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Abstract: Regional-scale swarms of subparallel linear topographic features, known as lineament do-
mains, are a common feature of planetary surfaces. Lineament domains are superficial manifestations
of the crustal stress field trajectory. Notably, one of the effects of active tectonics is seismicity. Italy is
one of the most seismically active regions in the Mediterranean, with many destructive earthquakes
that have occurred in past centuries. Here, we assess the seismic meaning of the main lineament
domain in the tectonically active region of Central Italy. We describe the use of an automated analysis
of satellite imagery coupled with spatial grid analysis to identify three lineament domains of the
Central Apennines. Spatial and azimuthal comparisons of the main lineament domain (i.e., the
Apennine Domain), with the known locations of earthquakes (moment magnitude of Mw > 5.5) that
occurred during the past century, revealed the most seismically active tectonic areas and their spatial
distributions. Further, we present a conceptual seismo-geodynamic model for the Central Apennines,
which is characterized by regional arching and explains the presence of an extensional tectonic regime
in the upper crustal layer of the active Apennines fold-and-thrust belt.
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1. Introduction

Most planetary surfaces include linear features (called lineaments) that group into
regional-scale subparallel populations, as revealed by synthetic scaled satellite images
and digital representation of topography [1-8]. These populations, which appear in the
image as straight subtle anisotropies related to organized linear texture, are known as
lineament domains (sensu [5,9]), and persist over regions spanning hundreds to thousands
of square kilometers. Lineament domains occur in areas characterized by both nearly
flat surface landscapes [8,10,11] and morphologies with moderate to high topographic
contrast [4,7,12-14]. Lineaments are among the most controversial geological features and
an unequivocal definition is still missing in the literature. For this reason, they are often
considered with skepticism, and ambiguity may even result in their interpretation. Linea-
ments analyzed in the present study do not correspond to surface faults or fractures; rather,
they represent surface the geotexture (e.g., [9]). Lineament texture results from weathering
and erosional etching of the subtle features produced by extension in the brittle upper
crust sitting above deeper crustal layers that behave in a more ductile fashion [2,7,9,12,13].
In this way, lineaments represent the surface imprint of tectonic structures related to the
structural architecture/crustal grain of the region. The structural grain of a region is often
partly hidden by sedimentary covers (as well as by ice on other planetary surfaces). The dy-
namic adjustment through geologic times of such covers (including sediment compaction)
record on their surface the bedrock architecture, whose smoothed signature is hardly dis-
cernible from classical field work. Satellite scale images are the best means to detect such
tectonic textures.
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Here, the term domain is intended to stress the importance of the azimuthal fam-
ily rather than the individual lineament, which is commonly poorly visible by normal
visual observations. Many scientists have erroneously tried to describe each lineament
individually in terms of classical geological elements, such as fractures, faults, dykes, or
crustal discontinuities (e.g., [15-24]). However, lineament domains are instead superficial
manifestations of the crustal stress field trajectory—their mean azimuth is parallel to the
maximum horizontal stress of the upper (rigid) crust of the region in which the domain
occur [5,7,9-11,14,25]. Hence, lineament domains relate to surficial features under the
tectonic control of deep crustal features.

Lineament domain investigations in various geodynamic environments have previ-
ously been performed to: (i) highlight the tectonic setting and regional stress field of a
region [3,7,9,10,12,26-28]; (ii) better understand secondary permeability by identifying the
directions of the most permeable faults and fractures in water/oil reservoirs [13,22,29,30];
(iii) to define the fracture pattern associated with main faults [9,31]; and (iv) to assess the
volcano-tectonic setting and the fracture distribution in geothermal areas [23,31-35]. All of
these studies have revealed a relationship between lineament domains and recent/active
tectonics in the studied region and confirm that they are indicators of active stress fields. No-
tably, one of the effects of active tectonics is seismicity. However, the relationship between
surface geology and seismicity is often complex (e.g., [36,37]) and the relationship between
earthquakes and surface geology (i.e., faults) is described by linking the surface ruptures to
the main shock. Notably, recent works based on the analysis of seismic reflection profiles
(e.g., [38—40]) or potential field (e.g., gravimetric analysis, [24]) allowed to successfully
fill this gap. Unfortunately, such data are not always available, and their acquisition is
expensive and mostly performed for oil exploration purposes. This paper aims at providing
clues on the seismic meaning of lineament domains in a notably known seismically active
region such as Central Italy in order to develop a methodological approach to be potentially
applied to other regions where available subsurface data are few or absent. The constant
rectilinear attitude of lineament populations, which persists for tens of kilometers, suggests
that lineaments may be understood as the intersection with the topography of virtual
vertical planar surfaces striking parallel to maximum horizontal compression (sigmal or
sigma?) [5,7,9]. The integration of information related to the surface brittle deformation
(attitude, typology, intensity, and spatial distribution) with the upper crustal stress field,
as derived from lineament domain analysis, can be used to infer the geological setting
at depth.

