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Key points: 

(1) Unique dataset of high resolution georeferenced 3D point clouds of bedrock fault 

scarp before and after the October 30 earthquake.  

(2) The near-field coseismic displacements of the Mt Vettore fault for the October 30 is 

quantified  

 (3)  October 30 surface rupture results from seismic slip at depth and has thus a tectonic 

origin.   
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Abstract 

After August 24 and October 30 2016 central Italy earthquakes (Mw 6.0 and 6.5, 

respectively), photogrammetry and geodetic survey were performed at various sites along a 6 

km-long portion of the rupturing Mt Vettore fault system, providing very high resolution 

georeferenced 3D point clouds and imagery of the August 24 rupture and a dataset of bedrock 

fault scarp before/after the October 30 earthquake. The maximum coseismic displacement for 

both events occurs near Scoglio dell’ Aquila with an average normal dip-slip of 22 ± 4cm and 

184 ± 6cm, respectively. Coseismic slip vectors, and meter-scale corrugation axis are 

oriented N280 ±10° on the ~N140° striking main Vettore fault involving oblique normal slip 

with a right-lateral component, and N205 ±10° on ~N170° fault strands implying oblique 

normal slip with a left-lateral component. We quantify the near-field coseismic displacements 

of the Mt Vettore fault for the October 30 event: the footwall has been translated horizontally 

by 42 ± 2cm toward the ENE and uplifted by 11 ± 2cm. The hangingwall has moved 

horizontally by 26 ± 2cm, toward the NW, in a direction parallel to the fault plane and 

subsided by 116 ± 2cm. The fault geometry and our determined surface coseismic slip 

vectors are mechanically compatible with a σ3= N65 ±15°. This stress regime is consistent 

with the October 30, 2016 focal mechanism and the relative motion between the Adriatic 

microplate and the Tyrrhenian coastal region. The October 30 surface rupture results from 

seismic slip at depth and  thus has a tectonic origin.    
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1. Introduction  

Understanding how surface rupture observations can be related to crustal deformation is 

key to any morphotectonic studies. Moreover geological observations of the past surface 

rupture are an essential component of fault-based seismic hazard analysis (e.g., Peruzza et al., 

2011; Field et al., 2015; Valentini et al., 2017). Surface rupture associated with normal fault 

earthquakes have been scarce since the advent of modern seismology (Wallace, 1987; Caskey 

et al., 1996; Boncio et al., 2012). In the Mediterranean in particular, there have been very few 

normal fault earthquakes strong enough to be associated with unquestionable surface rupture 

and recent enough to be instrumentally recorded (e.g., Jackson et al., 1982; Bernard & Zollo, 

1989; Pantosti et al., 1993).  

In 2016, Italy was struck by an earthquake sequence that lasted several months with 3 

shocks on August 24, Mw=6.0, October 26, Mw=5.9 and October 30, Mw=6.5 (Figure 1). 

This sequence occurred in Central Apennines, where NW-SE striking normal fault systems 

are accommodating ~4 mm/yr of ENE directed extension related to the relative motion 

between the Adriatic microplate and the Tyrrhenian coastal region ( D’Agostino et al., 2011; 

D’Agostino, 2014; Devoti et al., 2017, inset Figure 1). This sequence hit the Norcia-Amatrice 

area, less than 20 km south of the area that was shaken during the 1997 Colfiorito 

earthquakes (≥ Mw6.0) and about 50 km north of L’Aquila struck in 2009 (Mw=6.1) (Figure 

1).  All in all, almost 60-km of faults ruptured during the 2016 sequence along the Mt 

Vettore-Bove fault system, partially filling a gap between the 1997 and the 2009 earthquake 

sequences. There was no clear foreshocks activity prior to the August 24 first event 

(Chiaraluce et al., 2017). All the main events of 2016 sequence are confined within the first 8 

km of the upper crust and the two major events nucleated at 7-8 km depth,  on N150° (±10°) 

striking normal fault planes, dipping 50° (±5°) westward , at the intersection with a basal 

structure gently dipping eastward (Chiaraluce et al., 2017).  

Those earthquakes produced surface rupture mainly along the Mt Vettore fault resulting 

in fault scarp exhumation of almost 2 m during the October 30 event. The main rupture 

associated with this event is about 8-km-long and bound the main Mt Vettore fault plane 

(Villani et al., 2017, 2018; Civico et al., 2018). There have been, however, debate as to 

whether or not the observed displacement on the Mt Vettore fault that reached up to 2 m of 

vertical displacement after the October 30 event was related to coseismic displacement or 

rather surficial processes resulting from shaking and unrelated to the seismic source (e.g. 

Valensise et al. 2016 refering to August 24
th

 event). The rupturing scenario, with several 
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events rupturing consecutively several fault segments, and the morphological expression of 

the surface ruptures make this earthquake sequence a unique natural laboratory to study 

earthquake normal fault morphological expression.  

Here we aim at constraining the co-seismic slip vectors from high resolution surveying of 

the surface displacements triggered by the August 24 and October 30 events. Our 

contribution is based on photogrammetry data of the bedrock fault scarp before and after the 

August 24 and October 30 earthquakes at various points along the rupturing Mt Vettore fault 

segment. The acquired dataset allows determining the co-seismic slip vectors of August 24 

and October 30 events. The near field coseismic motions of the footwall and of the 

hangingwall during the October 30 event are also determined with GNSS benchmarks points 

measured before and after this earthquake. All our observations are then compared and 

discussed with other sets of data both at longer time scale and at a larger spatial scale. 

2. Surface ruptures and field observations 

The 2016 central Italy seismic sequence started on August 24 with a Mw=6.0 mainshock 

located a few kilometer north of Amatrice, followed by a Mw=5.4 aftershock located 10km to 

the NW (Figure 1), causing 299 fatalities and heavy damages in the nearby villages. The most 

prominent surface ruptures were observed north of the epicentral area, along the southern 

portion of the Mt Vettore fault system, following a N155° alignment over an overall length of 

~5km (Pucci et al., 2017). The surface ruptures, running at the base of the Mt Vettore 

cumulative scarp, cross cut through all morphological features such as geological beddings, 

unconsolidated deposits, alluvial fans and gullies, independently from lithology and 

topography (Pucci et al., 2017). The average observed coseismic vertical throw is 13 cm with 

maximal values of 25 cm located in the Scoglio dell’ Aquila area (see location on figure 2b). 

Southward of August 24 epicenter, sparse surface ruptures associated with less than 5 cm 

throw have been observed along the northern portion of the Mt. Gorzano fault (Figure 1) 

(Pucci et al., 2017). 

Two months later, on October 26 a Mw=5.9 event occurred 25 km north of the August 24 

rupture area, near Visso (Figure 1). Diffuse surface displacements of few centimeters have 

been observed near Visso (Villani et al., 2017, 2018; Civico et al., 2018). On October 30, the 

largest shock of the sequence (Mw=6.5) occurred between the two previous events. A 

complete and detailed map of the surface observations has been compiled by the EMERGEO 

group (i.e., (Villani et al., 2017, 2018; Civico et al., 2018) and presented in detail in Figure 2a 
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and 2b. The surface coseismic ruptures extend from Ussita in the north to Forca di Presta in 

the south, roughly trending ≈ N155° for about 30 km long over a 5 km wide area (Figure 2a).  

In Figure 2a and 2b, the coseismic rupture is color-coded according to the vertical throw 

(Villani et al., 2017, 2018; Civico et al., 2018) . The vertical throw increases from NW to SE 

with a few centimeters in the Ussita area, 50-70 cm at the base of Mt Porche, and 80-130cm 

along the main Mt Vettore fault segment (Scoglio dell’ Aquila sites) (Figure 2a). The 

maximal coseismic throw was observed along the Mt Vettore segment for both August 24 

and October 30 events.  

