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Abstract

Structural analysis and field mapping together with simple geometrical and flexural elastic models, document that two
styles of Quaternary extensional tectonics characterized the Gran Sasso range (central Apennines, Italy). In the western
part of the range, extension took place on 10-15-km-long range-front normal faults with associated 600—1000-m-high
escarpments showing evidence of Late Glacial-Holocene activity. This topography has been reproduced with a thin elastic
plate subjected to the isostatic forces induced by the movement along high-angle (55°—65°) planar norma faults. In the
eastern part of the belt extension occurred on shallow-dipping normal faults (30°—35°) which reactivated progressively
deeper pre-existing thrusts. In this area antithetic ‘domino’ faults formed to accommodate the mechanical adjustment
of the hanging-wall over a variably dipping major fault surface. The eastward increase in shortening, due to the earlier
compressional phase, documented in the Gran Sasso belt by previous authors, accounts for the more developed zones of
weakness and high topographic relief in the eastern sector. This setting could explain the different styles of extension and
the more advanced northeastern limit of normal faulting in the eastern sector. This work suggests that normal faults can
originate either with low- or high-angle geometry in the upper crust according to the pre-existing tectonic setting and that
topography could be important in controlling the geometry and pattern of migrating normal faulting. 0 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Pre-existing faults and topography may control
the styles of extensional faulting especially in moun-
tain chains undergoing post-orogenic extension. Ge-
ometric relationships between normal and thrust

*Corresponding author. Fax: +39 6548 88201, E-mail:
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faults are usually described as branching on dé-
collement levels (Baly et al., 1966; Royse et al.,
1975), reactivation of ramps (Petersen et a., 1984;
Smith and Bruhn, 1984) or cross-cutting of thrusts
by normal faults (Wernicke et al., 1985; Powell and
Williams, 1989). Mechanica models based on the
Mohr—Coulomb criterion (Sibson, 1985; Ivins et al.,
1990; Huyghe and Mugnier, 1992), evidence from
earthquakes focal mechanisms (Jackson and White,
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1989; Doser, 1987) and analogue models (Faccenna
et a., 1995) put some constraints on the geometric
conditions allowing extensional reactivation of thrust
faults in the upper brittle crust. Topography also in-
fluences the state of stress (Fleitout and Froidevaux,
1982; Royden and Burchfiel, 1987) generating ex-
tensional regimes in elevated terrains. The styles of
extension can thus change very rapidly in the same
area, depending on the pre-existing structural and
topographic setting.

The Apennines thrust belt formed after the late
Tortonian, contemporaneously with back-arc accre-
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tion in the Tyrrhenian Sea (Malinverno and Ryan,
1986; Pataccaet al., 1990). Progressively eastern do-
mains of the Adriatic foreland were affected by short-
ening and thrusting followed by extensional tecton-
ics (Elter et al., 1975; Bally et a., 1986; Keller et
a., 1994). Today, the eastern limit of normal fault-
ing follows the topographic divide of the Apennines
(Fig. 1). The migrating extensional front reached this
position in the Early Pleistocene. Active SW-NE ex-
tension is also evidenced by the pattern of seismicity
observed in the Italian Peninsula (Anderson and Jack-
son, 1987). At the regional scale the system of nor-
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Fig. 1. (8) Shaded relief map of central Italy and (b) topographic cross-sections. The inset outlines the area showed in Figs. 2 and 3. The
topographic cross-sections show that significant normal faulting begins immediately behind the topographic crest of the Apennines.
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Fig. 1 (continued).

mal faults runs NW-SE, almost parallel to the frontal
Apenninic thrust system. In the Gran Sasso area the
regional trend of normal faults is localy deflected
assuming E-W and N-S directions, following the ar-
cuate shape of the thrust sheet. This pattern givesthe
opportunity to study the role of pre-existing thrust
faults and topography on the styles of extension.

In this paper we present new data concerning the

structural setting of extensional faults in the Gran
Sasso range. We focus in particular on (1) the role
of pre-existing faults and topography in controlling
normal faults geometry and kinematics, and (2) on
the modes of outer migration of normal faulting.
Geometric and simple thin elastic plate models put
some constraints on the geometry and the kinematic
evolution of the normal faults.
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A clearer definition of the extensional tectonics
in this area is important in order to provide insights
into: (1) upper crustal normal fault geometry in an
intra-continental extensional setting containing pre-
existing zones of weakness and topographic relief; (2)
the modes of extensional tectonics in orogenic belts
where normal faulting underwent spatial and tempo-
ral migration in a previously shortened domain; (3)
the geometrical and kinematic relationships between
thrusts and normal faults during the Quaternary tec-
tonic evolution of the central Apennines.

2. Geological setting

The Gran Sasso range (Fig. 2) is one of the magjor
morphological and structural features of the central
Apennines (Parotto and Praturlon, 1975). It has the
highest atitudein the belt (2912 m at Corno Grande)
and forms an E-W to N-S trending arcuate thrust
belt (Gran Sasso Thrust Belt, GSTB). Several studies
have focused on the compression-related structural
features describing the out-of-sequence character of
the GSTB (Ghisetti and Vezzani, 1986, 1991).