The pioneer work of [3] represents one of the first systematic attempts to examine
the relationship between lineament domains and the seismotectonic setting of an active
region. Based on morphological evidence of the San Andreas Fault, [41] stated: “Many
lineaments are identical to seismotectonic lines and they, therefore, afford a means (to
some extent) of determining in advance the lines of greatest danger from earthquake
shocks.” However, these early works, performed using the shadow technique [3,5], whereby
lineament populations are manually traced (e.g., [42,43]), often introduced operator bias.
Modern methodologies for automatic lineament extraction from raster images, therefore,
represent a significant step forward and provide the necessary objectivity and reliability
for lineament domain analysis by reducing the operator bias [11,14,44,45]. To this end,
in this study we present an original methodology for automatic lineament identification
performed with our in-house software SID [45].

Italy is one of the most seismically active regions of the Mediterranean, where many de-
structive earthquakes have occurred in past centuries and thousands of small-to-moderate
events are recorded every year [46]. The epicentral locations of the strongest earthquakes
lie along a band that roughly follows the NW-SE trend of the Apennines (Figure 1), mak-
ing this active tectonic setting an appropriate site to investigate the relationship between
seismicity and the lineament domains of this region.

In this paper, we explore the relationship between the lineament domains outcrop-
ping in the Central Apennines and their seismotectonic setting. The results allow for the
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recognition of the most seismically active tectonic trends, the identification of their spatial
distributions and the proposition of a geodynamic model for the area, which is character-
ized by regional arching and can explain the observed seismicity and tectonic settings.

2. Geological Setting

The present-day geological setting of the Central Apennines region is the result of
the complex oblique collision between the Eurasian and African plates related to the
closure of the Thetis Ocean during the Permian—Cenozoic [47-52]. The collision started
during the Oligocene and was associated with the opening of several secondary rotational
basins [53-55]. Evidence of the Oligocene collision is still present, both in eastern Sar-
dinia [56,57] and along the western side of the Italian Peninsula [58]. This earlier chain was
partially dissected and further deformed by the opening of the Tyrrhenian Basin, which
started during the Lower Miocene (Langhian) and is still active today, with the develop-
ment of young oceanic crust in its southern sector (e.g., Mt. Marsili, Mt. Vavilov, [59]).
During the same time period, we refer to the collision between the relicts of the former
fold-and-thrust belt with a portion of the sedimentary prism of the Adriatic microplate
(commonly associated with the Africa plate), which had not yet been involved with the col-
lision. This resulted in the rather asymmetric thrust chain of the Apennines, characterized
by strong vergence toward the Adriatic microplate to the NE [60-63]. This later chain is
formed by part of the previous collisional chain that slid off of the European crust from the
Tyrrhenian Sea onto the Adriatic sedimentary prism, as proven by the Deep Sea Drilling
Project (DSDP) drillings, which found a Hercynian basement (i.e., pre-collision) topped
with Late Miocene and recent sediments [64].

The studied sector of the Central Apennines comprises two Meso-Cenozoic sedi-
mentary domains, shaped by two phases of thrust tectonics and orogeny events [58].
This includes the Umbro-Marchigiana carbonate deep-water succession to the NW and
the Latium-Abruzzi carbonate platform succession to the SE. Both developed during the
Triassic-Miocene period and are topped by terrigenous sediments related to the final
orogeny of the Apennine Chain [61,65,66].

As Africa and Eurasia continue to converge (associated with the E-W strike-slip com-
ponent along the Mediterranean Sea [49,50]), the NW-trending Central Apennine belt is
undergoing a NE-SW extension [67]. This is confirmed by the occurrence of normal fault-
ing, strong earthquakes (moment magnitude Mw > 5.5), such as those reported in seismic
catalogues (i.e., CMT catalogue, [68,69]; USGS/ANSS Comprehensive Catalog, [70]; Catal-
ogo Parametrico dei Terremoti Italiani 2015, CPTI15 v2.0 from INGYV, [46]). The epicenters
of these earthquakes cluster within the belt located in the central, axial part of the chain
(Figure 1).

Three main geodynamic provinces are present in the central sector of the Italian
Peninsula [60,65,71,72]; from W to E, they are the Tyrrhenian Margin, the Apennine Fold
Thrust Belt, and the Adriatic Foreland (Figure 1). The Tyrrhenian Margin Province relates
to the E-W opening of the Tyrrhenian Basin since the late Tortonian and the SW margin
of the Italian Peninsula, where a series of large volcanic centers have developed since the
Quaternary [61]. This province is undergoing extensional tectonic activity due to N-S
and subordered NW-SE normal and strike-slip faults [59,60,73,74]. The Apennine Fold
Thrust Belt province is a Neogene fold-and-thrust belt characterized by approximate NE
convergence and northeast migration of the collision, which is active today and at these
latitudes offshore of the Adriatic [63,75-77]. The major thrust systems that developed in
the Central Apennines during the Mio-Pliocene strike NW-SE and gradually become deep
toward the southwest [60,65,66,73,78]. Associated with this main trend, N-S and E-W
thrust systems also exist in the region [38,66,78].
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Table 1. List of earthquakes included in the comparison of the Apennine Domain with the seismicity of the region. The seismological parameters were obtained from
the CMT catalogue [68,69], USGS/ANSS Comprehensive Catalog, [70], and Catalogo Parametrico dei Terremoti Italiani 2015, CPTI15 v2.0 from INGYV, [46]. The
locations of the analyzed earthquakes are shown in Figure 1.

