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18 10  Abstract. A high resolution DEM (1 ms spacing) derived from an airborne LiDAR campaign was
19

20 11  used in an attempt to characterize the structural and erosive elements of the geometry of the Pettino
22 12 fault, a seismogenic normal fault in Central Apennines (Italy). Four 90- to 280 m -long fault scarp
25 13 segments were selected and the surface between the base and the top of the scarps was analyzed
27 14 through the statistical analysis of the following DEM-derived parameters: altitude, height of the
15  fault scarp, distance along strike, slope and aspect. The results identify slopes of up to 40° in faults
32 16  lower reaches interpreted as fresh faces, 34° up the faces. The Pettino fault maximum long slipe-
34 17  rate (0.6-1.1 mm/yr) was estimated from the scarp heights, which are up to 12 and 19 m in the
37 18  selected four segments, and the age (ca. 18 ka) of the last glacial erosional phase in the area. The
39 19  combined analysis of the DEM-derived parameters allow us to (a) define aspects of 3D scarp
41 20 geometry, (b) decipher its geomorphological significance, and (c) estimate the long-term slip rate.
44 21

46 22 Keywords: LiDAR; Fault scarp; Morphology; Pettino fault (Abruzzi)

48 23

51 24 1. Introduction

53 25 High-resolution topographic data such as LiDAR (Light Detection and Ranging)-derived

26  digital elevation models (DEMs) allow us to qualitatively and quantitatively analyze landscapes

58 27  resulting from tectonic, hillslope, fluvial, biologic and anthropogenic activity. Earth-science
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applications of LiDAR include coastal change studies (e.g., Sallenger et al. 1999), monitoring of
landslides (e.g., Dietrich et al. 2001; Glenn et al. 2006; Ventura et al. 2011), measurement of
volcanic deformation (e.g., Hasegawa et al. 2007), identification of faults (e.g., Haugerud et al.
2003; Sherrod et al. 2004; Cunningham et al. 2006; Kondo et al. 2008; Arrowsmith and Zielke,
2009), and estimates of slip-rate (e.g., Frankel ef al. 2007). In the last decade, there have been
several studies on the geometry of fault scarps using high-resolution LiDAR data (e.g., Chan et al.
2007; Begg and Mouslopoulou, 2010; De Long et al. 2010; Hilley et al. 2010; Amos et al. 2011).
However, investigations on the spatial distribution of slope and aspect on active fault scarps, as well
as the statistical analysis of these scarp parameters, are still lacking. To partly fill this gap, we
extract slope and aspect values from an airborne LiDAR-derived DEM on selected fault scarps of a
major, seismogenic fault located in central Apennines (Italy). This study examines the fault scarp
morphology of the active Pettino fault (central Apennines, Italy) and identifies the effects of
tectonic and erosion processes on the scarp face through the statistical and spatial analysis of high
resolution (1x1 m pixel) aspect and slope morphometric parameters. The method allowed the
quantification of the fault morphology (e.g., scarp heights, slope of fresh and degraded scarps). The
paper is organized as follows: at first, we provide a basic review and conceptualization of the time
evolution of fault scarps; in a second step, we describe the Pettino fault in the geological framework
of the study area ; in the third step we illustrate the LiDAR data elaboration procedure, and quantify
the fault morphology through slope and aspect from LiDAR DEM. The statistical analysis of these

parameters allow us to detail the fault geometry and the processes recognition.

2. Morphology of fault scarps
Scarps characterize most of dip to oblique-slip faults. Fault-scarp terminology is derived

from observations made on piedmont scarps (Wallace, 1977; Bull, 2007). The general evolution of
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a fault scarp and the principal morphologic features of a scarp are summarized in the sketch of Fig.
1, where the construction of an idealized scarp by repeated slip is shown, along with the effects of
possible degradation and aggradation processes. The base of the scarp and the crest are the lower
and upper extremes of a fault scarp, respectively and the scarp height is measured as the vertical
separation between them. The free-face is the fresh exposed surface resulting from slip on a fault. A
fault scarp, once it is formed, immediately start to degrade (e.g., Stewart and Hancock, 1990). The
free-face retreats upslope and colluvial materials begin to accumulate at the base of the scarp,
forming a debris slope. Renewed slip episodes on a pre-existing fault scarp may abruptly steepen
the slope producing a characteristic segmented appearance of the topographic profile with a

rounded crest and a steep free-face.

