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a b s t r a c t

We provide new field data from geologic mapping and bedrock structural geology along the western side
of the Matese Mts in central Italy, a region of high seismicity, strain rates among the highest of the entire
Apennines (4e5 mm/yr GPS-determined extension), and poorly constrained active faults. The existing
knowledge on the Aquae Iuliae normal fault (AIF) was implemented with geometric and kinematic data
that better constrain its total length (16.5 km), the minimum long-term throw rate (0.3e0.4 mm/yr, post-
late glacial maximum, LGM), and the segmentation. For the first time, we provide evidence of post-350
ka and possibly late Quaternary activity of the Ailano e Piedimonte Matese normal fault (APMF). The
APMF is 18 km long. It is composed of a main 11 km-long segment striking NWeSE and progressively
bending to the EeW in its southern part, and a 7 km-long segment striking EeW to ENE-WSW with very
poor evidence of recent activity. The available data suggest a possible post-LGM throw rate of the main
segment of a0.15 mm/yr. There is no evidence of active linkage in the step-over zone between the AIF
and APMF (Prata Sannita step-over).

An original tectonic model is proposed by comparing structural and geodetic data. The AIF and APMF
belong to two major, nearly parallel fault systems. One system runs at the core of the Matese Mts and is
formed by the AIF and the faults of the Gallo-Letino-Matese Lake system. The other system runs along the
western side of the Matese Mts and is formed by the APMF, linked to the SE with the Piedimonte Matese
e Gioia Sannitica fault. The finite extension of the APMF might be transferred to the NW towards the San
Pietro Infine fault. The nearly 2e3 mm/yr GPS-determined extension rate is probably partitioned be-
tween the two systems, with a ratio that is difficult to establish due to poor GPS coverage. The proposed
model, though incomplete (several faults/transfer zones need further investigations), aids in the seis-
motectonic interpretation of poorly-known earthquakes (e.g., 346/355 AD earthquake on the Ailano e

Piedimonte Matese e Gioia Sannitica fault system), and stimulates and further orients seismotectonic
investigations aimed at constraining the segmentation pattern and seismogenic potential of the area.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The Matese region of central Italy was struck by several strong
earthquakes (346 AD, 847 AD, 1293 M5.8, 1349 M6.6, 1456 M7.2,
1688 M7.0, 1805 M6.6; Rovida et al., 2011; Guidoboni et al., 2007).
Despite this high seismicity, only two faults in northern Matese
were recognized to be responsible for strong historical
earthquakes: the Isernia-Bojano-Guardiaregia normal fault system
and the Pozzilli e Capriati al Volturno (Aquae Iuliae) normal fault
(Fig. 1). The NE dipping Isernia-Bojano-Guardiaregia normal fault
system is considered the seismogenic source of the 1805 earth-
quake, and possibly one shock of the 1456 earthquake sequence
(e.g., Di Bucci et al., 2005 and references therein; Galli and Galadini,
2003). The Aquae Iuliae fault is a SW dipping normal fault
considered responsible for the first shock of the September 1349
earthquake sequence (Galli and Naso, 2009).

In central and southern Matese, the active faults are not con-
strained, and the seismogenic sources of the 346 AD and 1688
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Fig. 1. a) Simplified tectonic map of the Matese area in central Italy with epicentres of damaging historical earthquakes (CPTI11 Catalogue, Rovida et al., 2011; epicentres of 346 and
847 earthquakes are from the CFTI4Med catalogue, Guidoboni et al., 2007), focal mechanism and aftershocks area of the December 29th, 2013 Mw 4.9 earthquake (D'Amico et al.,
2014; Ferranti et al., 2015), and location of the areas studied in detail (Aquae Iuliae fault, AIF; Ailano e Piedimonte Matese fault, APMF; and Prata Sannita step-over zone); b, c) GPS-
determined 1994e2007 velocity vectors (b) and strain rates (c) from Giuliani et al. (2009); d) principal axes of the strain rate field from GPS data showing the continuous, smoothly
varying extension rate (red bars) along the Apennines (from D'Agostino, 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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earthquakes are unknown. Moreover, GPS velocity vectors show
high extensional deformation across the Matese, with a total NE-
directed extension rate of 4e5 mm/yr across the Aquae Iuliae and
Isernia-Bojano normal faults in northern Matese (Fig. 1b, c; Giuliani
et al., 2009). An average extensional strain rate of 64 nanostrain/yr,
corresponding to a ~2mm/yr extension rate averaged over a 28 km-
wide polygon (Fig. 1c), was calculated across the Aquae Iuliae fault.
The GPS data, together with the poor geologic knowledge of the
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region, lead to a number of questions: Is the 64 nanostrain/yr GPS
strain rate entirely accommodated by the Aquae Iuliae fault? Is the
southern part of the Matese Mts (south of the alignment Prata
Sannitae Guardiaregia) affected by a comparable extension rate? If
so, which are the most likely active faults able to accommodate this
deformation? These questions are reinforced by the occurrence of a
Mw 4.9 normal faulting earthquake in this poorly understood,
high-seismic hazard area on December 29th, 2013 (Fig. 1a).

