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Abstract: Active normal fault scarps that offset 12-18 ka landforms in the Apennines, Italy, have
been mapped into Google Earth to provide precise locations for structures responsible for tectonic
strain release and earthquake rupture. Climate change at the end of the last glacial maximum (12-18
ka) reduced erosion and sedimentation rates below a critical threshold allowing preservation of
displacements produced by surface ruptures to palaeoearthquakes. The resultant fault scarps, which
record the surface displacements from multiple earthquakes, alow determination of the spatial
variation in the rates of fault slip, a parameter critical to assessment of how long-term strain release
recorded in the geomorphology (10 years) relates to short-term strain release recorded by earthquake
catalogues and geodesy (1023 years). Spatial variation in fault slip occurs at a scale of tens of
kilometres, whilst fault scarps have offsets of <20-40 metres and a geomorphic expression that can
only be visualised on topographic images with spatial resolution approaching the metre-scale. Thus,
until now, debate has surrounded the exact positions of scarps at least in part due to problems of
visualising both the detailed geomorphic features and their regional variation. Provision of complete
SPOT image coverage and topography within Google Earth alows individual scarps visited during
fieldwork to be visualised at aregional scale within an easily-accessible interface. The resultant maps
are used to comment on tectonic strain release and earthquake rupture.
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I ntroduction

The Italian Apennines suffers devastating earthquakes
related to the ongoing crustal extension in this part of the
convergent boundary between the African and European
tectonic plates (e.g. 1915 Fucino Earthquake Ms 6.9,
33,000 deaths; Margottini and Screpanti 1988, Anderson
and Jackson 1987) (Figure 1a).

Figure 1. Active faults of the Italian Apennines

fo) Latina

Napoli Read
= o Torre del Greco

Salerno © e

Image NASA
Image © 2007 DigitalGlobe
hnologies

» “Google

Eyealt 366.28 km

Figure 1.Map of active faults for the Italian Apennines. Active faults are defined by clear structural offsets that have formed since
12-18 ka.These offsets are evidenced by limestone bedrock fault scarps offsetting landforms from 12-18 ka that can be seen
clearly on Google Earth. Such offsets are accompanied by landforms that can be seen on Google Earth such as incised of footwall
drainage, triangular facets,and oversteepened bases to footwall fault escarpments. See the accompanying “kmz”file to zoom into
this view and visualise the landforms. Red lines show faults visited in the field. White lines show faults not visited in the field but
with relatively clear geomorphic expression as seen on Google Earth. Figure 6 shows an interpretation of the lateral continuity of
active faults, where the view in this figure has been combined with structural measurements such as total throw, throw since
12-18 ka, and kinematic data revealing the slip-directions associated with the extensional tectonics. More active faults exist to
tthe northwest and southeast of the area considered in this paper.Boxes locate Figures 2,3 and 4. Precise geographic coordinates
for the fault scarps can extracted from the “paths”in the “kmz”file (e.g.Fig.5).

Map of active faults for the Italian Apennines. Active faults
are defined by clear structural offsets that have formed since
12-18 ka. These offsets are evidenced by limestone bedrock
fault scarps offsetting landforms from 12-18 ka that can be
seen clearly on Google Earth. Such offsets are accompanied
by landforms that can be seen on Google Earth such as in-
cised of footwall drainage, triangular facets, and oversteep-
ened bases to footwall fault escarpments. See the accompa-
nying “kmz” file to zoom into this view and visualise the
landforms. Red lines show faults visited in the field. White
lines show faults not visited in the field but with relatively
clear geomorphic expression as seen on Google Earth. Fig-
ure 6 shows an interpretation of the lateral continuity of ac-
tive faults, where the view in this figure has been combined
with structural measurements such as total throw, throw
since 12-18 ka, and kinematic data revealing the dlip-direc-
tions associated with the extensional tectonics. More active
faults exist to tthe northwest and southeast of the area con-
sidered in this paper. Boxes locate Figures 2, 3 and 4. Pre-
cise geographic coordinates for the fault scarps can extrac-
ted from the “ paths” in the “kmz” file (e.g. Fig. 5).