3. Geological setting of the Pettino fault

The Pettino fault is located in the L’ Aquila town region within the central Apennines, a
well-known seismically prone area. Here, the NE-verging fold-and-thrust mountain belt from
Neogene compressive tectonics is dissected by an intense NE-SW striking extension that, since Late
Pliocene and Quaternary times, has led to the formation of intermountain basins controlled by NW-
SE striking faults (e.g., Doglioni, 1995; Cipollari and Cosentino, 1995; Ghisetti and Vezzani, 1999)
(Fig. 2). Historical earthquakes larger than M>5.5 mostly occurred on these NW-SE striking faults,
which are characterized by normal to oblique-slip, and are up to 15-20 km long. These faults extend
in depth to 10-15 km with dip 50°-70°, mostly SW-side down (Lavecchia et al. 1994; Vezzani and
Ghisetti, 1998; Barchi et al. 2000; Galadini and Galli, 2000; Foglio CARG 2009). Pre-existing,
NNE-SSW and ESE-WNW to NW-SE, low-angle (dip <45°) contractional structures also outcrop
(Pizzi and Galadini, 2009) and, in many cases, their geometry influences the extensional tectonics,

with reactivation of pre-existing structures (Ghisetti and Vezzani, 2002; Patacca et al. 2008; Di
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Luzio et al. 2009; Di Luccio et al. 2010). One of the normal faults bordering the northern side of the
Aterno river, i.e., the Paganica fault, ruptured to the surface during the April 2009 L’Aquila
sequence (e.g. Emergeo Working Group, 2010).

The main geological units of the area can be summarized as follows. Jurassic-Miocene
limestones and marls, and Miocene sandstones represent the bedrock outcropping on the ridges and
valley flanks. Quaternary deposits include Pleistocene breccias, lacustrine and alluvial deposits
(Blumetti et al. 2002). Local debris alluvial fans occur at the foot of the valley.

We focus our analysis on the Pettino fault, a part of the Late Quaternary segmented system
called the Upper Aterno fault system (e.g. Blumetti, 1995, 1997), which is responsible for the
evolution of the L’Aquila basin, and likely, for the 1703 A.D., M>6 earthquake (Fig. 2; Galadini
and Galli, 2000). We selected the Pettino fault because the associated scarps appear, at a field
survey scale, quite continuous and homogeneous along the trace; the scarps do not cut large urban
areas for most of their length, even if local modifications induced by anthropic activities occur.

The ca. 10 km long, 100°-120°-striking, 60° SW dipping Pettino fault emerges NW of the
L'Aquila city center along the slope of the carbonatic Pettino ridge and marks the boundary between
the hills dipping towards the southwest and Late Pleistocene sediments. As most of the faults in the
Apennines, the limestone fault scarp is exposed, and a zone of cataclasite is in tectonic contact
against the stratified slope deposits. Detailed structural measurements, i.e. strike and dip of fault
plane at different locations on the Pettino fault are, however, not reported in the literature. As
concerns the height of the fault scarp, Galli et al. (2011) report an average height of 10 m in one
outcrop along the southern portion of the fault. At the NW termination of the Mt. Pettino Fault an
alluvial terrace is vertically displaced 15-20 m (Galadini and Galli, 2000). Based on this offset a
vertical slip rate of 0.47-0.86 mm/yr since upper Pleistocene is assigned to the whole Upper Aterno

fault system (Galadini et al. 2001).

http://mc.manuscriptcentral.com/tandf/ijgis



Page 5 of 26

©CoO~NOUTA,WNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

International Journal of Geographical Information Science

4. LiDAR data and analytical methods

The LiDAR measures and collects multiple returns of a laser beam aimed at the ground and
is able to discriminate between the first return, usually from the top of the forest canopy, and the
last return, from the bare earth surface. By isolating the last returns, LiDAR is capable of revealing
the ground surface even in highly vegetated areas. The airborne LiDAR survey of the study area
was performed and processed a few days after the 6 April 2009 L’ Aquila earthquake by the Civil
Protection of Friuli Venezia Giulia (Italy) using an Optech ALTM 3100 EA Airborne Laser Terrain
Mapper System. The main technical parameters related to the LiDAR acquisition and errors are
listed in Table 1. Vertical errors (1o) are less than 0.2 m and horizontal errors less than 0.54 m.