In the GSTB the most easterly normal faults of
the central Apennines represent the breakaway fault
system of the Tyrrhenian—Apennines extensional do-
main. Despite evidence of important normal faulting,
few studies have focused on the Quaternary exten-
sional tectonics which characterizes the internal part
of the range. The GSTB is particularly well suited
for astructura study on the influence of pre-existing
structures on the development of extensional fault-
ing, asthe normal faults developedin (1) aregionally
important thrust belt and are (2) the outermost zone
of the Apennines extensional domain.

Based on the structural and morphological fea
tures of the GSTB extensiona area, three different
domains are distinguished (Fig. 3). In the west-
ern part (Assergi Valley) (a), normal faults dipping
50°-70° to the south, show ~1000-m-high and 10—
15-km-long fault escarpments, and do not show a
significant development of antithetic faulting. In the

eastern part (b), 35°-55° S-dipping norma faults
bound the Campo Imperatore plain (a tectonic de-
pression partly filled with aluvial, glacial and flu-
vioglacial deposits of Quaternary age; Demangeot,
1965), are more segmented than their counterparts
in the western part and give rise to more sinuous
range fronts. South of these normal faults, between
the Campo Imperatore plain and the Middle Aterno
Valley, the deformational pattern (¢) mainly consist
of NE-dipping normal faults, and associated south-
ward tilted fault-blocks determining a morphological
aspect given by the close aternation of ridges and
depressions (antithetic faults domain, AFD) particu-
larly evident in the shaded relief map of Fig. 3. These
NE-dipping faults are antithetic structuresin relation
to the master faults bounding the Campo Imperatore
plain.

2.1. Sratigraphy

The Gran Sasso range is located in the transi-
tional zone between the palacogeographic domains
of the Latium—Abruzzi carbonate platform to the
south and the Umbria—Marche pelagic basin to the
north (Accordi and Carbone, 1988; Fig. 2). Lime-
stones from the Latium—Abruzzi platform crop out
in the main part of the AFD, as far north as the
Campo Imperatore plain (Adamoli et a., 1978). The
platform-to-basin transition deposits crop out widely
north and west of the Campo Imperatore plain along
the main topographic elevations of the GSTB. These
sediments are well stratified micritic limestones and
micritic cherty limestones interbedded with marly
and clayey beds, middle Liassic to Middle Miocene
in age. This sequence is characterized by strong de-
trital supply made up of bioclastic limestones, with a
pronounced variable thickness, coming from the ad-
jacent Latium—Abruzzi platform. A Messinian flysch
(‘Flysch della Laga® Formation), representing the
siliciclastic infilling of the foredeep basin, crops out
only in afew patchesin the western part of the Gran
Sasso belt. Conversely the Laga Flysch iswidespread
north of the GSTB, with athickness of 2—3 km.

Fig. 2. Generalized geologic map of the Gran Sasso range area (modified from Bigi et al., 1990). Legend: LM = Laga Mountains; MFM
= Montagna dei Fiori-Montagnone structure; CI = Campo Imperatore plain; AV = Assergi Valley; SS = S. Stefano Sessanio village;
AFD = antithetic faults domain; TV = Tirino Valley; MAV = Middle Aterno Valley.
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Large amounts of Pleistocene detrital deposits can
be observed in the area. In the southern part of the
range, two different sedimentary sequences have been
observed. Lower Pleistocene calcareous conglomer-
ates and breccias (Valle Valiano Breccia, Bosi and
Messing, 1991) form the upper part of the alluvial
fans bordering the Middle Aterno Valley to the north-
east (Fig. 3; Bagnaiaet al., 1989; Bertini et al., 1989).
Between the Campo Imperatore plain and the Mid-
die Aterno Valley the Quaternary deposits are rep-
resented by a pink matrix cal careous breccia, Lower
Pleistocene in age (‘Brecce mortadella of Deman-
geot, 1965; ‘Brecce di Fonte Vedice' of Bosi and
Messing, 1991; D’ Agostino et a., 1997). The ‘pink-
matrix’ breccia generally shows a SSW-dipping di-

N [, . A Rl ™ & -
Fig. 3. Shaded relief map of the Gran Sasso range and surrounding areas. Observe the striking morphological expression of the normal
faults downthrowing the internal part of the thrust sheet. In the Gran Sasso range the traces of these faults describe a curvature following
the arcuate shape of the thrust front. The different extensiona domains, distinguished on the basis of structural and morphological
features are outlined: (a) western sector; (b) eastern sector; (c) antithetic faults domain, AFD.

rection, having being controlled during their deposi-
tion by the NE-dipping faults (see Section 3.3).