We hereby describe the surface ruptures associated with October 30 event from south to 

north. It starts from the road near Forca di Presta climbing the relief toward Mt Vettoretto 

following a N170° trend for about 1 km. It then veers westward striking N140° over a few 

hundred meters. Surface ruptures are then distributed on two main branches joining at the 

base of the most prominent escarpment just below the Cima del Redontore peak culminating 

at 2448 m asl (Figure 2d). The main one runs along the limestone free face striking N140° 

and is associated with the most important vertical displacement (Figure 2c). The second one 

composed of several en-echelon segments of 10-100 m long, is N170-180° oriented and runs 

along the major slope break on the Mt Vettore flank. It then veers N120° when reaching the 

upper main branch. Others smaller segments are visible on the slope in front of the Scoglio 

dell Aquila main branch, dipping NE and delimiting a small graben of a few hundred meters 

width (Figure 2b). North of Cima del Redentore, although the Vettore fault continues 

northward, the rupture progressively vanishes after a few hundred meters. Lower in the 

topography, the rupture striking  N160-170° becomes visible again when crossing Valle delle 

Fonti (also known as “Colli alti e bassi”, Figure 2b).  

After both August 24 and October 30 events, ground-based photogrammetric surveys 

were performed at three sites along the fault portion associated with the most important 

displacements (Figure 2b). Structure-from-Motion (SfM) photogrammetry surveys of the 

surface rupture were performed at two sites near Scoglio dell’Aquila (SN for Scoglio north 

site and SS for Scoglio south site) and one site at Valle de Fonti (VF), (Figure 2b). Site SS 

was surveyed both before and after October 30 earthquake whereas SN and VF were only 

surveyed after October 30. In addition, GNSS benchmark points were placed near Scoglio 

dell’Aquila and Mt Vettoretto on both sides of the rupturing fault after August 24 event 

allowing reconstruction of the absolute fault motion during October 30 event. We hereby 

present the results of those high resolution acquisitions. 
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3. Results from photogrammetry data 

3.1 Photogrammetry survey and 3D topography acquisition 

Over the last decade, development in geospace technologies and terrestrial remote sensing 

has been very rapid. Close-range SfM-photogrammetry has become an extremely powerful 

tool to acquire georeferenced topographic models from simple and lightweight devices, also 

allowing to produce spectral orthophotographies. SfM-photogrammetry appears as an 

efficient tool for reconstructing earthquake offsets, tectonic structural analysis and 

determining surface displacement fields (e.g., Bemis et al., 2014, Johnson et al., 2014; 

Lucieer et al., 2014, Shervais and Kirkpatrick 2016; Billant et al., 2016; Escartin et al., 2016). 

The principle of SfM-photogrammetry has been reviewed largely in the literature (James & 

Robson, 2012; Westoby et al., 2012). Here we summarized the few main steps : (i) the 

acquisition of several photographs of a realworld object from different point of views; (ii) the 

calculation of the relative location of each photograph using the internal calibration of the 

camera and a bundle-ray adjustment algorithm; (iii) the dense correlation between each image 

pair for creating a dense 3D point cloud. This point cloud is georeferenced with Ground 

Control Points (GCP) in an absolute coordinate system. Many digital elevation products can 

then be generated, such as a DEM, along with orthophotomosaics on the desired projection 

plane. The quality and accuracy of the 3D model is related to several factors of the 

photogrammetric pipeline. The image quality is essential and depends upon the sensor, the 

optical lense, and also on the photographic setting. A sharp and detailed photograph is 

required with minimal loss of quality towards the image corners. The protocol of shooting 

has to include parallel overlapping pictures complemented by some oblique photographs to 

avoid hidden parts of the fault scarp and a few convergent photographs, focused on a textured 

3D object, for proper calibration of the camera. This calibration is then used as input for 

external orientation of the camera. The last important point is the optimization of the external 

orientation using some GCPs for correcting non-linear distortion and removal of outliers in 

the sparse point cloud. Dense correlation can then be parametrized with more or less 

regularization depending of the level of smoothing aimed. In the field, we placed regularly on 

the fault scarp and about 1-2 m around, 10 checkerboard GCPs per site (Table S2). Each GCP 

was measured using a RTK-GNSS device (Trimble R8) with an accuracy of better than 3 cm 

(see Table S2, coordinate system used is WGS84 / UTM zone 33N).  The base station was 

deployed at the base of the Mount Vettore, with a PDL-450 Trimble radio transmission 
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system. The rover was used over the benchmarks, with a radio receiver antenna for real time 

GNSS-corrections. The base point coordinates were derived from post-processing RINEX 

data using the Aquila permanent GNSS station, and the Trimble Business Center software. 

The distance between the two stations is 49 km. Absolute motion of the L’Aquila station 

(<1mm) during the October 30
th

 earthquake with respect to our local displacements is 

considered negligible.   

The digital camera used is a full frame Sony Alpha 7R with a CMOS sensor 7360x4912 

pixels wide, equipped with a fixed focal length lens Sony 28mm f/2. The acquisition of 

ground photographs was performed with almost the same photographic settings (fstop:11; 

ISO 400; Autofocus but with keeping fixed distance camera to object) for each site 

independently, and stabilization device was disabled ensuring a strong camera rigidity. 

Photogrammetry processing was undertaken with the software Agisoft Photoscan 

Professional version 1.2.6. Processing parameters are given in the Supplemental material 

(Table S1). 

The dense point clouds acquired with photogrammetry allows reconstructing the co-

seismic slip vectors for October 30 at SN, SS and VF, and the coseismic slip vectors for 

August 24 at SN and SS. This will be presented in section 3.2. Reconstructed 3D meshes with 

texture of the bedrock fault planes also allows visualization of longer term kinematics 

indicators such as striations, slickensides and corrugations, that will be presented in section 

3.3. Moreover, at SS, the availability of a pre- and post-October 30 point cloud allows  

determining the absolute 3D coseismic displacements of the footwall and the hangingwall, 

presented in section 3.4. Point clouds acquired at SN and SS are publicly-available through  

https://tls.unavco.org/projects/U-067/. 

3.2 August 24 and October 30 events coseismic slip vectors  

3.2.1 Determination 

During a normal faulting earthquake, the relative motion between the hangingwall 

(HW) and the footwall (FW) produces bedrock footwall exhumation at the base of the 

cumulative fault scarp. The freshly exposed section depicts a pale unweathered coseismic 

ribbon on the fault plane (Figure 3a), which represents a good geomorphic marker for 

deriving the 3D coseismic slip vector. The photogrammetry sites SN and SS exhibit two 

distinctive coseismic ribbons at the base of the fault scarp: an upper white ribbon exhumed 

during August 24 event and a lower yellowish ribbon, exhumed during October 30 event 

https://tls.unavco.org/projects/U-067/


 

 
© 2018 American Geophysical Union. All rights reserved. 

(Figure 3b, Supplementary Material Figure S1). At the Valle delle Fonti site, the coseismic 

ribbon results from October 30 event only (Supplementary Material Figure S2). 

At each site, the top and the bottom of the coseismic ribbons (lines L0 and L1 for 

August 24 ribbon, lines L1 and L2 for October 30 ribbon) were digitized on the point cloud 

(Figure 3). Marker points were then manually identified on L0, L1 and L2 to reconstruct the 

coseismic slip vectors at each site (purple and black vectors on Figure 3c) (see Gold et al. 