We create a regular 1 by 1 m DEM from the LiDAR bare-earth point cloud by means of the
inverse distance weighted interpolation method with a 3 m search radius using the routine IDW of
ArcInfo by ESRI. Within the constructed DEM, we selected a 2.8 km x 2.1 km area including the
central portion of the Pettino fault (Figs. 2 and 3). The shaded relief, slope and aspect digital maps
derived from the DEM of the Pettino area were used to identify fault scarps as described below.
Slope and aspect were calculated using a 3 x 3 m moving window, which is the minimum window
size to determine these parameters, following Moore et al. (1993).

Airphotographs, high spatial resolution satellite images, and DEMs were used in order to
interpret fault scarps and manmade features ( roads, walls, quarries). Analytical steps of the fault
surface extraction are: 1) computation of slope and aspect; 2) identification of the base and top of
morphological scarps from shaded relief images, slope, and aspect maps; in particular, we extract
the limits of the the scarp surface based on abrupt changes in topography and slope (Fig. 4); 3) fault
scarps were discriminated from manmade features by the aid of IKONOS panchromatic images

with 1 m spatial resolution and QUICKBIRD with a 0.6 m resolution; 4) definition of an area for
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each fault scarp bounded by the base and the top of the scarp as defined in point 2 above and
depicted in Fig. 4. Identification of the limits of the scarp surfaces is mainly based on slope changes
and experience in the field. Numerical criteria have not been developed for scarp identification
because of the presence of incisions and large aspect variations of the surface, and so are not used
here.

Based on the procedure described above, four fault scarp segments (hereafter S1, S2, S3 and S4
from SE to NW) have been selected among the Pettino traces (Figs. 3 and 4). Identified limits of the
fault, namely lines along their top and base, are termed ‘reference lines’, and these comprise 1 m
spaced digitized ‘reference points’. The ‘origin’ of a fault’s area is the westerly extremity of its
basal reference line. The final dataset contains, for each point of the selected scarps, the following
parameters: absolute position (lat, long), absolute altitude, distance in meters from origin of
buffered area (map-view distance of nearest reference point from the fault’s origin), relative
elevation (highest altitude minus minimum altitude within the fault scarp), down-dip slope
(degrees) and aspect (azimuth of down-dip direction from North).

The values of relative elevation from the nearest reference point permit the measurement of
fault scarp dimensions (vertical and horizontal) and allow a quantitative comparison between
geometries of the different selected scarps. The number of points in each fault scarp are: 3139 (S1),

6512 (S2), 5511 (S3) and 2152 (S4).

S. Results
The results of the selected dataset relative to the fault scarps S1, S2, S3 and S4 are
summarized in Figs. 4 to 9. Figures 4 and 5 show the 3D view of the fault scarps and the elevation
(in m) of the scarps along the fault strike. Fig. 6 summarizes the statistics (median, lower and upper