2.2. Tectonic setting and pre-existing topography

In the GSTB the E-W-trending structures of the
Latium—Abruzzi carbonate platform override the N—
S structures of the Montagnone units (Fig. 2; Ghisetti
and Vezzani, 1986). Structural (Ghisetti and Vezzani,
1991) and preliminary palacomagnetic data (Dela
Pierre et a., 1992) support an anticlockwise rota-
tion associated with the emplacement of the GSTB,
implying a right lateral shear on the N—S-trending
segment of the GSTB. In the eastern part of the
range (Mt. Prena, Mt. Camicia, Fig. 4A) Ghisetti and
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Fig. 4. Cross-sections showing the structural setting of the Gran Sasso thrust belt (see Fig. 2 for location of cross-sections). Observe
the decrease in shortening going from the eastern to the western part of the range. (Modified from Servizio Geologico d'Italia, 1963,
Ghisetti and Vezzani, 1986, and this work; wells and highway tunnel data from Catalano et a., 1986). Legend: Trl = Upper Trias
(‘Dolomie bituminose’); Tr2 = Upper Trias (Dolomia Principale); JI = Lower Jurassic; Jum = Upper—Middle Jurassic; Cr—Pg =
Cretaceous—Palaeogene; MI = Lower Miocene; Mu = Upper Miocene; Qu = Quaternary.

Vezzani (1986) described an imbricate stack defined
by several tectonic units. These units can be dif-
ferentiated according to their structural setting. The
lower unit (S. Colomba unit), overriding the Laga
Flysch by means of the Lower Thrust, consists of
a Z-shaped folded sequence progressively overturn-
ing to the east indicating a west to east increase of
shortening (Ghisetti and Vezzani, 1991). The Up-
per Thrust juxtaposes the Mt. Prena unit, an Upper
Triassic—Lower Miocene N-dipping sequence, over
the S. Colomba unit. The overlying units, gener-
aly made up of N-dipping highly fractured Up-
per Jurassic to Lower Cretaceous limestones, are

separated from the underlying S. Colomba unit by
‘younger-on-older’ tectonic contacts. Compressional
(Ghisetti and Vezzani, 1986, 1991) or extensiona
(Adamoali et al., 1990; Bally A.W. in Ghisetti et al.,
1993; this work) characters have been aternatively
proposed for these faults. In the central (Fig. 4B) and
in the western part (Fig. 4C), progressively lower
shortening is observed. In the westernmost section
(Fig. 4C) the front of the thrust belt consists of
an overturned anticline, probably related to a blind
thrust. The stratigraphic thickness variability along
the belt is probably related to both palaeogeographi-
cal and tectonic causes (Fig. 4).
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Fig. 5. Block-diagram of the central part of the Gran Sasso range (see Fig. 2 for location of the area). In the western part of the range (top right of the figure) erosionally
dissected surfaces, locally preserving thin layers of Lower Pleistocene breccias suturing the thrust front (thin dashed line; Arapietra breccia), allow a first order estimate of
the topographic relief formed by thrusting. In the internal part of the range this pre-existing relief has been downthrown to the south by normal faulting.
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The emplacement of the Gran Sasso thrust sheet
has resulted in the formation of a topographic front
that is best preserved, in its origina morphology,
in the western part of the range (Fig. 5). In this
area, after the emplacement of the GSTB, the north-
facing slopes underwent mainly linear erosion due
to the outflowing Quaternary glaciers and streams.
Relict surfaces are preserved 700—900 m lower than
the highest elevations and are localy covered by
thin layers of Lower Pleistocene breccias (Deman-
geot, 1965; Dufaure et a., 1988) suturing the thrust
front. Considering the elevation of the dissected sur-
faces and breccia deposits (1900-2000 m) and the
elevation of the highest peaks (2600-2800 m), the
compressional topographic relief could be evaluated
as at least 700-800 m with a mean average slope of
15°. We will show in Section 4.1 how this informa
tion can be used to estimate the topographic relief
related to normal faulting.

2.3. Timing of normal faulting

The onset of the extensional tectonicsin the Gran
Sasso area may be inferred by the age of the con-
tinental sediments filling intermontane depressions
formed after the acme of the compressional episodes.
Lower Pleistocene lacustrine sediments (Bosi and
Messing, 1991), are widespread in the Middle Aterno
Valley, just south of the Gran Sasso range (Fig. 2).
These sediments were deposited in an Early Pleis-
tocene lacustrine system, which received consid-
erable detrital supply by the Gran Sasso domain
(Bertini et al., 1989). Coarse calcareous conglomer-
atic bodies are in fact infilled in the Lower Pleis-
tocene lacustrine sequence along the boundary be-
tween the Middle Aterno Valley and the Gran Sasso
range. In the AFD new magnetostratigraphic data
(D’ Agostino et a., 1997) have recently confirmed
the Lower Pleistocene age of ‘pink matrix breccia
(Bosi and Messina, 1991). This seems to demon-
strate that both the syn-tectonic deposits in the AFD
and the Middle Aterno Valley lacustrine deposits are
related to amajor extensional pulse during the Early
Pleistocene. The observation that the apexes of the
Lower Pleistocene dluvial fan deposits of the Middle
Aterno Valley depression are cut by northeast-dip-
ping normal faults (Fig. 12), could suggest that, dur-
ing the Early Pleistocene, the extension shifted to-

wards the northeast affecting progressively the Mid-
dlie Aterno Valley and the Campo Imperatore area.