2013 and Delong et al. 2015 for a similar approach). The identified marker points are 

typically sharp line bends and/or inflexion point curves, as shown on Figure 3d, which can be 

recognized before and after the earthquake on the fault plane. We could identify the location 

of  each marker point with an error that we estimate at 2.5 cm for the sharpest marker points, 

and at 4 cm for marker points having a more blurred or smoothed shape (Figure 3c, 3d, Table 

1). As a slip vector connects two marker points having independent uncertainties, the 

uncertainty associated with the slip vector length is the quadratic sum of the uncertainty of 

each marker point (Taylor 1997), resulting in a 4 to 6 cm error in the slip vector length (Table 

1). The error in slip vector direction, which results from each marker point location 

uncertainty and the slip vector length, is then calculated for each slip vector (see Table 1). All 

the coseismic slip vectors length and direction from manual picking are plotted on Figure 4 

and reported in Table 1 .  

 Moreover, we derive coseismic slip vectors using the Iterative Closest Point (ICP) 

algorithm which computes the rigid body transformation (rotation and translation) between 

two offset 3-dimensional shapes (Besl & McKay 1992). This algorithm has already been used 

to constrain coseismic deformation by using pre- and post-earthquakes point clouds (Nissen 

et al., 2012, 2014; Scott et al., 2018). We implemented this ICP algorithm into python script 

which requires a “source” and a “target” point cloud and find the rigid body transformation to 

match the two point clouds.  

We applied global point-to-point ICP on these two point clouds, following three iterative 

steps: (1) For each point of the “source” point cloud, the closest neighbor point in the “target” 

point cloud is identified. (2) We compute the rigid body transformation (a translation and a 

rotation) that minimizes distances between all paired points. (3) The resulting rigid body 

transformation is applied globally to the entire “source” point cloud.  

We used as “source” and “target” point clouds the digitized top line and bottom line of the 

October 30 coseismic ribbon, respectively (lines L1 and L2, respectively, Figure 3c). Then, 
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we apply the single final obtained rigid body transformation matrix (which includes a small 

rotational component) to the source point cloud (i.e., L1 line, Figure 3c) to derive a 

continuous coseismic displacement field. On Figure 4, we plot the along fault strike 

projection of this continuous displacement field, with a ~10cm resolution (dotted line on 

Figure 4). 

  3.2.2 Coseismic slip vectors description 

 

For October 30 event, at each site, along ~ 8m-long fault plane section, we derived 8 

to 10 coseismic slip vectors from manual picking marker point, and a continuous array of 

coseismic slip vectors from the ICP method (Figure 4). The point clouds also allow accurate 

determination of the fault strike and dip, from which the dip-slip and lateral-slip components 

of the coseismic slip vectors are determined (inset Figure 4, Table 1). The coseismic slip 

vectors determined from the two different methodologies (manual marker point picking and 

ICP method) give similar results that we describe below. 

At SS site, the fault plane has an averaged direction of N140º, showing along strike a 

gradual increase from N135° to N145° toward the NW, and an averaged dip of 70ºSW 

(Figure 3c and d). At this site, the coseismic ribbon exhibits sharp and well identified limits. 

This allows coseismic slip vectors to be well constrained with marker points associated with 

an uncertainty that we estimate of at most 2.5 cm (Table 1). The coseismic slip is constant 

along strike, with average values of 130 ±4 cm of normal dip-slip, 44 ±4 cm of right-lateral 

slip, and an average slip vector direction of N280° ±10° (Figure 4a, 4b). 

At SN site, the fault plane also follows a N140º average direction, (between N136º 

and N144º), and with an average dip of 75°SW. At this site, the limit between August 24 and 

October 30 coseismic ribbon is at most places along the fault blurred by the presence of soil 

material. This results in larger uncertainties on the markers points location that we estimate to 

be of at most 4 cm (Supplementary Material Figure S1, Table 1). For October 30 event, the 

coseismic slip decreases along strike northwestward with an average dip-slip of 184 ±6 cm, 

(from 210 to 150 cm) and a relative constant right-lateral slip of 22 ±6 cm (Figure 4a). The 

slip vector direction derived from manual picking and ICP method varies from N240º to 

N280º with an average value of N260 ±20° (Figure 4b). 

Finally, on the site VF, the fault strike changes from N140º to N170º northwestward 

with a constant dip of 70°SW. The October 30 coseismic ribbon exhibits sharp limits, 

allowing the identification of markers point with an estimated uncertainty on their location of 
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at most 2.5 cm (Supplementary Material Figure S2, Table 1). The coseismic slip vector is 

constant along strike, with 58 ±4 cm of normal dip-slip and 18 ±4 cm of left-lateral slip. The 

coseismic slip vector direction is on average of N205º ± 10º with a slight decrease toward the 

SE (from N215° to N200°) (Figure 4b). Note that slip vector direction errors are high at this 

site because slip vector length are shorter than on the two other sites (Table 1).      

For August 24 event, the average coseismic slip at SS site is 16 ± 4cm of  normal dip-

slip and  3 ± 4cm of right-lateral slip (Table 1) with a slip vector direction of N250º ± 40º. At 

SN, it is 22 ± 4cm of normal dip-slip, with no lateral component with a slip vector direction 

of N240º ± 40º. Note that because the vector lengths are small for that event, the uncertainties 

associated with the slip vector direction are large. It is interesting to note that the maximum 

coseismic slip displacement for both October 30 and August 24 events is observed at SN site, 

with an average dip slip of 184 ± 6 cm and 22 ± 4 cm, respectively (Table 1).  

We summarize our results on Figure 5, with stereoplots of all the averaged values of 

coseismic slip amplitude and direction for October 30 and August 24 events, as well as fault 

plane data. Those results suggest that October 30 earthquake is associated with oblique 

normal slip at the three sites with a right-lateral component for the SS and SN sites (slip 

vectors direction of N280 ±10° for SS and N260 ±20° for SN, Figure 5), and a left-lateral 

component on the site VF (slip vectors direction of N205º ± 10º, Figure 5). The lateral 

component appears to be slightly different for August 24 event, with a right-lateral 

component at the SS site (slip vector direction N250º ± 40º) but a pure normal dip-slip on the 

SN site (slip vector direction of N240º ± 40º).  

3.3 Striation and corrugation 

In this section, we analyze millimeter-scale frictional wear striae on bedrock fault plane 

and meter-scale fault plane corrugations, observed at the three sites. Field measurements 

(Figure 5c) of linear striations were performed with a regular compass, with an accuracy of ± 

2°. Highly polished slickenlined surfaces are very clear on the textural 3D meshes of the 

point clouds (down to 1 mm resolution, see example on Figure 6d). The bedrock striae were 

thus digitized from the point clouds as 3D lines, and their direction and plunge were 

measured (green dots on Figure 5c). Finally, to highlight meter-scale fault plane corrugation, 

we computed normals on the photogrammetry point clouds and converted these normals to 

scalar dip direction values (CloudCompare, v2.9.1, 2018). We then subtract 90° from the 

latter dip direction values to obtain scalar fault plane direction values (Figure 6). Direction 
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and plunge of the highlighted corrugation axis were measured (purple dots on the Figure 5c 

and dashed lines on Figure 6).  

At SS site, the meter-scale fault plane corrugations are only visible on the northwestern 

portion of the site, striking ~N255°, with a ~0.5 m wavelength (Figure 5c, 6c). Bedrock 

striations at this site are scattered, with striae directions varying between N225º and N285º. 

At SN site, the fault plane corrugations strike ~N285°, with wavelength of 0.75 to 1.25 m, 

affecting the fault plane over the 3m-high bedrock fault scarp (Figure 5c, 6b), with the 

corrugation axis and the bedrock striation that are collinear (Figure 5c). At VF site, the fault 

plane corrugations are very clear from top to bottom of the 5m-high cumulative bedrock fault 

scarp, striking ~N195° (Figure 5c, 6a), with wavelength that vary between 0.2 and 3.5 m 

(Figure 6a) and corrugations axis that are collinear with the bedrock fault plane striae (Figure 

5c) as at SN.  