Such earthquakes produce surface ruptures that are
15-20 km in length and have surface offsets of about 1
metre along pre-existing faults (Serva et al. 1986, Wells
and Coppersmith 1994). The historical earthquake cata-
logue for the Apennines records events that have dam-
aged Rome back to Roman times, and the catalogue is
thought to be complete for large magnitude events (>Ms
6.0) since 1349 A.D.. However, the recurrence times for
such large earthquake are 500-3000 years, recorded
through palacoseismological trench investigations (e.g.
Michetti et al. 1996, Pantosti et al. 1996), so alonger re-
cord of fault dip is needed to assess the relationship be-
tween long-term strain release recorded in the geomor-
phology (10* years) and short-term strain release recor-
ded by earthquake catalogues and geodesy (1023 years).
A key observation is that the cumulative effect of such
earthquakes over 10* year timescale has been preserved
due to the fact that the rate of vertica offset of the
ground surface across faults (0.2-2.0 mm/yr; Roberts and
Michetti 2004, Papanikoloau and Roberts 2007) is higher
than erosion and sedimentation rates since the last glacial
maximum (12-18 ka) (Figure 1b). The timing of surface
offsets for this 12-18 ka timescale have been constrained
by palaeoseismologica trench investigations (Michetti et
al. 1996, Pantosti et al. 1996), tephrachronology (e.g.
Giraudi 1995), and 36Cl cosmogenic surface exposure
dating of fault planes that emerge out of the ground along
the scarps during earthquakes (Palumbo et al. 2006) (Fig-
ure 2a) and (Figure 2b).

Visualisation of active normal fault scarps in the Apennines, 1taly: a key to assessment of tectonic strain release and earthquake rupture.
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Figure 2a. Fault scarpson SPOT images

Figure 2. Examples of fault scarps visible at outcrop and on SPOT images (a) Overview locating the Velino and Parasano fault
scarps. (b) Google Earth view of the Velino fault scarp. The fault separates Mesozoic limestones from Quaternary colluvium, and
this is responsible for the vegetation change at the scarp. Note that incised drainage and triangular facets terminate at the fault
scarp. (c) Outcrop photo showing the incised footwall drainage and 36CI sample site on the Velino Scarp. (d) Google Earth 3D
view of the Velino Scarp. (e) Detail of the Velino fault scarp showing the 36CI sampling site from Palumbo et al. (2006).

(f) View of the fault plane exposed along the fault scarp.The white line is 36C| sample site. Continued on next page.

Examples of fault scarps visible at outcrop and on SPOT
images (a) Overview locating the Velino and Parasano fault
scarps. (b) Google Earth view of the Velino fault scarp. The
fault separates Mesozoic limestones from Quaternary collu-
vium, and thisis responsible for the vegetation change at the
scarp. Note that incised drainage and triangular facets termi-
nate at the fault scarp. (c) Outcrop photo showing the in-
cised footwall drainage and 36Cl sample site on the Velino
Scarp. (d) Google Earth 3D view of the Velino Scarp. (€)
Detail of the Velino fault scarp showing the 36Cl sampling
site from Palumbo et a. (2006). (f) View of the fault plane
exposed along the fault scarp. The white line is 3Cl sample
site.

Figure 2b. Fault scarpson SPOT images (cont.)

Figure 2 continued. (g) Overview of the Parasano Scarp. (h) Interpretation of the Parasano fault scarp. The prominent white outcrops are
the exposed fault plane along the fault scarp. (i) same view as (h) with no interpretation. (j) Outcrop view of the Parasano Scarp. Note
the mass movement scars in the hangingwall, shown in more detail in (k) and located in (h). (k) view of the Mesozoic limestone fault
plane exposed in a mass movement scar. View is in February, so the trees in the distance do not have leaves (compare with Google
views). Black arrows show corrugations recording the movement direction on the fault. The half white arrow shows the downthrow of
the Quaternary colluvium in the hangingwall. (I) Close up of the fault plane located in (k) showing frictional wear striae (white arrows)
recording the movement direction across the fault. Finger for scale.