3. The extensional faults

3.1. Assergi Valley fault system

The E-W Assergi Valley (Fig. 6) is bounded by
a 50°-70° S-dipping normal fault (Assergi Valley
fault) with the same orientation. The fault is continu-
ous for more than 10 km, has an offset of more than
1500 m (Servizio Geologico d'Italia, 1963) and lim-
its a ~1000-m-high escarpment to the north. North
of the Assergi Valley the Tre Selle fault (Ghisetti and
Vezzani, 1991) trends WNW and extends continu-
oudly in the field for more than 10 km. Towards the
west, the Tre Selle fault merges with the NW-trend-
ing Laga Mts. normal fault (Fig. 3), and cuts the
frontal thrust of the GSTB obliquely. The maximum
stratigraphic offset of the Tre Selle fault is about
600700 m (Servizio Geologico d Italia, 1963). At
the bottom of the Maone and Venacquaro valleys,
the fault displaces Late Glacial and Holocene de-
posits and shows well-preserved fault scarps (Fig. 6).
Giraudi and Frezzotti (1995), through geomorphic
and trenching analysis, inferred at least four seismic
events during the last 18,000 years with a dlip rate
on the fault of 0.67—1 mm/year. The coherence be-
tween the L ate Glacial—Hol ocene displacements and
the main geological structure suggests that the range-
front normal fault grew by repeated similar surface
faulting earthquakes (King et al., 1988). The fault
dimension and the surface ruptures along the geolog-
ical structure suggest that thisisamajor normal fault
scaled with the upper seismogenic crust (Jackson
and White, 1989). Since the Tre Selle fault shares
the same morphological and structural features as
the Assergi Valley fault we suggest that they are all
major normal faults with a planar high-angle (55°—
65°) geometry in the seismogenic layer (10—15 km).
The total offset on the Tre Selle fault, assuming a
constant slip-rate, is consistent with the beginning of
the activity at 600—1000 ka. Since the Assergi Valley
fault does not show clear evidence of recent activity
and belongs to the same fault system, we suggest
that at 600—-1000 ka the activity was transferred to
the Tre Selle fault.
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Fig. 6. Assergi Valey and Tre Selle faults (see Fig. 2 for location). (A) Main extensional faults traced on a high-resolution (~40
m) shaded relief map of the western part of the Gran Sasso range. Heavy lines are major range-front normal faults with ticks on
down-thrown side. Arrows indicate surface faulting in Late Glacial—Holocene deposits in the Maone and Venacquaro valleys (Giraudi
and Frezzotti, 1995). (B) Stereographic plot of fault-slip data collected on the Assergi Valley fault (arrow indicates field site; Schmidt
lower hemisphere. The fault dip data sets in this and following figures have been inverted for the palaeo-stress tensor using the method
of Angelier, 1984).
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3.2. The Campo Imperatore faults

In the Torri di Casanova area (Fig. 7) a well-
exposed 25°-30° S-dipping section of the Upper
Thrust shows evidence of extensional reactivation.
The neo-formed part of the normal fault cuts the
hanging wall of the Upper Thrust branching into
the 25°-30° dipping fault. S-C structures devel oped
in pelitic horizons both in the hanging wall and
in the footwall, indicate top-to-the-south sense of
shear, consistent with an extensional reactivation of
the thrust. Kinematic indicators on the fault plane
confirm that the last deformational event was ex-
tensiona (Fig. 7C). Field mapping allowed us to
accurately trace the reactivated section of the thrust,
clearly showing that the upper part (dipping 10°—15°)
was not reactivated. In the area, there is no evidence
of tilting during the extensional phase (the geometry
of the contractional faults does not seem to have
been significantly modified) and we thus infer that
the extensional movements on the thrust took place
on an origina low-angle (25°-30°) plane.

At Mt. Camicia, an Upper Triassic—Cretaceous se-
guence (corresponding to the Mt. Prena unit; Fig. 4)
overthruststhe S. Colombaunit and is cut by a south-
dipping low (25°-35°) and by high-angle (45°—65°)
range-front normal faults (Figs. 8 and 9). A detailed
investigation of the kinematic indicators shows that
the younger-on-older fault (Mt. Camiciafault) is ex-
tensional (Fig. 9). The extensional tectonicsevolution
inthe Mt. Camiciaareahasbeen associated with land-
slide phenomena induced by gravity disequilibrium
on the newly created normal fault escarpment. The
geometrical relationships between the normal faullts,
the base of the Verde Ammonitico Formation and the
dlide surface, alow the reconstruction of the evolu-
tion of the normal fault system (Fig. 10). This pat-
tern records the progressive basinward migration of
thefault activity as frequently observed around major
normal fault systems (Dart et a., 1995).