Even assuming that the extension rate across the northern
Matese Mts (64 nanostrain/yr) is entirely accommodated by the
Aquae Iuliae fault (a possibility that we consider unlikely; see the
Discussion section), it sounds reasonable that the southern part of
the Matese Mts (immediately SE of the 64 nanostrain/yr polygon in
Fig. 1c) is also affected by comparable active extension. This idea is
justified by the regional kinematic framework emerging from
geodetic data (e.g., D'Agostino, 2014, Fig. 1d), which shows a
continuous, smoothly varying extension rate along the Apennines.
If so, the extension accommodated by the Aquae Iuliae fault should
be transferred toward the SE by mechanisms that are presently
unknown. In examining the available geologic map (1:100,000
Geologic Map of Italy, Sheet 161 Isernia, available at http://193.206.
192.231/carta_geologica_italia/centro.htm), it seems reasonable to
hypothesize that the extension accommodated by the Aquae Iuliae
fault is transferred to the Ailano normal fault across the Prata
Sannita step-over zone. Therefore, the Prata Sannita area should be
a relay zone, or a linkage zone, between the two active faults. In the
existing 1:100,000 Geologic Map of Italy, a SWeNE striking nearly
vertical fault is mapped close to Prata Sannita, along the Lete River,
suggesting that this might be a connecting fault linking the sys-
tems. Alternatively, the extension accommodated by the Aquae
Iuliae fault could be transferred more eastward along the Letino-
Matese Lake system.

This work was inspired by the above questions and is aimed at
contributing to the definition of the mechanisms that control the
transfer of the (active) extensional deformation along the Matese
Mts. We used basic field geologic mapping at a detailed scale
(1:10,000), integrated with basic morphotectonics (first-order
mountain front morphology, detailed topographic profiling of fault
scarps). First, we studied the Aquae Iuliae fault, implementing the
paleoseismic investigation of Galli and Naso (2009) with geometric
and kinematic constraints from geologic mapping and bedrock
structural geology. The widening of geologic analyses along the
Aquae Iuliae fault compared to the existing literature (i.e., Galli and
Naso, 2009) is motivated by the uncertainties about the total fault
length, the characteristics of fault terminations (particularly, the
southern termination) and the fault segmentation. Then, we ana-
lysed the Ailano e Piedimonte Matese fault and the Prata Sannita
step-over zone.

We suggest that the Aquae Iuliae and Ailano e Piedimonte
Matese faults are probably neither linked nor interacting, but both
active, with different slip rates. The tectonic picture emerging from
our data, though incomplete, provides insights on the overall seg-
mentation pattern of the normal faults along the western side of
theMateseMts, with consequences for the seismogenic potential of
the central Apennines.

2. Geologic setting

The Matese Mts are a massif of carbonate rocks located between
the Central and Southern Apennines of Italy, forming a prominent
topographic high (maximum elevation of 2050 m a.s.l.) between
the depressions of the middle Volturno River valley to the west
(Venafro - Alife) and the Bojano basin to the east (Fig. 1a). This
morphology is largely due to Quaternary extensional tectonics,
which formed a horst bordered by NE dipping and SW dipping
normal faults. From south to north, the massif is formed by Meso-
Cenozoic carbonates of a shallow-water platform, a by-passmargin,
and slope environments, separated by nearly EeW trending paleo-
geographic boundaries. Within the massif, carbonate rocks are
locally covered by Upper Miocene hemipelagic and turbiditic sili-
ciclastic deposits (Fig.1a; D'Argenio et al., 1973; Di Bucci et al., 1999;
Patacca and Scandone, 2007 and references therein). The carbonate
massif is mildly deformed internally by contractional structures of
the Late Miocene - Pliocene Apennine compression, post-dated by
the Quaternary normal faults (Ferranti et al., 1996; Brancaccio et al.,
1997; Calabr�o et al., 2003; Di Bucci et al., 2005).