ID Region Name Date (d/m/y) Magnitude Lat°N  Long°E Nodal Planes T Axis N Axis P Axis
(USGS) Strike (°) Dip(°) Slip(°) Strike(°®) Dip(®) Slip(°) Azimuth(°) Plunge (°) Azimuth(°) Plunge(°) Azimuth(°) Plunge (°)
#1 Central Itay 13 January 1915 6.7 42.014 13.53
#2 Central Italy 5 September 1950 57 42.55 13.318
#3 Central Ttay 19 S‘;%t;;“ber 59 4281 13.06 183 28 -70 341 64 —100 79 19 346 9 231 69
#4 Central Italy 29 April 1984 5.7 43.26 12.56 143 21 =72 304 70 -97 39 25 306 6 203 64
#5 Southern Italy 7 May 1984 59 41.77 13.89 174 31 —52 312 66 —110 57 19 320 19 189 63
#6 Southern Italy 11 May 1984 55 41.83 13.95 156 43 -76 317 49 —103 56 3 326 10 164 80
#7  CentralItaly 26 September 57 45305 1288 156 38 -7 312 54 ~105 52 8 320 12 176 75
26 September
#8 Central Italy 1997 6 43.08 12.81 142 39 —87 318 51 —92 50 6 320 2 214 84
#9 Central Italy 6 October 1997 55 43.04 12.84 149 23 -73 310 68 —-97 46 22 313 7 67 207
#10 Central Italy 6 April 2009 6.3 42.33 13.33 120 54 —113 336 42 —62 226 7 134 18 335 70
#11 Central Italy 7 April 2009 5.5 42.28 13.46 102 57 —137 345 55 —41 223 1 132 38 314 52
#12 Central Italy 24 August 2016 6.2 42.72 13.19 145 38 —101 339 52 —83 63 7 154 7 286 80
#13 Central Italy 24 August 2016 5.6 42.84 13.15 128 41 —111 335 52 —73 53 6 144 13 299 75
#14 Central Italy 26 October 2016 55 42.85 13.05 156 32 -97 344 58 —86 71 13 162 4 267 77
#15 Central Italy 26 October 2016 6.1 42.96 13.07 152 35 —94 336 56 —87 65 10 155 2 256 79
#16 Central Italy 30 October 2016 6.6 42.86 13.1 154 37 -96 342 53 -85 68 8 159 4 274 81
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Figure 1. Tectonic setting of Central Italy (modified after [73]) showing the main recent or active
regional elements within the three identifiable geodynamic provinces: the Tyrrhenian Margin (TM),
Apennine Fold Thrust Belt (AFTB), and Adriatic Foreland (AF). Legend: (1) main thrust fronts
(grayed if no longer active); (2) normal faults; (3) strike-slip faults; (4) faults (generic); (5) epicenters
of main earthquakes during the period 1915-2017 from the CMT catalogue [68,69], USGS/ANSS
Comprehensive Catalog, [70], and Catalogo Parametrico dei Terremoti Italiani 2015 (CPTI15 from
INGYV, [46]), with the seismological parameters listed in Table 1; (6) intra-Apennine Plio-Quaternary
basins. TB: Tiberino Basin; GB: Gubbio Basin; CB: Camerino Basin; RB: Rieti Basin; AQ: L’Aquila Basin;
FB: Fucino Basin; SB: Sulmona Basin. The dashed black rectangle represents the main study area.

The latest tectonic episode in this portion of the Apennines is the development of
several intra-Apennine depressions, which constitute Plio-Quaternary depocenters to form
local continental basins [79]. These are superimposed upon the inactive compressional
Neogene structures. The major Plio-Quaternary basins in the region include the Tiberino,
Gubbio, Camerino, Rieti, L’Aquila, Fucino, and Sulmona basins (Figure 1). The more
recent of these tectonic depressions cluster along a band of the Central Apennines that
roughly corresponds to the locations of recent large earthquakes. These intra-Apennine
basins are mainly confined by major NW-SE normal and strike-slip faults [80]. To the
NE, the Adriatic Foreland geodynamic province is presently undergoing compressional
deformation, characterized by the offshore presence of the NW-SE active frontal thrust
systems of the Apennines, and involves deposits as recent as the Quaternary [61,66,67].

The geodynamic provinces in the Central Apennines differ in their crustal stress
regimes and associated seismicity: ongoing extension of the western Tyrrhenian province,
and compression of the Adriatic geodynamic province [67].