When comparing the orientation of those longer term kinematic indicators with the 

geometry of the recent coseismic slip vectors (Figure 5c), the results are identical at all sites 

within uncertainties. Only at SN, a slight difference in direction between  August 24 event 

slip vectors and bedrock fault plane striation/corrugation  is observed which might be due to 

the large uncertainties associated with August 24 slip vectors.  

3.4 Near-field footwall and hangingwall coseismic displacement  

On the site SS (Scoglio South, see location on Figure 2b), photogrammetry survey of 

the fault scarp was made both before and after October 30 earthquake, providing an 

opportunity to generate a pre- and a post-earthquake georeferenced point cloud of the Mt 

Vettore fault scarp (Figure 7). From these two pre- and a post-earthquake point clouds, we 

used the ICP algorithm (Besl & McKay, 1992) to derive 3D coseismic displacement fields for 

both the footwall and the hangingwall as explicit in section 3.2.1. We use global ICP 

transformations, as opposed to the windowed approach used in studying several M≥7 

earthquakes worldwide (Nissen et al., 2012, 2014; Glennie et al., 2014; Scott et al., 2018). 

Point clouds processing and ICP implementation were performed here using CloudCompare 

version 2.9.1, 2018. 

First, we separated from the pre-earthquake point cloud the points belonging to the 

footwall surface (F1 point cloud, Figure 8a), and the points belonging to the hangingwall 

surface (H1 point cloud, Figure 8a). We performed the same for the post-earthquake point 

cloud, by isolating F2 (footwall surface point cloud) and H2 (hangingwall surface point 
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cloud, Figure 8b).  

For the footwall, we performed point-to-point ICP between two restricted areas of F1 and F2 

that were not affected by block falling during the earthquake (F1x and F2x, respectively, 

Figure 8a, 8b). The ICP follows the same iterative steps as described in section 3.2.1, the 

“source” point cloud being F1x and the “target” cloud being F2x. Then we apply the obtained 

rigid body transformation matrix to the entire F1 point cloud to derive the continuous 

coseismic displacement field of the footwall (Figure S3). The residuals calculated between 

the transformed F1 and F2 are shown on Figure 8c and 8d. The match is excellent as most of 

the residuals are < 1cm (Figure 8d). High residuals (>5 cm) are only observed locally, and 

coincide with snow banks or fallen blocks (Figure 8c), suggesting that our rigid 

transformation matrix obtained from ICP corresponds mainly to rigid tectonic displacement.  

For the hangingwall, there were important differences between H1 and H2 surfaces 

(differential snow coverage, many fallen block during the earthquake, see Figure 8a and 8b) 

that prevented successful applications of the ICP method. We could thus only perform a point 

cloud alignment between H1 and H2 by pair picking points, manually selecting pair points in 

the central part of H1 and H2 (Figure 8a, 8b). The obtained rigid transformation matrix (a 

translation, a rotation, no scaling) is then applied on the entire H1 point cloud to derive the 

continuous displacement field of the hangingwall (Figure S3).  The residuals between the 

transformed H1 and H2 show that the surface matching is less good than for the footwall, 

although a significant portion of the residuals is < 1cm (Figure 8d). High residuals (>5 cm) 

occupy a large zone mostly at the extremity of the site, and are related to the different snow 

coverage between the two clouds, and the fallen blocks (Figure 8c).  

At first order, the yielded displacement field for both the footwall and the hangingwall 

consist mostly in translation, the amount of rotation being negligible (Supplementary 

Material Figure S3). To be consistent with our previous results, we considered the 

displacement values over the zone where coseismic slip vectors have been previously 

determined (see section 3.2, Figure 3) which is also the area showing the best surface 

matching from ICP transformation (Figure 8c). In this zone, the displacement values typically 

vary over a range of no more 4 cm, thus yielding average coseismic displacements with an 

error of ± 2cm. 

Our results show that during October 30 event, the footwall has been translated 

horizontally by 42 ± 2 cm toward the NE (azimuth N63° ± 2°) and uplifted 11 ± 2 cm (Figure 

9). The hangingwall has moved horizontally by 26 ± 2 cm , in a direction parallel to the fault 
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plane toward the NW (azimuth N315° ±10°), and vertically downward 116 ± 2 cm. We can 

calculate the resulting relative block motion by subtracting the two vectors, which 

corresponds to the coseismic slip vector (Figure 9c). Relative to fixed footwall, we find a 

coseismic slip vector having an horizontal component of 55 cm toward the west (azimuth 

N270°) and 127 cm of vertical downward component (black vector on Figure 9). These 

values are in good agreement with the coseismic slip vector derived from coseismic ribbon 

exhumation in the previous section at the site SS (Table 1, Figure 5). 

4. Results from geodetic benchmarks 

Following the August 24 earthquake, we installed eight benchmark points on the footwall and 

hanging wall of the Monte Vettore fault, near Scoglio dell’ Aquila, Mt Vettoretto and Forca 

di Presta (Figure 10a, acquisition characteristics and site coordinates are summarized in 

Supplementary Material, Table S2). The benchmark points are survey nails of 2-cm diameter 

that have been fixed on stable bedrock on September 14th, 2016, during the field campaign 

following August 24 event. We decided to install those benchmarks to monitor potential post-

seismic effects. Their positions were measured using a GNSS-RTK Trimble R8 device.  

When October 30 earthquake occurred, we remeasured their position with the same 

equipment on November 9
th

 (see section 3.2.1 for details on the base station).  

The difference between the position before and after October 30 of those geodetically 

recorded benchmarks, thus allow calculating the near-field absolute coseismic displacements 

of the footwall and hangingwall (Supplementary material, Tables S3, S4, S5). Two 

benchmarks, located about 300 m apart along strike, are placed on the footwall near SS and 

SN sites, about 50 cm from the fault rupture, and one benchmark on the hanging wall about 

100 m away from the fault plane. At Mt Vettoretto, a footwall-hanging wall benchmark 

points pair is fixed about 50 cm from both side of the fault plane, bwhile an additional 

benchmark point is fixed on the hanging-wall about 200 m below the fault plane. An 

additional footwall-hanging wall benchmark points pair is emplaced within less than 30 cm 

on both side of the fault rupture, in the gully toward Forca di Presta (Figure 10a).  

At Scoglio dell’ Aquila, the results indicate that the footwall moved horizontally of ~40 

cm toward the NE and vertically of 10-15 cm upward (Figure 10a). These values are in good 

agreement with the absolute footwall coseismic displacement derived from photogrammetry 

data (Figure 8 and 9). For the hangingwall, the results show a vertical motion of 94 cm 
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downward, and an horizontal motion of 13 cm toward NNE. Thus, while for the vertical 

motion the results are in agreement with the ones derived from photogrammetry, there is a 

difference in the trend and in the magnitude for the horizontal component of the hangingwall 

(~25cm toward NW according to the photogrammetry data). This discrepency could be due to 

the location of the geodetic benchmark for the hangingwall which is ~100m away from the 

fault scarp, while SfM is performed a few meters away from the fault scarp. Moreover, we 

cannot rule out the hypothesis of a slight local rotation affecting the geodetic benchmark 

location particularly the ones located on the hangingwall. 

The results obtained at the three sites show a general decrease, southeastward along 

strike, of the absolute coseismic displacements of the footwall and hangingwall (Figure 10). 

The vertical component decreases southeastward from 12 to 4 cm for the footwall and from 

94 to 26 cm for the hanging wall (Figure 10). The horizontal component, decreases slightly 

for the footwall from 40 to 30 cm southeastward but with an orientation that remains constant 

at ~60ºN. The hanging wall horizontal component remains constant with a value of 12-15 cm 

but with an orientation that varies by more than 90° along strike (Figure 10b). 