(g) Overview of the Parasano Scarp. (h) Interpretation of the
Parasano fault scarp. The prominent white outcrops are the
exposed fault plane along the fault scarp. (i) same view as
(h) with no interpretation. (j) Outcrop view of the Parasano
Scarp. Note the mass movement scars in the hangingwall,
shown in more detail in (k) and located in (h). (K) view of
the Mesozoic limestone fault plane exposed in a mass
movement scar. View isin February, so the treesin the dis-
tance do not have leaves (compare with Google views).
Black arrows show corrugations recording the movement
direction on the fault. The half white arrow shows the
downthrow of the Quaternary colluvium in the hangingwall.
() Close up of the fault plane located in (k) showing fric-
tional wear striae (white arrows) recording the movement
direction across the fault. Finger for scale.

However, Roberts and Michetti (2004) and Papaniko-
loau and Roberts (2007) who mapped the geometry, kine-
matics and rates of deformation due to earthquakes since
12-18 ka show that spatial variation in fault slip occurs at
ascale of tens of kilometres, whilst fault scarps have off-
sets of <30-40 metres and a geomorphic expression that

Visualisation of active normal fault scarps in the Apennines, Italy: a key to assessment of tectonic strain release and earthquake rupture.
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can only be visualised on topographic images and photo-
graphs with spatial resolution at the metre-scale. The dif-
ference in scal e between the observations and spatial var-
iation, makes it difficult to visualise the deformation us-
ing conventional geological and topographic maps. As a
result, there remains debate concerning the exact posi-
tions of active fault scarps (e.g. compare the fault maps
of Vaensise and Pantosti 2001, Roberts and Michetti
2004, Papanikoloau and Roberts 2007, Galadini and Galli
2000, Guidoboni et al. 2007, Ithaca Project 2007). This
debate needs to be finalised because these earthquake-
prone active faults are in an economically developed
country with high population density, and the positions
and dimensions of the active faults are necessary inputs
into seismic hazard assessments (Pace et a. 2002, Rob-
ertset al. 2004).

In this paper, Google Earth is used to map the posi-
tions and dimensions of active fault scarps at a regional
scale (Figure 1b). The key features that allow recognition
of active scarps in Google Earth that have previously
been mapped in thefield - that is, (1) SPOT images of the
scarps themselves (Figure 2a) and (Figure 2b), (2) incised
drainage in the uplifted footwalls of the scarps (Figure 3),

Figure 3. Examples of Incised Drainage
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Figure 3.Examples of incised drainage in the uplifted footwalls of the scarps seen on Google Earth in map
view (a) and 3D perspective (b). Note how the termination of incised drainage and triangular facets
(interpreted in (b) with yellow dashed lines) define a lineament that defines the fault scarp.The fault plane
is exposed behind a house where indicated.

Examples of incised drainage in the uplifted footwalls of the
scarps seen on Google Earth in map view (a) and 3D per-
spective (b). Note how the termination of incised drainage
and triangular facets (interpreted in (b) with yellow dashed
lines) define a lineament that defines the fault scarp. The
fault plane is exposed behind a house where indicated.

(3) oversteepened bases to escarpments in the footwall
of the scarps (Figure 4) - can be visualised using the high
photographic spatial resolution and the 3D rendition of
the topography within Google Earth. The scarps can be
digitised into Google Earth using a “path tool” (Figure
5). Extraction of precise latitudes and longitudes of paths
that define the scarps could be used to assess the com-
pleteness and accuracy of existing maps of active faults

Visualisation of active normal fault scarps in the Apennines, 1taly: a key to assessment of tectonic strain release and earthquake rupture.
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(Valensise and Pantosti 2001, Roberts and Michetti 2004,  Figure5. Parasano fault scarp

Papanikoloau and Roberts 2007, Galadini and Galli 2000, o
Guidoboni et al. 2007, Ithaca Project 2007).
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Precise geographic coordinates of the Parasano fault scarp
extracted from a “path” drawn in Google Earth via a “kml
file".