The 2016-2017 seismic sequence that struck Central Italy, which included nine earth-
quakes with Mw > 5 [24,38], developed along the axial zone ridge of the Apennines, where
an active NE-SW extension was confirmed by both seismological and geodetic data at a rate
of approximately 3 mm/year [81,82]. This active extensional belt elongates in the NW-SE
direction and has hosted several important earthquakes during the past 40 years, such as
the 1979 Norcia, 1980 Irpinia, 1997 Colfiorito, and 2009 L’Aquila earthquakes [46]. Normal
faults trending from NW-SE to NNW-SSE were responsible for the main shocks of these
earthquakes [38]. Recent works have highlighted the crosscutting relationship between the
main seismogenetic faults [39] as well as the role played by subsurface geology, inherited
compressional structures, fault geometry, and segmentation on the recent seismicity pattern
of the study area [38—-40].
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3. Materials and Methods

Our analysis of lineament domains in the Central Apennines followed a three-step
process, which included: (i) initial processing of a digital elevation model for the study
region to enhance linear textures; (ii) automatic lineament detection using our in-house SID
software (GeoQuTe Lab, Quantitative Geodynamics and Remote Sensing Lab at Roma Tre
University [7,10,12,45,83]; and (iii) domain identification, using a Gaussian grid analysis of
detected lineaments [84].

3.1. Image Data

Our automatic detection of lineament domains was conducted on data from the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global
Digital Elevation Model (GDEM, [85]). The GDEM is generated from stereo image data
from the ASTER sensor. This instrument has along-track stereoscopic capability using
its near- infrared spectral band and nadir- and backward-viewing cameras. The GDEM
is distributed in GeoTIFF format, with geographic latitude and longitude coordinates
and a 1 arc-second grid of ~30 m at the latitude of the study area [86]. The study area
was extrated performing a subset of the original GDEM from latitudes of 43.60904722° N
to 41.81029444° N and longitudes of 11.89174722° E to 14.38292222° E for a total area
of 160 km?. Geographic latitude/longitude were converted to the UMT (zone 32° N)
coordinate system (i.e., WGS84 datum). The image was resampled via cubic convolution
to obtain a spatial resolution of 250 m, which resulted in an image of 800 x 800 pixels.
This resolution represents the best compromise between scale and resolution, provides a
synoptic view of the study area while preserving the regionally sized signature of tectoncs,
and thus allows us to represent the lineaments at the regional scale and avoid the spurious
interpretation of local effects (such as anthropic features and local tectonic effects).

This resampled subset was further processed to enhance linear texture, using ENVI 4.8
software. First, a 3 x 3 low-pass kernel was applied to suppress morphological variations,
with wavelength < 750 m, related to local-scale factors. Second, directional first-order
derivatives were applied to produce a set of images with NE-SW, E-W, SE-NW and N-S
directional filtering. This allowed us to reduce the bias associated with a single-directional
first derivative, which tends to hide or slightly rotate lineaments that lie nearly parallel to
the directional derivative [2]. Each image was then filtered by a Laplacian edge-enhancing
filter [87] (3 x 3 kernel size) to emphasize the high spatial frequency related to the presence
of linear textures. Subsequently, dynamic threshold filtering was performed to identify
and select only significant pixels (i.e., pixels contributing to the image texture related to the
presence of lineaments), to reduce the pixel number to ~10% of that of the original image.
Finally, apparently significant but isolated pixels were removed by life filtering [7,8,10],
which reduces random noise. The life filter compares each significant pixel (i.e., DN value
higher than the threshold slice) with its surrounding pixels, and removes it if the number
of significant surrounding pixels is below a given threshold (in the present analysis, four
out of eight neighbors).

3.2. Automated Lineament Detection

Lineaments were automatically extracted from the prepared images using our in-
house SID 195 software [45]. The parameters of the software were adjusted to describe
the geometric characteristics of lineaments (e.g., minimum length, width, and sharpness)
with a converging trial and error method [8]. This iteration is repeated until a statistically
meaningful number of lineaments are detected for following polymodal Gaussian grid
analysis, and robust azimuthal trends are identified (i.e., the results persist even with a
slight variation in the SID parameters). The minimum length of detectable lineaments was
20 km, which corresponds to 80 pixels in the images. Lineaments were detected by the
SID software using a dynamic pattern recognition process when the following conditions
were met: (i) minimum pixel density of 2 pixels within a running interval of 3 pixels; (ii) a
maximum of a 5-pixel interruption in the density stripes; (iii) a minimum meaningful pixel
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sequence length (i.e., lineament segment) of 7 pixels. All possible azimuthal directions
were analyzed, with a resolution according to the image size (approximately 0.1°).

3.3. Domain Grouping/Identification via Polymodal Gaussian Grid Analysis

The extracted lineaments (mapped in Figure 2) were accumulated into a database and
analyzed using the DAISY3.5.28 software [88] to identify the lineament domain through a
polymodal Gaussian grid analysis according to methods presented in [5,84]. A significant
number of lineaments cluster into domains: groups of lineaments with orientations about a
given azimuth. Not all lineaments group into such domains, and a relatively small number
are randomly distributed both spatially and azimuthally.