We can calculate the relative block motion at each site by subtracting the footwall motion 

to the hangingwall motion (Figure 10c, 10d). When comparing the direction of relative block 

motion to the direction of fault segments, it appears that slip is normal with a right-lateral 

component at Scoglio dell’ Aquila, purely dip-slip normal in the Mt Vettoretto, and normal 

with a left-lateral component near Forca di Presta (Figure 10d). 

5. Discussion 

Few normal fault sequences in the world have been recorded with detailed description of 

their associated surface ruptures. In that respect, the 2016 earthquake sequence is remarkable 

since it occurs at a period of time where high resolution novel tools are available to fully 

assess the fault kinematic and surface rupture geometry, along with dense geodetic and 

seismological networks, and the possibility to acquire InSAR and satellite images before and 

after the events. 

The presented results were derived from field campaigns carried out on September 13, 

2016, and 7-11 November, 2016. Although we can’t rule out the possibility of a post-seismic 

contribution on the displacement we record during that time frame, we assume in the 

following that our data are not significantly affected by post seismic effects and mostly 

record coseismic deformation (e.g., Cheloni et al., 2017; Wilkinson et al., 2017).  
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5.1 Coseismic slip vectors and fault geometry: implication for regional 

kinematics  

Our work focused on the high resolution data of the surface rupture associated with 

August 24 and October 30 events. The combined approaches yield concordant results 

summarized in Figure 11. At the five study sites between Forca di Presta and Valle delle 

Fonti, the slip vectors obtained for October 30 event suggest that the slip is oblique to the 

fault direction, with left-lateral component on N170° oriented faults and right-lateral 

component on N140° striking fault.  Similarly, Pucci et al. (2017) observed right-lateral en-

echelon on N130°-140° striking fault strands near Mt Vettoretto following the August 24 

event.  

The overall fault geometry on this ~ 6 km-long area and our determined oblique normal 

coseismic slip vectors are mechanically compatible with an extensional tectonic regime 

characterized by a N65° ±15° trending σ3 axis  (Figure 11). This stress regime is also 

compatible with the October 30 focal mechanism solution (fault plane N150° 45°SW with a 

N245°-oriented T-axis, http://cnt.rm.ingv.it/; Figure 11). Our model would also account for 

the ~ N170° striking surface rupture at Mt Porche arranged in a left lateral en-echelon pattern. 

Interestingly, previous kinematic studies performed in the area (e.g., Brozzetti & Lavecchia, 

1994; Cello et al., 1997; Boncio et al., 2000; Ferrarini et al., 2015)  also concluded  that faults 

between Colfiorito and L’Aquila are in a state of stress oblique to their main direction with 

right-lateral component on more E-W striking faults and left-lateral component of more N-S 

striking fault, also consistent with an extension at N50°±15°. Ferrarini et al. (2015), in 

particular, compared the stress fields derived from 1997 Colfiorito earthquake focal 

mechanisms and the geological slip indicators. They found consistent stress field suggesting 

the persistence of a constant NE directed extension in the Umbria-Marche region, at least 

since the Early Quaternary. The N72°-oriented T-axis of the 1979 Norcia earthquake focal 

mechanism (Ms=5.9) is also consistent with our model (Deschamps et al., 1984).  Finally, a 

state of stress with σ3 at N65° (±15)° is consistent with  the regional ~N60° directed 

extension in Central Apennines, related to the relative motion between of the Adriatic 

microplate and the Tyrrhenian coastal region (D’Agostino et al., 2011; D’Agostino, 2014; 

Devoti et al., 2017) inset Figure 1. All those observations thus suggest that the surface 

ruptures observed along the Mt Vettore-Bove fault system after the October 30 earthquake 

are kinematically coherent with the seismic slip generated at depth at the hypocenter (Figure 

11). The change of fault plane dip between the surface rupture (65ºW to 80ºW, see Table 1) 
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and the rupture at nucleation depth (50ºW ±5º, at 7-8 km depth, Chiaraluce et al., 2017) 

would imply a slight bending of the fault plane. Further data would however be necessary to 

clearly image the structural link between surface and depth, beyond the scope of the present 

study. The driving source for this crustal extension could be the motion of the Adriatic 

microplate relative to the Tyrrhenian coastal region, compatible with an extensional tectonic 

regime characterized by a N65 (±15)° trending σ3 axis.  

The geometry observed with small fault strands of variable strikes resembles the 

geometry observed at fault propagating tip (Perrin et al., 2016; Nicol et al., 2017) and could 

thus suggest northward propagation of the Mt Gorzano fault system in agreement with the 

conclusions from Pizzi et al. (2017). The intersegment zone that we define as the distance 

between the two faults tips (the Mt Gorzano and the Mt Vettore) is 2-5-km-long and 

coincides with the location of the pre-existing OAS thrust (Figure 11). The presence of the 

OAS thrust oblique ramp, striking oblique to the main faults might potentially play a key role 

in guiding the rupture on pre-existing already fractured medium, as it has been observed in 

numerical models or in relay zone (Klinger, 2010) and already invoked in central Apennines 

to explain the position of the most recent faults in the relief (Winter & Tapponnier, 1991). In 

addition, activation of the ~N30° directed OAS thrust ramp at depth during October 30 event 

has been proposed based on inversion of geodetic data only (Cheloni et al., 2017) or joint 

invertion of seismograms and coseismic GPS displacements (Scognamiglio et al. 2018). 

Their derived slip vector on this ~N30° directed dislocation, is a normal slip with left-lateral 

component, which is also compatible with our determined surface slip vectors (Figure 11). 

The good consistency between the kinematics derived from August 24, October 30, 

and longer term slip indicators (Figure 5) suggest there has been no major change in this state 

of stress over at least the last 10-20 ka, as suggested in previous studies (e.g., Ferrarini et al., 

2015).  

5.2 Coseismic slip and rupture extent, comparison with seismological and 

InSAR rupture models, and with scaling relationships 

From our study, we note that the maximum surface coseismic slip displacement for 

both October 30 and August 24 events is observed along the Mt Vettore fault, at SN site, with 

an average dip slip of 184 ± 6 cm and 22 ± 4 cm, respectively (Figure 2b, Figure 4, Table 1). 

For October 30 event, Villani et al. (2018) further constrain that the average coseismic throw 

derived from all the mapped ruptures is ∼0.3 m, with more than 2 km of these ruptures 
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displaying  >1 m average throw, and a local maxima reaching up to ∼2.4–2.6 m along the 

main Mt Vettore fault scarp.  The distribution and the magnitude of the coseismic slip at 

depth have been quantified in rupture models both for August 24 and October 30 events, 

inverted from strong-motion data (Chiaraluce et al., 2017) and InSAR and GPS data (Tinti et 

al., 2016; Cheloni et al., 2017; Pizzi et al., 2017; Tung & Masterlark, 2018). All those models 

converge towards a similar scenario: August 24 event involved a bilateral rupture 

characterized by two main rupturing patches, associated with peak of slip of at most 1 m on 

the northern portion of the 50°SW-dipping Mt Gorzano fault and on the southern segments of 

the 40°SW-dipping Mt Vettore fault, both segments possibly merging into a single fault plane 

at about 4-6 km depth. For October 30, those authors evidence a high slip patch on a N150° 

striking, 50°SW dipping fault plane, at 6-8 km depth, with maximum slip of ~2.5 m. It is 

striking that average and  maximum slip observed at the surface along the main Mt. Vettore 

fault for October 30 event (Dmean ≈ 1m and Dmax  ≈ 2.5m,  Villani et al., 2018) are very 

similar to the ones derived at depth (Dmean ≈ 1.3m and Dmax ≈ 2.6m, values synthesized from 

Cheloni et al., 2017; Chiaraluce et al., 2017). This is not the case for the August 24 event 

where surface coseismic slip are estimated at Dmean ≈ 0.1m and Dmax ≈ 0.3m (coseismic throw 

measured on the field, e.g., Pucci et al., 2017) while rupture models suggest at depth Dmean  ≈ 

0.5m and Dmax ≈ 1.4m (Cheloni et al., 2017; Chiaraluce et al., 2017). 