Two main points stand out from the structura
analysis of the Torri di Casanova and Mt. Camicia
areas. (1) early extensiona faults branch into the
Upper Thrust; (2) the Upper Thrust is cut by the
later range-front normal faults responsible for the
present geometry of the Campo Imperatore plain.
We thus suggest that progressively deeper thrusts
were reactivated and that the normal faults branching

on the Upper Thrust were successively truncated by
late normal faults branching on the Lower Thrust.

3.3. The antithetic faults

Detailed field work in the area (D’ Agostino et d.,
1994; D’ Agostino and Tozzi, 1995) has documented
NE-dipping rotating normal faults and SW-dipping
bedding both in Mesozoic limestones and in the
‘pink-matrix’ Lower Pleistocene breccias (Figs. 11
and 12). The average dimension of the fault blocks
(500 m to 2000 m across strike) and the average
fault lengths (from hundreds of metres to a few
kilometres) suggest that the fault-blocks are prob-
ably detached in shallow upper crustal levels. Two
generations of NE-dipping normal faults arranged
in a ‘domino’-like mode can be observed (Fig. 11).
The first set of normal faults dips 20°-40° while the
second steeper set of faults is clearly expressed in
the morphology, and determines the formation of the
closely spaced (1000—2000 m) set of ridges and de-
pressions. The section in Fig. 12a illustrates the de-
formational pattern of this area and its relationships
with the faults bounding the Middle Aterno Valley.
A first-order evaluation of the amount of extension
can be made assuming a smple ‘domino mode!’
(Davison, 1989) constituted by rigid fault blocks ro-
tating around a horizontal axis (Fig. 12b). Even if
a precise geometric reconstruction cannot be made,
the following should be noted: (1) the association of
strongly SW-dipping Mesozoic limestones and two
generations of ‘domino’ normal faults; (2) the near
paralelism of breccia and Mesozoic limestones on
the southwestern slopes of the rotating fault blocks.
These data suggest that most of the deformation
in the area occurred in an extensional setting. The
amount of extension g is not constant throughout the
area and could be evaluated as ranging between 1.25
and 1.75.

4. Tectonic inter pretation

4.1. Thin elastic plate model of the Assergi Valley
and Tre Slle faults

In order to put further constrain on the geometry
of the Assergi Valey and Tre Selle faults we tested
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Fig. 9. Mt. Camicia normal fault system: (a) view from the west; (b) tectonic interpretation. The Mt. Camicia normal fault cuts at a low angle (30°—35°) the steeply dipping
sequence branching onto the Upper Thrust. On the right side of the photograph, the range-front normal fault cuts both the Mt. Camicia fault and the Upper Thrust (see Fig. 10).
Thin dashed lines indicate bedding. Encircled numbers indicate sites where fault-dip data have been collected close to the Mt. Camicia fault (palaeo-stress axes labels as in
Fig. 5). Inset sketch of site 2 shows mesoscale extensiona structures close to the Mt. Camicia normal fault. DI = Triassic dolomites; Co = middle Liassic micritic limestones
(Corniola); Cr = Cretaceous limestones; br = Quaternary breccia.
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Upper Thrust

Camicia Mt

Fig. 10. Geologic reconstruction of the Mt. Camicia fault system (location of the section in Fig. 8). (A) The earlier normal fault (Mt.
Camicia fault) soles into the Upper Thrust disrupting the previously overthrust unit. (B) Gravity dide of the escarpment created by later
normal faults cutting the Upper Thrust. Note that the gravity dide partly reactivated the Mt. Camicia fault. (C) Present-day structura

setting; the different offsets of the dide surface (a) and the Verde Ammonitico Formation (b) implies that the range-front normal fault
has been active before and after the gravity slide.
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Fig. 11. Domino faulting in the antithetic faults domain (AFD) near S. Stefano Sessanio village. The first generation (1) normal fault,
juxtaposes Lower Pleistocene ‘pink-matrix’ breccias (br) on Cretaceous limestones (Im), and has been rotated to a dip of 25°-30°. The
second generation fault (I1) dips 55°—60° and controlled the formation of a small half-graben to the left of the picture (north).
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Apexes of the alluvial fans of the Middle Aterno
Valley cut by the NE dipping normal faults
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Fig. 12. (a) Geological section of the antithetic faults domain (AFD) (location on Fig. 2). The tectonic style is characterized by NE-dipping rotating normal faults bounding
southward-tilted fault blocks. The NE-dipping antithetic faults cut the apexes of the aluvial fans of the Middle Aterno Valley deposits, suggesting that extensional faulting
shifted from the Middle Aterno Valley toward the antithetic faults domain (AFD). (b) Domino model adopted to constrain the extension factor § in the AFD. A first-order
estimate of the extension may be performed assuming steep initial (60°) fault dip and southwestward tilting of the fault blocks. The geometry of the fault blocks shows that,
locally, the extension factor § could be as high as 1.75.
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asimplethin elastic plate model (Turcotte and Schu-
bert, 1982) constituted by an elastic layer (equivalent
to the seismogenic upper crust) overlying a vis-
cous, fluid layer (equivalent to the lower crust). This
model has been previously adopted (Buck, 1988;
Weissel and Karner, 1989; Kusznir et al., 1991) to
describe the long-term fault behaviour approximat-
ing the summation of repeated co-seismic and post-
seismic deformation around a major normal fault
(King et al., 1988).