12°E
o &
< =
\-\ ’.
A
S T
£ | I
S N
=

12°E 13°E 14°E

Figure 2. Identified lineaments (red lines) over the N-S directional filtered DEM. Note the higher
density areas correspond to the higher relief zone of the Apennines. This bias was eliminated in the
analysis by using dynamic threshold processing (see main text).

Lineament domains were identified following an azimuthal and spatial analysis. In
order to avoid complications due to the observed progressive rotation of the azimuth
within lineament domains, the analyses were conducted in three stages: a local azimuthal
frequency analyses, a spatial correlation analysis of lineament azimuths, and the eventual
classification of lineaments using the results from step two. This process is illustrated in
Figure 3, and described in detail below.
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Figure 3. Illustration of the lineament domain identification process. The lines represent individual
example lineaments, and their colors refer to specific domain groups. Red, blue, and green correspond
to major lineament domains, while yellow, beige, and violet represent minor domain groups. Step 1
(see Section 3.3.1): Three examples of azimuthal frequency analysis of lineaments from overlapping
circular areas (dashed circles). The corresponding wind rose peak diagrams (i.e., polymodal Gaussian
curves) are positioned over the circle centers. Step 2 (see Section 3.3.2): Group identification by
azimuthal correlation between peaks from the frequency analysis of adjacent areas (thick, double-
ended arrows). The difference in angle between peaks within a single group were limited to 5°. In
this example, six groups were identified, three of which were recognized as potential domains. Step 3
(see Section 3.3.3): Association of lineaments with peak groups by their normalized minimum angle
(expressed as a fraction of the standard deviation in the peak) with the peak in the closest circular
area (thin arrows). The angle threshold was set to a maximum of £1 sd, and angles greater than this
threshold were unclassified (gray lines). A group was classified as a lineament domain when the
number of associated peaks, representing their spatial distribution, and the number of corresponding
lineaments exceeded 22 peaks and 10% of the total number of lineaments identified in the study area.

3.3.1. Azimuthal Analysis of Lineament Orientation

The first step was to identify the preferred orientation of lineaments, via a gridded
azimuthal analysis of the lineaments extracted from circular areas within a square-centered
net/hexagonal shape of circles, as illustrated in Figure 3. Each circle overlaps with six
neighbors to provide connections among the analysis net. In the present study, 35 circular
areas were selected, and the distance between circle centers was approximately 40 km, with
a radius of 59.025 km, to provide proper overlaps.

Each analysis consisted of a polymodal Gaussian fit of the azimuthal frequency of
the lineaments falling within each circular area. Polymodal analysis was performed using
the methodology presented in previous studies [5,89,90]. The results include the statistical
approximation for each independently and normally distributed system responsible for the
found azimuthal distribution, which includes their azimuth mean, mode, and standard
deviation (sd). Results are presented in Figure 4 where each analysis is represented by a
wind rose of segments centered over the corresponding circles (each segment corresponding
to a Gaussian peak). The identified azimuthal systems/Gaussian peaks are shown as
segments oriented parallel to their mean azimuth, with a length proportional to the number
of lineaments falling in the relative circle. Please note that their relatively estimated standard
deviations are not represented.
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3.3.2. Spatial Correlation between Azimuth Orientations and Identification of
Potential Domains

In the second step, we compared the azimuthal data between each circular area and
the neighboring six circles, and similar azimuthal systems/Gaussian peaks were correlated,
as shown in Figure 3. To perform this grouping, we started with the most significant
system/peak (that is, the system represented by the longest segment as shown in Figure 4)
and multiplied its mode by the number of lineaments extracted. Azimuthal similarity is
recognized by tolerating a slight peak rotation between adjacent analyses; in the present
study, a maximum rotation of 5° /40 km was used as the threshold value. This grouping
process was recursively repeated (forest-fire process, [91]) until no more peaks could be
correlated. Each classified peak group represents a potential lineament domain, depending
on the significance of its areal distribution (i.e., the number of associated peaks from the
regular net). This process was then repeated among the residual, unclassified Gaussian
peaks (always starting with the most significant) until all peaks were grouped. This resulted
in the identification of 33 groups (including the single (not correlated) residual peaks), in
which lineament domains were identified as groups that had a significant areal distribution,
as expressed by the number of correlated peaks. By adopting a threshold of 22 associated
peaks, in the analysis of the Central Apennines, three main lineament domains were
identified. Relative peaks are presented as colored segments in Figure 4.