Concerning surface rupture length, recent empirical earthquake source-scaling 

relationships based on a large database of rupture models (including 29 rupture models for 

normal faulting events, Thingbaijam et al. (2017) suggest that a Mw 6.5 earthquake would 

produce a rupture length L ~27  km. The Mw 6.5 October 30 event fits well with the 

predicted L according to both surface ruptures extend (~25 km-long distance, Figure 2a, 

Villani et al. 2017, 2018; Civico et al. 2018) and rupture models inverted from strong-motion 

and geodetic data (20 to 27 km fault plane length, (Cheloni et al., 2017; Chiaraluce et al., 

2017; Pizzi et al., 2017). Thingbaijam et al., (2017) predict a rupture length L~15km for a 

Mw 6.0 earthquake. Rupture models for Mw 6.0 August 24 event involve 20-25 km of fault 

plane length (Cheloni et al., 2017; Chiaraluce et al., 2017), suggesting a larger-than-average 

length/Mw ratio for this earthquake. Finally, the surface rupture extend for August 24 event is 

only ~ 5km long (Pucci et al., 2017). Thus, for the August 24 event, the surface rupture 

represented less than 20% of its total length (5 km at surface Vs. 25 km at depth), while for 

October 30 event the surface rupture represented more than 80% of the total length estimated 

from seismic data (20-25 km at the surface, 20-25 km at depth). 
 



 

 
© 2018 American Geophysical Union. All rights reserved. 

Others normal faults earthquakes show such difference, for example the surface 

rupture associated with the 1986 Kalamata earthquake although of lower magnitude (Ms=5.8, 

Lyon-Caen et al., 1988) also covered 2/3 of the aftershocks zone length, while on the contrary 

for the 1980 Irpinia earthquake (Ms=6.9), with a magnitude above the October 30 event, the 

rupture reached sporadically the surface representing less than 20% of its total length (e.g., 

Bernard & Zollo, 1989). In the case of the October 30 earthquake, the vertical extent of the 

rupture ought to be limited by a decollement plane clearly outlined by the aftershocks at 8 km 

depth (Chiaraluce et al., 2017). Consequently, the dimensions of the rupture plane along 

strike and dip had an aspect ratio > 1 which might explain the large slip per unit length. This 

geological structure at depth thus might have strongly influence the rupture propagation at the 

surface, impeding the vertical rupture propagation at depth and thus triggering a wide zone of 

strain energy released at the surface.  

5.3 Fault dislocation from near-field to far-field data 

Near field coseismic displacement for October 30 event from photogrammetry and 

geodetic benchmarks yield similar results: the footwall has been translated horizontally by 42 

± 2 cm toward the ENE (azimuth N63° ± 2°) and uplifted 11 ± 2 cm. The hangingwall has 

moved horizontally by 26 ± 2 cm, in a direction parallel to the fault plane toward the NW 

(azimuth N315° ±10°), and vertically downward 116 ± 2 cm. In Figure 12, we compare our 

results with far-field coseismic displacements measured by GPS stations after October 30 

event (Cheloni et al., 2017), and the data from (De Guidi et al., 2017) that installed a GNSS 

network after August 24 event. Our near-field displacement is remarkably consistent with the 

far field footwall motion measured on those others stations, both for the vertical and 

horizontal components (Figure 12). In particular, the horizontal motion of the footwall toward 

the ENE is similarly observed in near-field (our data) and far-field domain (permanent GPS 

stations) (Figure 12). Moreover, this ENE directed motion of the footwall is oriented 

perpendicularly opposite to the main slope direction. These observations suggest the 

occurrence of a regional scale crustal motion for the footwall, which would imply tectonic 

forcing. In the hangingwall, horizontal displacements  have a general uniform trend toward 

the WSW in far-field domain, and become more differentiated near-field of the Mt Vettore 

fault. This might be due to the presence of conjugated faults and to the fault geometry near 

the Mt Vettore, as previously highlighted and described in previous section (see Figure 11).  
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The profile displaying the vertical components across Scoglio site shows that the near 

field results yielded from our geodetic benchmarks can be extrapolated to the southwestward 

GPS stations (Figure 12). This profile shows predominance of subsidence with a ~ 1:10 ratio 

between footwall uplift and hangingwall subsidence. This is very similar to what has been 

observed for coseismic displacements on normal faults in the Basin and Range (Thompson & 

Parsons, 2016). Another important observation is that the most important displacement is 

accommodated on the main Mt Vettore fault producing a wide subsidence area that comprises 

the entire Castelluccio plain-Norcia basin zone (~15km wide zone, Figure 12c). The 

antithetic fault outlined by aftershocks data (Chiaraluce et al., 2017) and input in various 

interpretative models derived from InSAR data  e.g., (Cheloni et al., 2017), is however not 

detectable in this profile. The absolute displacement associated with the smaller faults located 

on the hanging wall and disrupting the Mt Vettore flank were not measured since we did not 

place benchmarks on those. However, the relative displacement during October 30 event was 

measured (i.e., coseismic throw, Villani et al., 2017, 2018; Civico et al., 2018, Figure 2a, 2b), 

and we displayed those values on Figure 12d. Even considering the observed offsets on the 

faults as subsidence, the amount of displacement is still smaller compared to the motion 

accommodated on the main Mt Vettore fault at Scoglio site. We also cannot rule out the 

possibility that some proportion of the displacement on those smaller segments might be 

affected by gravitational effects, those being on the slope of the Mt Vettore.   

This profile thus suggests a normal faulting dislocation profile associated with the SW 

dipping Mt Vettore fault as the master fault.  

6. Conclusions 

  

Our photogrammetry surveys, carried out after both August 24 and October 30 

earthquakes (Mw=6.0 and Mw=6.5 respectively) at various sites in the Mt Vettore fault 

system (central Italy), provide an exceptional dataset of georeferenced point clouds of 

bedrock fault scarp before/after the earthquakes.  

The results yielded from those surveys and from benchmarks points remeasured after 

October 30 event suggest that both August 24 and October 30 earthquake are associated with 

oblique normal slip on the 6-km-long studied portion between Forca di Presta and Valle delle 

Fonti. The coseismic slip vectors, and the meter-scale corrugation axis have directions of (1) 

N280° ±10° on the N140° striking main Vettore fault, involving normal slip with a right-
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lateral component; and (2) N205° ±10° on the N170° fault strands, involving normal slip with 

a left-lateral component (Figure 5). The maximum coseismic displacement is observed on the 

Scoglio dell ’Aquila sites for both October 30 and August 24 events with an average dip slip 

of 184 ± 6 cm and 22 ± 4 cm, respectively (Figure 4, Table 1). During October 30 event, the 

footwall has been translated horizontally by 42 ± 2 cm toward the ENE (azimuth N63° ± 2°) 

and uplifted 11 ± 2 cm. The hangingwall has moved horizontally by 26 ± 2 cm, in a direction 

parallel to the fault plane toward the NW (azimuth N315° ±10°), and vertically downward 

116 ± 2 cm (Figure 9, 10). There is a general decrease, south-eastward along strike, of the 

absolute coseismic displacements of the footwall and hangingwall. 

 The overall fault geometry observed on this ≈ 6 km-long area and our determined 

surface oblique normal coseismic slip vectors are mechanically compatible with an 

extensional tectonic regime characterized by a N65° ±15° trending σ3 axis  (Figure 11). This 

stress regime is also compatible with the the T-axis of the October 30 fault plane solution  

(Figure 11, http://cnt.rm.ingv.it/) and with the regional ~N60° directed extension in Central 

Apennines, related to the relative motion between the Adriatic microplate and the Tyrrhenian 

coastal region (D’Agostino, 2014; D’Agostino et al., 2011, Devoti at al. 2017, inset Figure 1). 