quartile, variation range) of the altitude, slope and aspect in the selected fault scarps. Figure 5
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shows that the scarps have the maximum height (crest to base) between 12.2 and 19.6 m, the
average height is 13.4 m with a standard deviation of 2.9, the minimum height is 2 m. The northern
tip of S1 has the same elevation of the southern tip of S2, as well as S3 and S4, whereas a break in
elevation of about 3 m occurs between S2 and S3. Therefore, a lateral continuity in the elevation
characterizes S1 and S2, and S3 and S4. It is worth noting that the break in elevation occurs
between the scarps S2 and S3 that are arranged in a left step. This step is also evidenced by the
different altitude (m a.s.l.) of S2 and S3 (Fig. 6). The median value, the interquartile distance and
the variation range of slope decrease from S1 to S4, whereas the median value of aspect increases
(Fig. 6). The preferred values in an aspect-slope, density contour projection (Fig. 7) of the S1-S4
DEM, also indicate a general decrease of slope (from 40° to 34°) from S1 to S4, and an increase of
aspect (from 223° to 236°). The spatial variation of slope and aspect values along the scarps (Fig. 8)
shows that these values are not homogenously distributed within the scarps. In detail, the higher
values of slope mainly occur in the middle and lower part of the scarps, in particular in S1 and S2.
The distribution of the aspect values indicate along strike variations, with sub-vertical bands of
nearly constant values not equally spaced along the strike. Elevation vs. slope and aspect diagrams
(Fig. 9) evidence that, in S1, S3 and S4, the higher slope values (35°-45°) concentrate in the lower
part of the scarps at elevation < 4-5 m from the base; at elevations > 4-5 m, the slope values
generally decrease (25°-35°). The aspect shows more complex distributions with an increase in the

dispersion of values as the elevation increases.

6. Discussion and conclusions

The collected data and results indicate that the Pettino scarps are transversally eroded by drainage
which locally produces gullies evidenced by minima in elevation in Fig. 5. On average, the

maximum elevation values are located in S2. The average height of the scarp is about 3 m larger

http://mc.manuscriptcentral.com/tandf/ijgis



©CoO~NOUTA,WNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

International Journal of Geographical Information Science Page 8 of 26

8
than that measured in an outcrop located about 500 m south of S1 (Blumetti, 1995, 1997; Galli et al.
2011). We measure the scarp height using our LiDAR data at the same location of Galli et al.
(2011) along 2 to 5 m spaced sub-parallel profiles oriented perpendicularly to the fault trace and
obtain a value of 10+1 m. This value is fully consistent with that measured by Galli ef al. (2011).
We hypothesize that the fault scarp height slightly decreases southward. However, this hypothesis
must be supported by other type of data (e.g. detailed topographic leveling) because of the artificial
modification of the Pettino scarp south of S1.

The measured 3 m difference in scarp height between the southeastern tip of S3 and the
northwestern tip of S2 is associated with a 110 m wide, 75 m high left step scarp. The southeastern
tip of S3, which is 12 m high, reaches the 15 m of overall cumulative deformation adding the about
3 m high scarps parallel to S3 located along the northwestern prolongation of the S2 segment (Fig.
3). Therefore, the left step between S2 and S3 has the significance of a fault overlap, lacking
evidence of step-over traces. This has implications in the evaluation of the near field faulting hazard
since the deformation during a slip event may be distributed on different, sub-parallel segments.
Moreover, the detailed knowledge of the amount of scarp heights, representing the cumulative
deformation from multi-slip events, is the base for long term estimates of the slip rate along faults.
The maximum 12 to 19 m high Pettino fault scarp (Fig. 5) formed after the erosive phase of the last
glaciation (ca. 18 ka; Dramis, 1983; Giraudi and Frezzotti, 1997). Therefore, we calculate a long-
term slip rate of the Pettino fault between 0.6 and 1.1 mm/yr. This range of values is congruent with
the upper Pleistocene-present 0.47-0.86 mm/yr values of the Upper Aterno fault system (Galadini et
al. 2001).

The distribution of slope in S1, S3 and S4 (Figs. 8 and 9) records an increase in dip (from
less than 35° to 45°, on average) in the lowest 4-5 m of the scarps. Such a higher sloped zone may

represent a fresh fault scarp (see Fig. 1) associated with recent faulting event(s). We remark that this

http://mc.manuscriptcentral.com/tandf/ijgis
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zone does not identify the free-face of the last event being the dip assigned to the Pettino fault plane
60° (Galli et al., 2011). The about 10 m high, upper slope zone has the morphology of an older,
degraded scarp. The above described fault scarp morphological features are consistent with those
observed in the field on other normal active faults of the Abruzzi region, where the slope values are
always less than the subsurface fault dip (e.g., Pantosti et al. 1996). Our type of analysis of slope on
active faults may give a quantitative constraint to the interpretation of scarps. When considering the
distribution of aspect on the Pettino scarps (Figs. 6 and 9), we note that the S4 aspect values
concentrate in a more restricted range with respect to those of S1 to S3. This datum indicates that
the S4 surface has a lower ‘rugosity’. This could be the result of less concentrated erosion
processes, associated with a poorly mature surface drainage on S4 (Fig. 3). This conclusion is
supported by the lack of significant stream incisions in the area of S4 and by the presence of mature
streams in S1-S3 (Fig. 3).