The model allows the motion on one or more pla-
nar normal faults. Theisostatic restoring forceisthen
redistributed regionally using the elastic plate theory.
Thevertical deflection w(x) of thethin plateis calcu-
lated by solving the following differential equation:

d*w(x)

DW + Apw(X) = p(X) (@)

where D is the flexural rigidity related to the elastic

plate thickness (Te) by:
T3E
121 —v?) 2

where Young's modulus E = 2.5e10 N/m? and
Poisson’s ratio v = 0.25. The other parameters, as-
suming isostatic compensation in the lower crust,
are Ap = 2.85 g cm~2 (density difference between
the underlying fluid-like medium and the infilling
material), g = 9.81 m s72 and p(x), the isostatic
loads. The final geometry is therefore the sum of the
‘kinematic’ depression (motion on planar faults) and
the regionally deflected thin plate. The deflection of
the thin plate is calculated by the superposition of
the effects of linear point-loads on a continuous infi-
nite plate (Turcotte and Schubert, 1982). In Fig. 13
we calculated the elevation (normalized to the dis-
placement) for a 60°-dipping planar normal fault
for various values of elastic thickness. As already

o
~

0.2

0.0

Vertical displacement / meters of slip

m Kingetal,1988 model
(half space dislocation +
stress relaxation below 15 km depth)

-40.00

0.00 40.00

Distance (km)

Fig. 13. Flexura modelling of normal fault (dip 60°) for increasing elastic thickness (Te) and comparison with an elastic dislocation
model with total stress relaxation below 15 km (from King et a., 1988). The two kinds of model present very similar across-strike

patterns of uplift and subsidence.
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pointed out by King et al. (1988), the uplift and sub-
sidence normal to the fault strike is controlled by the
mechanical properties of the upper crust, the struc-
ture being wider for larger flexural rigidities. Stein et
al. (1988) modelled several dip-dip geological struc-
tures and found that the best-fitting elastic thickness
was in the 2—4 km range. Thisis significantly lower
than the thickness of seismogenic crust implying that
the long-term behaviour of the upper crust is repre-
sented by a significantly lower mechanical thickness
(King et a., 1988; Buck, 1988; Armijo et al., 1996).
Fig. 13 also shows the agreement between the thin-
plate model cal culations compared with the results of
King et al. (1988) based on an half-space did ocation
model with stressrelaxation in the lower crust.

In Fig. 14 we searched for the best-fit solution for
atopographic section crossing the Assergi Valley and
Tre Selle faults. We first evaluated the contribution
of the pre-existent topography. In Section 2.2 we
estimated the pre-existing relief of the thrust belt.
This simplified topography can be removed from the
present-day topography to obtain the relief related to
normal faulting (Fig. 14). The fault dips and offsets
have been constrained from the existing geologic
data (Servizio Geologico d'Italia, 1963) and field
mapping. The resultant topography (Fig. 14) has
been satisfactorily modelled by a 2-km-thick elastic
plate. This value is consistent with the results found
by Stein et al. (1988). Our value of elastic thickness
is in the lower end of their elastic thickness range
possibly because of the highly fractured upper crust
following the Neogene compressional tectonics.

We believe that this model, despite the mask-
ing effects of the pre-existing topography on the true
flexural profile, can account for the i sostatic response
of a high-angle planar normal fault cutting through
the upper crust. The results support the preliminary
interpretation, made on the basis of structural and
morphological features, that in the westernmost por-
tion of the GSTB the Quaternary extension has been
accommodated on high-angle normal faults in the
upper crust.

4.2. Kinematic evolution and geometry of the
Campo Imperatore faults and the antithetic faults

The geological reconstruction of the Mt. Camicia
normal fault system, traced in Fig. 10, can be me-

chanically explained considering the evolution of the
lithostatic load on the fault surfaces. The decrease of
the lithostatic load, as a result of continuing move-
ment and unloading on the earlier normal faults,
forces a downward shift of the reactivated low-angle
fault from the Upper Thrust to the Lower Thrust.
This hypothesis is in accordance with the Mohr—
Coulomb criterion analysis of Huyghe and Mugnier
(1992) who pointed out the progressive deepening
of the potential thrust reactivation in extensional
settings undergoing progressive exhumation. It isin-
teresting to note that the Mt. Camicia normal fault,
probably branching onto the Upper Thrust in its non-
exposed part, assumes a similar dip approaching the
thrust fault (Figs. 9 and 10). This geometrical pat-
tern has also been observed in analogue models and
has been explained as the influence of a pre-existing
weak zone on the local stress field (Faccenna et al.,
1995).