The amount of coseismic slip at depth, derived from the October 30 rupture model, inverted 

from strong-motion data (Chiaraluce et al., 2017) and geodetic data (Tinti et al., 2016; 

Cheloni et al., 2017; Pizzi et al., 2017; Tung et al., 2018) is comparable in magnitude with 

our derived values of surface coseismic displacements. Moreover, the near field results 

yielded from our geodetic benchmarks are in agreement and can be extrapolated to the south-

westward far field GPS permanent stations showing the predominance of subsidence between 

the footwall and the hangingwall, coherent with a normal faulting dislocation profile (Figure 

12). Both near-field (our study) and far-field GPS data (Cheloni et al., 2017; De Guidi et al., 

2017) show that the footwall of the SW° dipping Mt Vettore normal fault moved horizontally 

toward the ENE during October 30 (Figure 12), suggesting a regional scale crustal motion. 

All together, our results strongly suggest that October 30 surface rupture is the surface 

expression of seismic slip at depth, and has thus a tectonic origin. It would be interesting to 

study whether the location of the aftershocks and background seismicity are related to the 

amount of oblique slip, accommodating a potential deficit of deformation.   
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Figure 1: Neotectonic framework of Central Apennines and location of the central Italy 2016 

seismic sequence.  Active fault mapping (black faults) in the Mt Vettore- Mt Bove fault 

system (VBFS) is from the present study, and other fault systems are compiled from  

(Benedetti, 1999; Tesson et al., 2016) and references therein. GF: Gorzano Fault. Main 

Neogene thrust are  shown in grey : Valnerina Line (VL), Olevano-Antrodoco-Sibillini 

(OAS), Gran Sasso (GS) (Calamita et al., 2011; Di Domenica et al., 2014). Focal mechanism 

of 1997 Colfiorito earthquake is from the CMT catalog (Dziewonski et al., 1981; Ekström et 

al., 2012) focal mechanism of 2009 to 2017 events are from the INGV web page 
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(http://cnt.rm.ingv.it). Historical events (white circles) with their date AD are from CPTI15 

catalog (Rovida et al., 2016) Inset:  Large scale plate kinematics in Central Apennines area. 

GPS velocity field, in a Tyrrhenian reference frame, is from D’Agostino (2014). The red box 

indicates the map location. 
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Figure 2a: Mt Vettore- Mt Bove fault system (VBFS) and surface rupture map for October 30 

event. Amount of surface coseismic throw (vertical component of offset) is synthesized from 

the Open EMERGEO Working Group compilation (Villani et al., 2017, 2018; Civico et al., 

2018). The rupture and fault mapping is from the present study, and from S. Baize and H. 

Jomard (Personal communication) for antithetic fault strands south of Castelluccio, F. Leclerc 

(Personal communication) for the south-east portion of the main Mt Vettore fault. Focal 

mechanisms are the same as in Figure 1. White arrows delimit the extent of surface coseismic 

ruptures for October 30 event (this study) and August 24 event (e.g., Pucci et al., 2017). 

OAS: Olevano-Antrodoco-Sibillini thrust. Question marks point to hypothetic surface rupture 

occurrence. 

Figure 2b: Surface rupture map for October 30 event in the Mt Vettore area (close up of 

Figure 2a), showing the location of our photogrammetry sites and geodetic benchmarks. Fault 

color code is the same than in Figure 2a. Valle delle Fonti is also known as “Colli alti e 

bassi”. The topography background is a high-resolution Pléiades DEM 2m resolution 

(courtesy of A. Delorme from IPGP, numerical computations were performed on the S-

CAPAD platform, IPGP, France and using MicMac (Rosu et al., 2015), Pléiade image of 

2017-01-12. 2c): main  surface rupture running along the base of the main Mt. Vettore fault 

(striking ~ N140°,  dipping ~70°SW). 2d): on the first plane, secondary branch of surface 

rupture, showing parallel segment arrays;  in the background, main rupture at the base of the 

cumulative main Mt. Vettore fault escarpment.  
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Figure 3: Coseismic slip vectors derived using photogrammetry point cloud at the site 

Scoglio South (SS). a) Sketch illustrating bedrock fault plane exhumation during a normal 

faulting earthquake. FW: footwall, HW: hangingwall. L stands for the line at the surface 

representing the intersection between the hangingwall and the footwall, L0 is before August 

24 earthquake, L1 is after August 24 earthquake and L2 is after October 30 earthquake. b) 

Photogrammetry point cloud at SS site, November 2016 ( Animated 3D views are available 

in Supplementary Material Figure S4). c) Similar markers along L0 and L1, and L1 and L2, 

allows deriving individual coseismic slip vectors for August 24 (purple vectors) and October 

30 (black vectors), respectively. Plain and dashed vectors are associated with marker picking 

uncertainty of 2.5 and 4 cm, respectively. d) Example of markers points identified on L0, L1 

and L2 highlighted with circles. Note that specific bends or remarkable features have been 

selected and pinpointed on each line. Scoglio North (SN) and Valle delle Fonti (VF) point 

clouds, with their slip vectors determination are available in Supplementary material, Figure 

S1, S2. 
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Figure 4: Along fault plot of coseismic slip vectors values and fault plane characteristics 

derived for the three photogrammetry sites, for October 30 event (methodology in Figure 3). 

Punctual symbols refer to slip vectors derived from manual selection of markers pairs (see 

Figure 3); dotted lines depict continuous arrays of slip vectors obtained from Iterative Closest 

Point (ICP) algorithm, between the digitized lines L1 and L2 (see Figure 3 and text for 

details): each point corresponds to a slip vector value, with a sampling of one point every 

~10cm along strike. 
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Figure 5: Lower-hemisphere stereographic plots of derived coseismic slip vectors for October 

30 event, August 24 event (see Figure 3, 4 Table 1) and longer-term kinematic indicators for 

the three photogrammetry sites. 
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Figure 6: Post-October 30 earthquake point clouds of the three photogrammetry sites, with 

natural textural mesh (left column), and scalar color-coding relative to fault plane direction 

(right column). Computation of the scalar fault plane strike has been performed with 

CloudCompare version 2.9.1, 2018 (see text for details). The black dashed arrows underline 

corrugation axes, with their length. For clarity, only one corrugation axe per site is 

represented. (d) is a close-up of the point cloud at Scoglio North site, showing millimeter-

scale bedrock striae, underlined by the black arrow. Direction and plunge of corrugation axes 

and striae for each site are plotted in Figure 5. 
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Figure 7: Extracted portions from the two georeferenced point clouds at SS site, shown in 

green (pre-October 30 earthquake point cloud) and natural colors (post-October 30 

earthquake point cloud). a) 3D view looking toward the North; b) 3D view looking toward 

the NW. The dashed line underlines the surface limit between the footwall and the 

hangingwall. F1, H1: footwall and hangingwall surfaces before earthquake, respectively; F2, 

H2: footwall and hangingwall surfaces after earthquake, respectively.  
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Figure 8: Derivation of near-field coseismic displacements using pre- and post-October 30 

earthquake point clouds, at the photogrammetry site SS (see location on Fig.2b). a) Point 

cloud before October 30 event, with F1 and H1 as footwall and hanging surfaces; b) Point 

cloud after October 30 event, with F2 and H2 as footwall and hangingwall surfaces. F1x and 

F2x: restricted zones of F1 and F2, respectively, used for point cloud alignment by ICP. 