Method

The key features that allow recognition of active
scarps are (1) detailed fieldwork where faults shown on
existing geological maps are visited and assessed for
fault activity (see Roberts and Michetti 2004, Papaniko-
loau and Roberts 2007 for details), (2) remotely-sensed
= (e.g. SPOT) images of the scarps themselves, (3) incised
Quaternary  ww-Fault ;== . drainage in the uplifted footwalls of the scarps that are

= best-visualised in digita elevation models (DEMS), (4)
escarpments in the footwall of the scarps, that show ava-
riety of topographic features characteristic of active nor-
mal faulting such as triangular facets and oversteepened

basal profiles (again, best-visualised in DEMs). This

Kol hesctheriomal s show eep depe datvero those rher mothe oommall e s ocnarscier StUY dletails the results of fieldwork presented in Roberts
;s;ljllf:)artll:ﬁ(zg?]cat‘:\éeur;owrgzls fsﬁ:t:&’h:reems.on rates are lower than fault slip rates and cannot maintain an and Michetti ( 2004) and Papani koloau and Roberts
Oversteepened bese fault escearpments. (¢) Sulmona Faut, (2007), that _have now been corrdgted with observations

(b) Velino Fault. Topography from SRTM data. Dashed yel- from SPOT |mag§ and the DEM. in G(?ogle Earth. Th|‘s

low lines locate the topographic profiles shown as insets. allows documentation of the precise latitudes and longi-

The topographic slopes within 1-2 km of the active niormal tudes of paths that define the active fault scarps. Firgt,
faults show steep slope relative to those further into the

Mesozoic
Limestone

Elevation (m)

footwall. This is a characteristic feature of active normal images of typical landforms . Clated V\_”th ps are
faults where erosion rates are lower than fault slip rates and presented, followed by a regiona analysis of the fault
cannot maintain an equilibrium conave upwards hill slope. scarps.

Visualisation of active normal fault scarps in the Apennines, Italy: a key to assessment of tectonic strain release and earthquake rupture. Pae6
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Results

The fieldwork revealed that fault scarps are clear in
the landscape, and appear as limestone fault planes off-
setting slopes that formed during the last glacial maxi-
mum (12-18 ka) (Fig. 2). The slopes are covered in teph-
ra deposits derived from eruptions of volcanoes on the
west coast of Italy (see Roberts and Michetti 2004 for a
review of dates that confirm the last glacial maximum
age of the landforms), and the fault planes themselves
have been dated using 38Cl exposure dating (Palumbo et
al. 2006); dates confirm the scarps are 12-18 ka. These
observations, together with palaeoseismological trench
investigations (e.g. Pantosti et a. 1996, Michetti et al.
1996), and historical reports of earthquake surface rup-
tures (e.g. see Serva et al. 1986), revea that earthquakes
rupture the ground surface during events >Ms 5.5, with
vertical surface displacements of ¢. 1 metre (depending
on magnitude; Wells and Coppersmith 1994). Thus,
scarps that are metres to tens of metres high record the
cumulative effect of numerous palaecoearthquakes, and
this is confirmed by 36Cl exposure dating that has re-
vedled 5-7 metre-scale surface exposure events on one
fault that are interpreted as palaeoearthquakes (Palumbo
et a. 2006).

The key observation in this paper is that such fault
scarps can be seen clearly on SPOT images within Goo-
gle Earth, and related to the larger-scale topography via
observations of the DEM (Figure 3)and (Figure 4). The
scarps appear as clear lines of limestone outcrop that oc-
cur where field observations confirm the existence of
fault planes covered in striations and corrugations pro-
duced by frictional-dlip during earthquakes (Roberts and
Michetti 2004, Papanikolaou and Roberts 2007). The
scarps commonly occur at the bases of oversteepened
footwall escarpments (Figure 4), that in places show (1)
triangular facets where spurs have been truncated by up-
ward-propagating faults, and/or (2) incised drainage
where fault dip has lowered the base-level of rivers, driv-
ing fluvia incision (Figure 3).