12°E 13°E 14°E
1 ;( 1 1
X X
_ .Perugia
o X oy &
< =
x %
X L’Aquil&
z h X
51 \ \ 3
: \ =
Roma \
T T T
12°E 13°E 14°E

Figure 4. Azimuthal frequency grid analysis of partially overlapping circles for the Apennine Domain
(red), Adriatic Margin Domain (blue), and Tyrrhenian Margin Domain (green). Domain peaks
(polymodal Gaussian fit analysis) are shown as segments parallel to their mean azimuths. The
segment lengths are proportional to the number of associated lineaments. Note that due to the
overlap between adjacent single circular analyses, the apparent regional distribution of each domain
is exaggerated, as in the case of the last domain. Refer to following figures to visualize the Apennine
Domain real distribution.
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3.3.3. Domain Classification

In the third and final step, the lineaments were assigned to a domain group by
comparing each lineament with the grouped/classified peak distribution (specifically, the
peaks in the closest analysis according to their location in the circle center, Figure 3). Each
lineament is associated with the domain belonging to the peak of least mean normalized
angle with the lineament azimuth. The normalizing angle is obtained by dividing the
azimuth difference (between the lineament and the relevant peak) by the standard deviation
of the relevant peak. In addition, this final classification has a threshold that is consistent
with the maximum allowable normalized angle—in the present study, this threshold was
fixed to £1 sd. As an example, for a peak with a mean azimuth of N32° and sd of 6.7°,
a lineament falling within the corresponding area with an azimuth between N25.3° and
N38.7° would have been associated with this domain, unless its normalized angle with a
peak from another group is less. As expected, the association with peak groups leaves a
number of unclassified lineaments. Furthermore, parts of the lineaments are associated with
groups that do not satisfy the required areal distribution to represent lineament domains
(e.g., 22 associated peaks). In the present study, 41.8% (165 out of 395) of lineaments are
associated with the three identified domains, 44% (174 out of 395) are associated with
smaller peak groups that do not reach the threshold for classification within a domain, and
14% (56 out of 395) remain unclassified.

The domains are finally presented as density plots obtained by the area counting
process, with a given radius for the raster representation of the lineaments in each domain
(Figure 5). The lineaments are traced on a raster image at a given resolution (307 m/px);
then, a running counting circle through the image is used to compute lineament density (in
m/km?). This parameter is computed for each circular running area by multiplying the
number of pixels representing the lineaments by their dimension and dividing this result
by the area of the counting circle.

12°E 13°E 14°E
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Figure 5. Density distribution of the Apennine Domain. The black segments indicate the main
lineament azimuth in the corresponding circular areas. The segments are reported only when the
domain density is significant (>20 m/km).
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4. Results

A total of 395 lineaments were detected in the investigated area (Figure 2), with a mean
length of 24.963 km. Higher concentrations of lineaments were identified in the Central
Apennines outcrops than in the relatively flat Tyrrhenian coastal area. The polynomial
Gaussian grid analysis reveals the existence of three main lineament domains in the Central
Apennines, defined by their azimuthal orientation and spatial distribution, trending on
average N32° W, N72° E, and N11° W. The results of the azimuthal analyses of each
lineament domain are presented in Figure 4 as segments (centered over the nodes of the
hexagonal shape grid) oriented parallel to their mean azimuth. Each domain is represented
by a different color and named according to the geodynamic domain on which they spatially
cluster: the main Apennine Domain (red), the Adriatic Foreland Domain (blue), and the
Tyrrhenian Margin Domain (green). Segment lengths are proportional to the number of
lineaments in each circle. Relative azimuthal standard deviations are not represented.
Other identified groups are characterized by populations of 288 lineaments and number of
Gaussian peaks that are too small (<26 lineaments and <22 peaks) to represent lineament
domains (not shown).

The N32° W domain is the largest of the three domains. It consists of 81 lineaments
(21% of the total) and 28 associated Gaussian peaks, which indicates its significant spatial
distribution. The lineament density plot of this domain (Figure 5) was obtained using a
running counting circle, with a radius of 24.5 km (corresponding to 80 pixels). The area with
a density higher than 20 m of lineaments per km? exceeds 16,000 km?, and is located along
a NW-SE band, which roughly corresponds to the axial ridge of the Central Apennine
belt. This band is characterized by an across-strike width of approximately 100 km in the
southern portion of the region, and halves in the northern part. The mean azimuths of the
lineament domain are shown by the black segments in Figure 5, with segments limited to
higher density zones (compared to Figure 3). For its azimuthal trend and areal distribution,
we hereafter refer to this domain as the Apennine Domain.

The N72° E domain has about half as many lineaments as the Apennine Domain (43,
representing 11% of the total), with a slightly shorter mean length of 23.485 km. A total of
27 Gaussian peaks is associated with this domain, which partly overlaps with the Apennine
Domain but is slightly N and E. Figure 4 shows more scattered lineaments in this domain,
which mainly cluster along the Adriatic Coast as a NNW-SSE trending belt, parallel to the
Apennine thrust front. We named this domain the Adriatic Foreland Domain.

The N11° W lineament domain consists of 41 lineaments (10% of the total), with a
mean length of 22.67 km. Despite a smaller number of Gaussian peaks being associated
with this domain (Figure 4; 22 peaks), it is nonetheless classified as a lineament domain due
to the spatial and numerical consistencies of its lineaments. It partly overlaps with the other
two domains but mainly cluster with N-S direction along the boundary zone between the
Apennines and Tyrrhenian coastal plain. The azimuthal direction and spatial distribution
of lineaments from this domain recall the E-W extension that characterizes the Tyrrhenian
Margin of the Apennines at this latitude. Therefore, we named this domain the Tyrrhenian
Margin Domain. A minor contribution could be also related to the N-S and NNW-SSE
tectonic structures belonging to the adjacent Apennine Fold Thrust Belt province.