Fig. 7 shows a decrease of slope and an increase of aspect from S1 to S4. This reflects a
progressive change in the fault scarp geometry over a length of 1.8 km (Fig. 3). This implies that
surface faulting features may show a structural variability over short distances. In the Pettino case,
assuming that the maximum value of aspect in Fig. 7 is orthogonal to the fault strike, the strike
changes from N133°E to N146°E, i.e. 13° on 1.8 km. The maximum values of slope, which change
from 40° (S1) to 34° (S4), could be associated with the changes in strike, thus reflecting a gentle
flatting of the fault dip.

In summary, the results of the morphometric analysis on the Pettino fault scarps using
airborne LiDAR-derived data highlight the efficacy of our approach in (a) the spatial
characterization of scarps, (b) the definition of fault scarp complexity, and (c) understanding the

relation among surface ruptures, fault geometry and behavior, and exogenous processes.
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52 22 Figure 3. Shaded relief from LiDAR data of the area including the central sector of the Pettino fault

55 23 (see Fig. 2). Red lines (numbered from S1 to S4) are the base of the fault scarps selected for this

57 24 study. Black lines are the base of the fault scarps mapped but not included in our analysis.
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Figure 4. 3D view of the selected S1 to S4 Pettino fault scarps (location in Fig. 3). The S1 to S4
bottom and crest are delineated with shaded lines, which delimit the buffer area on which the aspect

and slope have been estimated; the elevation and distance along strike parameters are also shown.

Figure 5. Distance along strike vs. elevation of the S1 to S4 Pettino fault scarps. The elevation is

calculated from the base of the scarp upward.

Figure 6. Box-plot diagrams summarizing the statistics of altitude (m a.s.l.), slope (°) and aspect (°)

parameters from LiDAR-derived DEM in the S1 to S4 scarps.

Figure 7. Circular plots of the density contours (in %) of the distribution of slope and aspect values

(calculated from DEM) of pixels belonging to the S1 to S4 scarps.

Figure 8. Distribution of the slope (to the left) and aspect (to the right) values on the S1 to S4 scarp

surface calculated from DEM.

Figure 9. Elevation vs. slope (up) and aspect (down) pseudo-circular plots for S1 to S4 scarps from

DEM-extracted data. Each point represents a pixel.
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Table 1. Summary of the LiDAR acquisition parameters.

System
Operating altitude

Vertical accuracy

Horizontal accuracy
Range resolution
Scan angle

Swath width
Angular resolution
Scan frequency
Laser wavelength
Laser repetition rate

Beam divergence

“Eye safe” altitude
limit

Intensity

Collected data

Laser classification
GPS receiver
Power requirements
Operating
temperature

Humidity

Optech ALTM 3100 EA

80 —3500 m

10 cm < 1000 m (1 o)

15 cm <2000 m (1 o)

20 cm <3000 m (1 o)

1/5500 x flying altitude (1 o)

1 cm

Variable from 0 to + 25°

Variable from 0 m to 0.93 x altitude
0.01°

Variable, maximum 70 Hz

1064 nm

Variable from 33 to 100 kHz

Variable: 0.2 mrad (1/e¢) or 0.8 mrad
(1/e)

80 m - 0.8 mrad

400 m - 0.2 mrad

Measurement of intensity of each pulse
received

Simultaneous measurement in range of
first and last pulse for each pulse
emitted

Class IV laser products (FDA CFR 21)
Internal Novatel Millennium DL

28 VDC @35 A peak

15-35°C

0-95 % non-condensing
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Figure 1. a) Sketch illustrating an idealized composite fault scarp profile and its time evolution. b) Different

view of a composite fault scarp (simplified from Stewart and Hancock, 1990).
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