In places limestone outcrops along fault scarps visited
during fieldwork are clear on the SPOT images and have
clear oversteepened escarpments, triangular facets and in-
cised drainage, but elsewhere scarps may not be obvious
due to tree cover or lithologies that do not preserve sur-
face displacements. Google Earth allows notes to be add-
ed facilitating documentation of the attributes that define
interpretation of individua examples of scarps. Thus,

some scarps are clearer than others, and this is indicated
in the accompanying "kmz" file.

The exact positions of faults can be extracted from the
“paths’ defined in Google Earth, allowing precise x-y co-
ordinate datato be made widely-available (e.g. Figure 5).

Mapping in this paper is limited to the area between
the SE tip of the Pollino fault and the NW tip of the Rieti
Fault. Other active faults are well-known to the NW and
SE of this area but their traces are not shown here due to
lack of fieldwork by the authors in these locations. Also,
faults shown in red on Figure 1b have been visited in the
field by the author, whilst those shown in white have not;
the traces of faults shown in white, although constrained
be geomorphic features visible in Google Earth, are
therefore less certain than those shown in red.

The mapping reveals a regional pattern of active fault
scarps that are sub-paralel to the length of the Italian
Peninsula (Figure 1), but the faults are closer to the west-
ern coast in the south. Scarps are localised within the
high mountains of the Apennines, and it is clear within
Google Earth that no such scarps occur west or east of
the reported examples, consistent with existing fault
mapping (Vaensise and Pantosti 2001, Roberts and Mi-
chetti 2004, Papanikoloau and Roberts 2007, Gaadini
and Galli 2000, Guidoboni et al. 2007, Ithaca Project
2007). In centra Italy, up to 6-7 active normal faults
faults exist on SW-NE traverses across the Apennines.
There appear to be less faults in southern Italy, with a
maximum of 2-3 faults on SW-NE traverses across the
Apennines.

The traces of the faults appear discontinuous on Fig-
ure 1, with lines of scarps 20-40 km in length defined by
shorter lines that are in places only a few kilometres in
length. This does not reflect the actual displacement pat-
terns on the faults, because Roberts and Michetti (2004)
and Papanikolaou and Roberts (2007) show that total
throws across the faults show offset profiles that decrease
from maxima at fault centres to minima at lateral tips
over distances of c. 20-40 km (Figure 6).

Visualisation of active normal fault scarps in the Apennines, 1taly: a key to assessment of tectonic strain release and earthquake rupture.
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Figure 6. Regional fault map
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Regional fault map interpreted from the discontinuous scarp
traces in Fig. 1, supported by total throw, throw-rate and
kinematic data from Roberts and Michetti (2004) and Papa-
nikolaou and Raoberts (2007). Throws and throw-rates are
summed between faults across strike on NE-SW transects
every 5 km along strike. The fault kinematics are evidenced
by 10,504 measurements of the strikes and dips of fault
planes and plunges and plunge-directions of striations and
corrugations on the fault planes made from 133 localities
along 27 major active normal faults. Topography from
SRTM data.

Consistency between along-strike stretching of the
ground surface due to these throw variations and fault
kinematics is recorded by 10,504 measurements of the
strikes and dips of fault planes and plunges and plunge-
directions of striations and corrugations on the fault
planes made from 133 along 27 major active normal
faults (summarised in Figure 6). Convergent patterns of
fault-dip on individual faults occurs on the same length
scale as throw variations indicating that structural seg-
mentation of the fault system occurs at the 20-40 km
lengths scale. These interpreted faults, along with their
throw patterns, throw-rate patterns and kinematics are
summarised on Figure 6. The discontinuities on the scale
of a few kilometres do reflect the discontinuous visuali-
sation of the scarps allowed by forest cover (where trees
can be higher than scarps and hence obscure their traces
on SPOT images), and lack of scarp preservation where
the bedrock shows a high propensity to erosion and mass
transport. Thus, comparison of Figure 1 and Figure 6 al-
low visualisation of the positions of faults scarps that are
clear in the geomorphology along longer faults.