Yellow circles: points used to align H1 and H2 by pair picking points. c) Residuals between 

the transformed F1 and F2 (rigid body transformation matrix obtained from ICP algorithm), 

and between the transformed H1 and H2 (rigid body transformation matrix obtained from 

pair picking points). Residuals are given in absolute distance. d) same as (c), but only 

residuals < 1cm are represented. 
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Figure 9: Near-field coseismic displacement of the footwall (red) and the hangingwall (blue) 

for October 30 earthquake, derived from ICP surface matching transformation (Figure 8) at 

SS site. By subtraction between these two vectors, we calculated the relative block motion 

(black), plotted relative to fixed footwall; (a) vertical component of displacement; (b) 

horizontal component of displacement; (c) schematic sketch summarizing our obtained 

footwall and hangingwall coseismic displacements and their resulting relative motion (i.e., 

coseismic slip vector). Numbers are the values of displacement in cm. The uncertainty is ± 2 

cm for all values. Error ellipses are plotted with 95% confidence.  
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Figure 10: (a) Vertical and (b) horizontal coseismic displacement for October 30 event 

obtained from geodetic benchmark measurements. Sites on the footwall are plotted in red; 

sites on the hangingwall are plotted in blue. (c) Vertical and (d) horizontal component of 

relative block motion, obtained by subtracting the footwall displacement to the hangingwall 

displacement at each site (fixed footwall reference frame).   
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Figure 11: (a) and (b) Map summarizing our derived coseismic slip vector kinematics and (c) 

interpretations. Green faults: normal slip with left-lateral component; dashed green fault: 

normal slip with a hypothetic left-lateral component; pink faults: normal slip with right-

lateral component. VBFS: Mt Vettore-Mt Bove fault system; GF Mt Gorzano fault. On (b), 

arrows are our determined coseismic slip vectors with their directions (Figure 5) and length-

scaled relative to their netslip (Table 1). c) stereoplot summarizing the fault plane solution of 

October 30 focal mechanism (http://cnt.rm.ingv.it, in black ); observed fault geometry and 

kinematics of N140° strand (pink) and N170° (green); interpreted mechanically compatible 

stress regime. 

  

http://cnt.rm.ingv.it/
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Figure 12: Coseismic displacement for October 30 earthquake, from far-field to near-field of 

the Mt. Vettore fault system. Black headed vectors are GPS velocities from Cheloni et al., 

(2017), available online on http://ring.gm.ingv.it/?p=1304. White headed vectors are GPS 

velocities from DeGuidi et al., (2017). Red and blue vectors are from the present study 

(photogrammetry and geodetic data, Figure 9 and 10) and belong to the Mt Vettore fault 

footwall and hangingwall, respectively. a) Vertical coseismic displacements, b) horizontal 

coseismic displacement, c) vertical coseismic displacement profile across the Mt. Vettore 

fault system (profile line A-A’ on Figure 12a). On the profile, we plotted vectors located in 

the vicinity of SS site only, from both photogrammetry and geodetic benchmarks data (Figure 

9, 10). d) Close up of the profile in western flank slope of the Mt. Vettore (values from 

Figure 2b). “?” means that absolute coseismic displacement is unknown (no benchmarks); 

grey dashed line: relative coseismic displacement of fault in the western slip of the Mt. 

Vettore (values from Figure 2b). 

http://ring.gm.ingv.it/?p=1304
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Table 1: Coseismic slip vectors characteristics derived for the three photogrammetry sites, 

from manual picking of markers on fault plane coseismic ribbons (Methodology described on 

Figure 3). H: horizontal component, V: vertical component. These vectors are plotted on 

along fault profiles (Figure 4) and stereographic plots for each site (Figure 5).  

Vector 

id 

Distance 

along 

fault (m, 

toward 

the SE) 

Error 

marker 

picking 

(cm) 

Slip vector components length (cm) Slip 

vector 

direction 

(°N) 

Slip 

vector 

plunge 

(°) 

Fault 

plane 

direction 

(°N, ± 3°) 

Fault 

plane 

dip 

(°SW, 

± 3°) 
H V 

Lateral 

slip 

Dip-

slip 

Net

slip 

Error 

length 

 

October 30 event, Site VF (Valle delle Fonti) 

VF08 1.2 2.5 27 51 -19 55 58 4 204 ± 11 62 ± 5 158 72 

VF07 1.9 2.5 37 67 -20 74 77 4 203 ± 8 61 ± 4 146 68 

VF06 2.1 2.5 36 71 -20 77 80 4 206 ± 8 63 ± 4 148 69 

VF10 2.5 4 26 50 -19 53 56 6 202 ± 17 63 ± 9 159 70 

VF04 4.2 2.5 32 62 -23 66 70 4 201 ± 9 63 ± 4 157 72 

VF03 6.8 2.5 31 69 -7 75 75 4 212 ± 9 66 ± 4 136 67 

VF02 7.3 2.5 32 65 -16 70 72 4 206 ± 9 64 ± 4 146 66 

VF01 7.5 2.5 36 66 -21 72 75 4 199 ± 8 61 ± 4 145 69 
 

October 30 event, Site SN (Scoglio dell’Aquila North) 

SN11 3.2 4 46 162 14 168 169 6 245 ± 10 74 ± 3 138 77 

SN10 3.3 4 51 167 21 173 175 6 250 ± 9 73 ± 3 136 78 

SN9 3.5 4 45 168 21 173 174 6 256 ± 10 75 ± 3 139 75 

SN8 5.1 4 46 180 20 184 185 6 252 ± 10 76 ± 3 136 78 

SN7 5.6 4 46 180 26 184 186 6 258 ± 10 76 ± 3 133 77 

SN6 5.8 4 46 175 28 179 181 6 268 ± 10 75 ± 3 141 79 

SN5 6.3 4 50 187 35 190 193 6 272 ± 9 75 ± 3 138 77 

SN4 6.6 4 51 187 30 192 194 6 270 ± 9 75 ± 3 144 76 

SN3 7.8 2.5 47 200 24 205 206 4 263 ± 6 77 ± 1 143 77 

SN2 8.4 2.5 39 207 -1 210 210 4 240 ± 7 79 ± 1 151 79 
 

October 30 event, Site SS (Scoglio dell’Aquila South) 

SS12 1.6 4 58 121 43 127 134 6 283 ± 8 64 ± 4 145 70 

SS11 2.9 2.5 58 119 43 125 133 4 283 ± 5 64 ± 2 144 73 

SS10 3.6 2.5 57 122 42 127 134 4 282 ± 5 65 ± 2 143 74 

SS9 4.2 2.5 55 116 39 122 128 4 279 ± 5 65 ± 2 143 72 

SS8 5 4 60 119 47 125 134 6 280 ± 8 63 ± 4 139 73 

SS7 5.5 2.5 59 119 46 125 133 4 280 ± 5 64 ± 2 139 72 

SS6 6.4 2.5 56 117 43 122 130 4 278 ± 5 64 ± 2 137 72 

SS5 6.6 4 57 123 39 130 136 6 272 ± 8 65 ± 4 139 70 

SS2 7.8 2.5 64 128 53 133 143 4 280 ± 4 63 ± 2 135 72 
 

August 24 event, Site SN (Scoglio dell’Aquila North) 

augSN2 8 2.5 5 21 0 22 22 4 234 ± 43 76 ± 18 146 75 

augSN1 8.4 2.5 6 24 0 24 24 4 242 ± 38 75 ± 15 151 76 
 

August 24 event, Site SS (Scoglio dell’Aquila South) 

augSS4 4 2.5 6 15 2 16 16 4 253 ± 40 68 ± 23 143 73 

augSS3 5.4 2.5 6 17 2 18 18 4 250 ± 40 71 ± 20 137 73 

augSS2 6.9 2.5 5 15 3 15 16 4 260 ± 44 70 ± 24 137 73 

augSS1 7.9 2.5 6 15 3 15 16 4 266 ± 41 69 ± 12 140 72 

 


