgeores.2005.09.010 (2006).

31. De Luca, C., Zinno, L., Manunta, M., Lanari, R. & Casu, F. Large areas surface deformation analysis through a cloud computing
P-SBAS approach for massive processing of DInSAR time series. Remote Sens. Environ. 202, 3-17. https://doi.org/10.1016/j.rse.
2017.05.022 (2017).

32. Delaunay, B. Sur la sphere vide: Bulletin de 'Académie des Sciences de TURSS. Classe des Sciences Mathématiques et Naturelles 6,
793-800 (1934).

33. Isaaks, E. & Srivastava, R. Applied Geostatistics 542 (Oxford University Press, 1989).

34. Boncio, P. & Lavecchia, G. A structural model for active extension in Central Italy. J. Geodyn. 29, 233-244 (2000).

35. Pousse-Beltran, L. et al. Localized afterslip at geometrical complexities revealed by InSAR after the 2016 Central Italy seismic
sequence. JGR Solid Earth https://doi.org/10.1029/2019JB019065 (2020).

36. Testa, A. et al. Mapping the geology of the 2016 Central Italy earthquake fault (Mt. Vettore—Mt. Bove fault, Sibillini Mts.): Geological
details on the Cupi-Ussita and Mt. Bove-Mt. Porche segments and overall pattern of coseismic surface faulting. Geol. Field Trips
Maps 11(2.1), 1-13. https://doi.org/10.3301/GFT.2019.03 (2019).

37. Massonnet, D. & Feigl, K. L. Radar interferometry and its application to changes in the Earth’s surface. Rev. Geophys. 36(4), 441-500.
https://doi.org/10.1029/97RG03139 (1998).

Acknowledgements

We thank N. D’Agostino, E Brozzetti, D. Cirillo and R. Lanari for the useful discussions, which helped to improve
the manuscript. We also thank the Editor and the two anonymous reviewers for their constructive comments.
Funding has been provided by the MIUR (MUSE 4D project, Grant PRIN2017BARCH), H2020 EPOS-SP (GA
871121) and ENVRI-FAIR (GA 824068) projects. M.P. acknowledges the support of ASI (Agenzia Spaziale
Italiana) under the ASI-UniPG Agreement 2019-2-HH.0. The ALOS-2 data are provided by JAXA through the
Announcement of Opportunity (AO) RA-6 PI No.3184. The geological map has been produced with the software
QGIS Desktop 3.20.3 (https://www.qgis.org/en/site/), while the deformation maps and sections with MOVE 2019
under academic licence (https://www.petex.com/products/move-suite/).

Author contributions

E.C.: work planning, conceptualization, DInSAR data interpretation, data analysis and interpretation of results,
figures preparation, writing of the manuscript. M.P.: work planning, conceptualization, interpretation of results,
review of literature, writing of the manuscript. E.V.,, M.M. and C.D.L.: DInSAR data processing, interpretation

Scientific Reports |  (2022)12:3172 | https://doi.org/10.1038/s41598-022-07068-9 nature portfolio


https://doi.org/10.1002/2017GL073580
https://doi.org/10.1016/j.rse.2017.09.009
https://doi.org/10.3390/rs10121901
https://doi.org/10.3390/rs10121901
https://doi.org/10.3390/rs11182112
https://doi.org/10.1038/s41598-019-40958-z
https://doi.org/10.3390/geosciences10050186
https://doi.org/10.2475/06.2006.02
https://doi.org/10.3809/jvirtex.2010.00220
https://doi.org/10.1016/j.jsg.2005.06.002
https://doi.org/10.1016/j.jsg.2019.103938
https://doi.org/10.5194/se-11-329-2020
https://doi.org/10.1016/j.tecto.2021.228861
https://doi.org/10.1016/j.tecto.2021.228861
https://doi.org/10.1016/j.tecto.2021.228797
https://doi.org/10.1785/0220160221
https://doi.org/10.1080/17445647.2018.1441756
https://doi.org/10.1080/17445647.2018.1441756
https://doi.org/10.1029/2017TC004935
https://doi.org/10.1016/j.jsg.2019.05.003
https://doi.org/10.1109/JSTARS.2014.2322671
https://doi.org/10.1016/j.jvolgeores.2005.09.010
https://doi.org/10.1016/j.rse.2017.05.022
https://doi.org/10.1016/j.rse.2017.05.022
https://doi.org/10.1029/2019JB019065
https://doi.org/10.3301/GFT.2019.03
https://doi.org/10.1029/97RG03139
https://www.qgis.org/en/site/
https://www.petex.com/products/move-suite/

www.nature.com/scientificreports/

of the results, review of the manuscript. S.A. and M.E.: preliminary work, critical review of the manuscript and
general discussions. M.B.: critical review of the final manuscript, supervision, and funding acquisition.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-07068-9.

Correspondence and requests for materials should be addressed to M.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:3172 | https://doi.org/10.1038/s41598-022-07068-9 nature portfolio


https://doi.org/10.1038/s41598-022-07068-9
https://doi.org/10.1038/s41598-022-07068-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Surface ruptures and off-fault deformation of the October 2016 central Italy earthquakes from DInSAR data
	Seismotectonic setting
	Data and methods
	Results and discussion
	Conclusions
	References
	Acknowledgements