Segmentation defined in this way, with 20-40 km
faults, revedls that the fault system is composed predomi-
nantly of soft-linked faults arranged in both en echelon
and end-on geometries. Faults are separated by relay-
ramps that in places contain dip-slip release faults allow-
ing extension along strike due to throw-gradients on the
main NW-SE faults. However, no examples of strike-slip
transfer faults linking displacements on one NW-SE fault
are, in the opinion of the author, clear in the geomorphol-
ogy. Thislack of transverse strike-dip lineaments is real
because in many instances, the ground in these relay
zones is extremely well-exposed, and it is not feasible
that scarps would not be seen on the available SPOT im-
ages. Segmentation at this crustal scale is characterised
by along-strike fault overlaps across relay zones of less
than a few tens of percent of fault lengths and across
strike distances across relay zones of 5-15 km.

Discussion

Debate is ongoing concerning the numbers, geome-
tries and actual positions of active normal faults in the
Italian Apennines (compare the fault maps of Valensise
and Pantosti 2001, Roberts and Michetti 2004, Papaniko-
loau and Roberts 2007, Galadini and Galli 2000, Guido-
boni et al. 2007, Ithaca Project 2007). This, in the view of
the authors, has in part been due to the difficulty in visu-
alising regional patterns of deformation from observa-
tions of geomorphic features that need to be viewed at a
metre-scale spatial resolution; Google Earth now allows
such visualisation and quantification of the active fault
geometries (Figure 1) and (Figure 6). It is the opinion of
the author that such visualisation is the way to conclude
such debates with agreement needed in the near future on
afinal active fault map. However, it is clear from the rel-
atively discontinuous nature of the scarps seen with Goo-
gle Earth, and the relatively continuous throw and kine-
matic variations along the faults (Figure 6) that one can-
not simply use Google Earth to map such faults without
detailed fieldwork. In particular, the kinematic data are
extremely useful in helping define fault lengths, and such
data can only be collected at outcrop at present (Roberts
1996, 2006, Roberts and Michetti 2004, Papanikolaou
and Roberts 2007).

It is important to correctly identify the numbers, geo-
metries and actual positions of active normal faultsin the
Italian Apennines and elsewhere, because these are the
seismogenic sources that certainly control the locations

Visualisation of active normal fault scarps in the Apennines, 1taly: a key to assessment of tectonic strain release and earthquake rupture.
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of future devastating earthquakes, and possibly the maxi-
mum magnitudes of expected earthquakes (Wells and
Coppersmith 1994, Pace et al. 2002). Through compari-
son of multi-seismic-cycle strain-rates defined by dlip
across fault scarps and single-seismic-cycle strain rates
from instrumental seismicity and geodesy (e.g. Roberts
2006), one may be able to constrain the stress-loading
and strain-release patterns that govern earthquake recur-
rence, through improved understanding of the mechanics
of the seismic cycle; visualisation of active fault geome-
triesis akey waypoint on the journey to this goal.

Conclusions

Google Earth has been used to map active normal
fault scarps that offset 12-18 ka landforms in the Apen-
nines, Italy. This map provides precise locations for
structures responsible for tectonic strain release and
earthquake rupture. Spatial variation in fault slip occurs
at a scale of tens of kilometres, whilst fault scarps have
offsets of <30-40 metres and a geomorphic expression
that can only be visualised on topographic images with
gpatial resolution at the metre-scale. Thus, until now, de-
bate has surrounded the exact positions of scarps due, in

part, to problems of visualising both the detailed geomor-
phic features and their regional variation. Provision of
complete SPOT image coverage and topography within
Google Earth allows individual scarps visited during
fieldwork to be visualised at a regional scale within an
easily-accessible interface. The resultant fault map is an
important step towards agreement on a final fault map,
which is needed to facilitate comparison of multi-seis-
mic-cycle strain-rates defined by dip across fault scarps
and single-seismic-cycle strain rates from instrumental
seismicity and geodesy. Such a comparison is needed to
constrain the stress-loading and strain-release patterns
that govern earthquake recurrence, through improved un-
derstanding of the mechanics of the seismic cycle.
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