The azimuthal trend and spatial distribution of the identified lineament domains
correlate with known tectonic features of the three geodynamic provinces that interact
within the study region. The Tyrrhenian Margin Province relates to the E-W opening of
the Tyrrhenian Basin and is presently undergoing extensional tectonics along the main
N-S normal and strike-slip faults. According to [5,7,10,28], the roughly N-S direction that
characterizes the Tyrrhenian Margin Domain is compatible with the abovementioned E-W
extension (Figures 1 and 4). Similarly, the N72° E azimuthal trend of the Adriatic Foreland
Domain parallels the compressive horizontal component that characterizes this area [67]
due to ongoing active thrusting in the Adriatic Foreland that involves deposits as recent as
Quaternary (model I in Figure 10 from [5]). Finally, the Apennine Fold Thrust Belt province
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is characterized by similarly oriented and spatially distributed seismicity as the Apennine
Lineament Domain.

To further explore the seismotectonic meaning of the Apennine Domain, we compared
the spatial and azimuths of this domain with the seismicity of the region. Here, we only
consider the Apennine Domain. We mapped the epicenters of the strongest earthquakes
(with moment magnitudes of Mw > 5.5) of the past ~100 years (Figure 6). Details of
these earthquakes are presented in Table 1, along with their seismological parameters
(magnitude; epicenter; focal mechanism nodal planes; and T, N, and P axis attitudes),
obtained from the CMT catalogue [68,69], USGS/ANSS Comprehensive Catalog, [70], and
Catalogo Parametrico dei Terremoti Italiani 2015, CPTI15 v2.0 from INGYV, [46].
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Figure 6. Comparison between the spatial distribution of the Apennine Domain and the locations of
strong earthquakes (with a moment magnitude of Mw > 5.5) in the region for the period 1915-2017.
Earthquake data obtained from the CMT catalogue [68,69], USGS/ANSS Comprehensive Catalog, [70],
and Catalogo Parametrico dei Terremoti Italiani 2015, CPTI15 v2.0 from INGV, [46]. The stars represent
epicenters, and the numbers refer to the site numbers in Table 1, where the seismological parameters
of each earthquake are listed. The green square is located over the Sulmona area, where a destructive
earthquake occurred in 1706 with an estimated magnitude between 6.5 and 6.9 [46], which is different
from the regional periodicity of large earthquakes (i.e., L’Aquila in 1461, 1703, and 2009). This area
falls well within the Apennine Domain.

These 16 large earthquakes cluster along a NW-SE band corresponding to the Apen-
nine Ridge and correlate with the Apennine Domain density, as shown in Figure 6.
They are characteristically associated with local faults that share the same NW-SE di-
rection [24,38-40,73,78,80] rather than the presence of major, unique regional faults (e.g.,
the San Andreas or Anatolian Faults). The distribution of the epicenters of these earth-
quakes and the area of highest lineament density in the Apennine Domain coincide along
a well-defined band. This band is characterized by an extensional regime, as testified by
focal mechanism solution, and geodetic and break-out data [67,82].

The correlation between the Apennine Domain and seismicity is strengthened by com-
paring the azimuths of this lineament domain with the null axes of the focal mechanisms.
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In extensional regimes, null axes correspond to the maximum horizontal compression and
strike of the associated faults. The azimuthal frequency analysis of null axes (Figure 7)
presents a mean direction of N36° W.
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Figure 7. Comparison between the average azimuths of the lineaments from the Apennine Domain
and the azimuthal frequency wind rose diagram of the null axes of major earthquakes (moment
magnitude of Mw > 5.5) during the period 1915-2017. The small angle difference (4°) is significantly
less than their standard deviations, indicating a common cause.

The same analysis was performed for the lineaments of the Apennine Domain and
provided a mean direction of N32° W.

Their near parallelism is testified by the small angular divergence of 4°, well within
the sd of both distributions. Here, the angular divergence of 4° is well within the sd of both
distributions, suggesting their strong correlation.

5. Discussion

The spatial correspondence between seismicity and the Apennine Domain allows us
to present a geodynamical model (Figure 8) following the pioneering work by [3]. Crustal
stresses operating in this sector of the chain that are responsible for the observed seismicity
may influence the complexity of the phenomena that carve the landscape and leave typical
signatures, as evidenced by the texture of the lineament domains.