The development of the antithetic faults appears
to be genetically related to the Campo Imperatore
faults. A simple geometricall model (King et d.,
1985; Groshong, 1989; Daniel, 1994) can be used
to explain the development of antithetic faulting
on a major normal fault system made of a steep
section branching on a low-angle reactivated fault
(Fig. 15). This model assumes that the offset (R)
along the high-angle fault is entirely transferred to
the low-dipping reactivated section, causing anti-
thetic faulting in the hanging wall. Fig. 15b shows
the geometrical and mathematical relations between
Rh and Eh, the component of motion along the steep
and the low-dipping section, respectively. The ratio
between Eh and Rh represents moreover the exten-
sional factor B, in the antithetic domain plotted in
Fig. 15c¢ for various geometries. The model considers
an homogeneoudly deforming antithetic domain. We
think that this simplification is justified considering
the small average spacing of the antithetic faults in
relation to the whole deformed area.

Geological observations constrain a and 6 to have
the same value in the range 55°—65 and B, to range
between 1.25-1.75. The model provides dip values
for the low-angle fault between 10°-50°. Consider-
ing that the Lower Thrust should be at a shallow
upper crustal level beneath the AFD we believe that
its reactivation could explain the main features of
the extensiona style in the eastern GSTB. A vaue
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Fig. 14. Thin elastic plate flexural modelling of the Assergi Valley and Tre Selle faults. (a) Geological cross-section across the Tre Selle
and Assergi faults (trace of the section and legend as in Fig. 4C). (b) Reconstructed initial topography related to the compressional
emplacement of the GSTB. (c) Flexural modelling of the residual topography (present-day minus initial topography).

of 30°-35° for the reactivated part of the Lower geometrical models of fault reactivation (Fig. 15);
Thrust is consistent with: (1) field observations in (3) mechanical models based on the Mohr—Coulomb
the Campo Imperatore area (Figs. 7 and 9); (2) criterion (Sibson, 1985).
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Eh tanoa+tan0

P+~ Rn ™ tany+tan6

2.00

1.00
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a,0

Fig. 15. Geometric model for the development of antithetic faulting around steep normal fault branching on a low-angle section; (a)
geometric elements; (b) vector plot; and (c) relationship between dip of master and antithetic shear and extensional factor B, in the
antithetic domain. Considering o = 6 = 55° to 65° and 8, = 1.25 to 1.75, the value of y range between 10° and 50°.

5. Discussion

5.1. Extensional stylesin the Gran Sasso range and
the migration of deformation

In the western Gran Sasso range, extension is
accommodated by high-angle normal faults, cutting
through the entire upper crustal brittle layer includ-
ing older thrusts. Conversely, the eastern part of
the belt is characterized by a ramp-flat geometry of
extensional faults and the related antithetic deforma-
tion is confined above the extensionally reactivated
Lower Thrust (Fig. 16). The timing of normal fault-
ing shows that the entire Gran Sasso area is in
extension since the Early Pleistocene. The different
styles of extension, between the eastern and western
parts, thus contemporaneously developed during the
Quaternary extensional tectonic episodes.

The geometrical setting of the external limit of the

Apennines extensional domain provides insight into
the modes of eastward migration of nhormal faulting
in the central Apennines. Between the Laga Moun-
tains and Sulmona plain (Figs. 2 and 3) the NW-
trending external limit of normal faulting describes
an arcuate pattern following the compressional struc-
tures of the GSTB. The proposed anti-clockwise
thrust-sheet emplacement of the GSTB accounts for
ahigher topographic relief and more devel oped weak
zones in the eastern part of the range. Kinematics
data on normal faults show a component of right lat-
eral oblique slip on the E-W normal faults (Figs. 6, 7
and 9). This suggests that the development of the E—
W normal faulting is consistent with the NE-SW re-
gional extension and could have been controlled by:
(1) reactivation of pre-existing surfaces (e.g. Campo
Imperatore faults); (2) the perturbation of the local
stress regime induced by pre-existing topographic
contrast. We infer that both processes operated be-
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Fig. 16. Block-diagram of the Gran Sasso range area. The schematic cross-section shows structural setting in the eastern part of the range (Campo Imperatore plain and
antithetic faults domain). The Lower Thrust has been extensionally reactivated causing the downthrowing and deformation on antithetic faults in the internal part of the
thrust sheet. In this area extension and block-tilting are confined in the hanging wall of this major extensional fault system.
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cause high-angle and low-angle norma faults cut
and reactivated, respectively, compressional struc-
tures. Stress fields arising from topographic reliefs
as vol canic constructs (van Wyk de Vries and Merle,
1996) were shown to interact with the regional ex-
tensional stressfield. The same mechanism may have
operated in the Gran Sasso area, where the migrating
regional NW-SE-trending limit of normal faulting
interacted with the relief and pre-existing structures
constituting the GSTB, determining the higher north-
eastern advance of normal faulting with respect to
the surrounding regions (Fig. 3).