The coupling of seismic activity and the presence of the Apennine Domain supports
the preparation of the seismo-geodynamic model of the Central Apennines. The linea-
ment domains confirm the presence of three geodynamic provinces in Central Italy. The
Tyrrhenian Margin Province is further characterized by the presence of the Tyrrhenian
Lineament Domain, with its main trend nearly parallel to the recent extensional faulting in
the Tyrrhenian Sea (Figures 1 and 4). Similarly, the Adriatic Foreland Province has been
associated with the Adriatic Foreland Lineament Domain, which confirms, with its main
parallel direction, the compressional regime related to the active Apennine thrust front.
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The Apennine Thrust Belt Province is characterized by similarly oriented and spatially
distributed seismicity and the Apennine Lineament Domain.

Figure 8. A conceptual seismo-geodynamic model for the Central Apennines. Two “geodynamic
engines” are active: NE-SW shortening produced by the Tyrrhenian Sea and the Adriatic front
backstop responsible for the arching of the Apennines (o thr) and the isostatic re-equilibrium (o iso)
related to differential erosion (i.e., related to the different uplift rate during arching). Both “engines”
contribute to the development of a hinge in the crest zone of the arch, where resulting major curvature
induces a NE-SW extension (o 3) in the upper crustal layer. This geodynamic setting explains both
the location of earthquakes along a narrow band and the corresponding interaction of crustal stress
with the morphological carving phenomena, which produces the main Apennine Lineament Domain.
Earthquake locations are shown with stars, and the lineaments are represented as “dry dyke swarm”,
following the model proposed by [5]. Null axes, fault strikes, and lineaments from this domain
always coincide with the arching axis. The iso-density of the spatial distribution of the Apennine
Lineament Domain is also represented as in Figure 5.

The development of the Central Apennines/ Apennine Thrust Belt Province is driven
by two concomitant processes, as shown in the conceptual model (Figure 8). First, a general
NE-SW compression (o thr) related to the Tyrrhenian Sea extension to the W, and a backstop
provided by the Adriatic plate collision. This compression induces the shortening of the
Apennine Thrust Belt Province, which is, in turn, accomplished by the regional arching of
the Apennines. Second, the vertical stress (o iso) induced by the isostatic re-equilibrium of
the chain subjected to erosion during differential uplifting provides a vertical stress.

This is proportional to the uplift (maximum in the arching crest), which enhances the
arching process and concentrates the arch curvature within the crest zone. In this way, the
upper crustal zone (above the surface, indicated by the dashed line in Figure 8) is subject
to an extension proportional to the arching curvature with a NE-SW extension (o 3). The
resulting brittle deformation that develops in the upper crustal layer will, therefore, be
concentrated in the crest zone. This is confirmed by the presence of recent intra-Apennine
depressions in the arch crest zone, by a seismic belt associated with a swarm of normal
faults, and by the Apennine Lineament Domain.

Notably, the arch crest does not necessarily coincide with the chain axis or its divide
due to the strong asymmetry of the Apennine fold-and-thrust belt, whose kinematics result
from the combination of gravitational sliding from Tyrrhenian Basin uplifting and the
collision of its front with the Adriatic plate.

This geodynamic model fully explains the presence of an extensional tectonic regime
in the upper crustal layer of the active Apennines fold-and-thrust belt. The strike-slip
component observed in several main shocks in the Apennines (e.g., [92]) might relate to
inherited crustal weakness zones that were reactivated during the Africa-Eurasia plate
convergence producing moderate to strong deep earthquakes specifically in the Adriatic
side of southern Apennines [93]. In this way, the seismo-tectonic setting of the investigated
region results from the contribution of first-order, geodynamic-scale, factors related to the
ongoing convergence between Africa and Eurasia plate and of local-scale geologic setting
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that includes both possible inherited weakness zones and the NE-SW extension presently
ongoing in the central sectors of the Apennine chain.

6. Conclusions

The presented geostatistical analysis of automatically detected lineaments allowed us
to identify domains (sensu [5,9]) that relate to the geodynamic setting of Central Apennines.
Our lineament domain analysis confirmed the existence of three geodynamic provinces in
Central Italy.

Characterizing the precise relationship between surface geology (i.e., faults) and
seismicity is often complex, especially when seismic reflection profiles or other geophysical
data (such as potential fields) are not available.

Our results demonstrate that unconventional indicators of surface geology, such as
lineament domains, can help to characterize deep tectonic processes as well as identify
surface signatures of active and recent seismic activity. This offers a key/new tool for
investigating the potential seismicity of a region.

We show a strong relationship between lineament domains and tectonic activity
(notably associated with seismic events), which indicates a common origin/cause between
lineament domains and earthquakes. In this way, the surface geotexture represents a key
tool to unravel the potential seismicity of a region. In seismic and extensional tectonics, the
azimuth of the main lineament domain and null axes from the focal mechanism are nearly
parallel, which justifies a common cause.

In areas where seismicity is associated with lineament domains, they may be compared
with the historical seismic record and known seismogenic faults observed at surface to
support mapping of seismic hazards. This is particularly true where seismic gaps in the
historical record are known (e.g., Sulmona area).

Lineament domain analysis is confirmed to be an effective tool to decipher geodynamic
settings and can be used to investigate poorly characterized regions on Earth and other
planetary bodies.
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