5.2. Upper crust normal faults geometry and the
influence of a pre-existing tectonic setting

In comparison to the eastern Gran Sasso exten-
siona style (Figs. 6, 8 and 11) in well-studied major
normal fault systems (e.g. Gulf of Corinth; King et
a., 1985; Armijo et al., 1996; Rigo et al., 1996), an-
tithetic faulting generally accommodates less of the
overall extension. It is possibly the depth at which
normal faults assume a shallower dip which controls
the extent of antithetic faulting. In the case of a
high-angle normal fault detaching at the base of the
upper crust (asin the Corinth rift; Rigo et a., 1996)
hanging-wall deformation could be partly accommo-
dated at the base of the brittle layer, thus reducing
deformation by antithetic faulting. For a normal fault
branching on an upper crust low-angle discontinuity
al the hanging-wall deformation is accommodated
mostly through the formation of antithetic faults.
Diffuse brecciation or the presence of soft layers (as
in the case of the Upper Miocene deposits overthrust
by the GSTB) could provide a zone of mechanical
decoupling in the upper crust alowing block tilting
of several tens of degrees.

Seismological observations on the largest earth-
guakesin central Italy (Anderson and Jackson, 1987;
Westaway et al., 1989) have shown that active de-
formation is accommodated by steep planar normal
faults in the upper 10-15 km of the crust as usually
observed in extensiona settings (Jackson and White,
1989). Below this depth, it is generally considered
that the high-angle normal faults (rupturing during
seismic events) assume shallower dips rooting into
the ductile lower crust (Eydogan and Jackson, 1985;
Rigo et al., 1996). This work shows that a major

shallowing in normal fault geometry is possible in
the upper crust as a result of the reactivation of
pre-existing thrust faults.

In highly extended terrains, much debate has fo-
cused on the initial geometries of the present-day
very low-angle detachment faults. Buck (1988) and
Brun et al. (1994), through thin elastic plate and
analogue modelling, respectively, proposed that both
isostatic restoring forces and very low flexural rigidi-
ties could contribute to rotation of initial high-angle
normal faultsto very shallow-dipping (<30°) detach-
ment. Nevertheless there is considerable evidence
that some low-angle normal faults originated and
have been active with their present-day geometry
(e.0. Hodges et al., 1989). The fact that low-angle
normal faults exist in an areawith a minimal amount
of structural exposure indicates that these geometries
are not exclusive of highly extended terrains and that
normal faults could originate either with a low- or
high-angle geometry according to the pre-existing
tectonic setting. Since many active intracontinen-
tal extensional settings follow orogenic areas, the
reactivation of pre-existing gently dipping disconti-
nuities could substantially contribute to the process
of crustal extension.

5.3. Regional-scal e topography and extensional
tectonics

In the Apennines significant normal faulting
begins immediately behind the topographic crest
(Fig. 1b). Thisfeature is shared with other extended
domains (see Roy et d., 1996) where extension has
been associated with uplift and has deeply affected
regional morphology. Several authors have presented
evidence for the Quaternary uplift of centra Italy
from the Tyrrhenian to the Adriatic coast (Am-
brosetti et al., 1982; Dufaure et a., 1988; Marinelli
et al., 1993) across an area more than 150 km wide.
This long-wavelength regional uplift has interacted
with the shorter-wavelength normal faulting pro-
cesses. This interaction is evident in the topographic
profiles (Fig. 1b) where the relief is composed of
a major long-wavelength topographic bulge (~150
km wide) and a shorter wavelength (~30 km) de-
termined mostly by normal faulting. This suggests
that the Quaternary regional-scale morphological
evolution has been controlled by the contempora-
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neous eastward migration of the long-wavelength
topographic bulge and the short-wavelength normal
faulting. This last process has progressively down-
thrown toward the southwest parts of the uplifting
accretionary complex.

6. Conclusion

The Quaternary styles of extension in the Gran
Sasso range seem to depend on pre-existing tectonic
and topographic settings. In the western part of the
range where previous tectonic shortening was less
severe, long, range-front normal faults cut at a high
angle through the brittle upper crust. Conversely, in
the eastern sector, characterized by greater previous
tectonic shortening, the normal faults reactivated
progressively deeper pre-existing 30°-35°-dipping
thrust faults. The branching of the upper high-angle
part of normal faults onto the thrust faults determined
the formation of second-order antithetic ‘domino’
faulting confined in the hanging-wall of the exten-
siona fault system. This work shows that gently
dipping (25°-35° normal faults could be active in
the upper crust as a consequence of reactivation of
older thrusts. The process of reactivation of pre-
existing thrust faults could be a mechanism for the
development of low-angle normal faults in moder-
ately extended terrains in post-orogenic extensional
settings. The fault pattern in the Gran Sasso area
indicates that the pre-existing topographic relief has
influenced the geometry of the migrating limit of
normal faulting, causing a major northeastern ad-
vance with respect to the surrounding areas.
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