The Quaternary evolution of the area was accompanied by the
accumulation of continental deposits, ranging in age from Early
Pleistocene to Holocene. In the area pertinent to this work, slope-
derived breccia of Early Pleistocene age crop out mainly at the
border of the carbonate massif. Lower to Upper Pleistocene lacus-
trine and alluvial deposits fill the Venafro plain along the Volturno
River valley, which is themost depressed area (maximum thickness
up to �250 m), and the Alife plain (~200 m-thick continental infill)
(Brancaccio et al., 1997). Middle Pleistocene lacustrine deposits
crop out between Capriati a Volturno and Ailano. Upper Pleistocene
to Holocene colluvial, alluvial fan and slope deposits are at the top
of the stratigraphy. Within the continental deposits there are py-
roclastic horizons derived from two main eruptive cycles of the
nearby Roccamonfina stratovolcano (0.55e0.35 Ma and 0.33e0.15
Ma ago; e.g., Luhr and Giannetti, 1987; Rouchon et al., 2008 and
references therein). The first main cycle (0.55e0.35 Ma) formed the
main cone of the volcano with leucite-bearing, tephritic-phonolitic
lava flows and interlayered pyroclastics, culminating with the 353
ka-old, large Plinian event of Brown Leucitic Tuff (BLT, total volume
of at least 3e5 km3). The second main cycle was characterized by
the emplacement of the leucite-free, large-volume White Trachytic
Tuff (WTT, total volume of ~10 km3). The WTT started to erupt 331
ka ago (lower WTT, 80e90% of the total WTT volume) and
continued, with several minor pyroclastic eruptions, from 275 to
230 ka ago (upper WTT). The last pyroclastic activity was the 230
ka-old Yellow Trachytic Tuff. The volcanic activity ended ~150 ka
ago.

Concerning the active faults as constrained from surface
geological data, the overall picture appears fragmentary and
incomplete. Only the Isernia e Bojano e Guardiaregia and Aquae
Iuliae active normal faults are described in the literature. To the SW,
the over 30 km-long fault system striking from Pratella to the Alife
basin, as well as the 25 km-long Gallo e Letino e Matese Lake
system, aremuch less known. A regional tectonic frame is described
in Calabr�o et al. (2003), who pointed out some important exten-
sional fault systems (the NNE and SSWMatese boundary faults and
the LagoMatese systems) but without characterizing them in detail
from geometric, kinematic and chronologic points of views.
Bousquet et al. (1993) suggested dubitative Early Quaternary and
Holocene activity for the Gallo and East Gallo (named here Letino)
normal faults, respectively. The Alife basin boundary faults in the
southwestern part of Matese are generically considered Quaternary
in age, with a Quaternary throw rate on the order of 1 mm/yr
(>0.5 mm/yr in Galadini et al., 2000). Nevertheless, there are no
data documenting the age and activity rate of the fault (Galadini
et al., 2000). Displacements of the 39 ka-old Campanian Ignim-
brite are cited by Cinque et al. (2000) for minor faults in the central
and western Alife basin (Alife and Baia e Latina faults), but the
geometry, present activity, and segmentation of the entire system
bordering the Alife basin is far from defined.

Certainly, the Matese Mts are affected by NE trending extension,
with extensional rates that, according to GPS data, are among the
highest of the entire Apennines of Italy (4e5 mm/yr according to
Giuliani et al., 2009, Fig. 1; see also, for a more regional-scale
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pattern, Devoti et al., 2011; D'Agostino, 2014; Ferranti et al., 2014).
The instrumental seismicity does not help particularly in con-
straining major active faults. The largest instrumentally recorded
earthquake is the normal faulting event that occurred on December
29th, 2013 (Mw 4.9; D'Amico et al., 2014, Fig. 1a). The main shock
and aftershocks are relatively deep (between 10 and 20 km depths),
and there is no evidence for reactivation of one of the outcropping
faults (Ferranti et al., 2015). Nevertheless, the focal mechanism
indicates that the interior of the Matese massif is extending in the
SWeNE direction, consistently with GPS data, with reactivation of
NWeSE striking, nearly dip-slip normal faults.
3. The normal fault system along the western side of the
Matese Mountains

We show fieldwork results aimed at mapping the normal fault
system along the western side of the Matese Mts (Pozzilli - Capriati
al Volturno - Fontegreca - Prata Sannita, and Pratella e Ailano e

Raviscanina - S. Angelo d'Alife - Piedimonte Matese alignments).
The study area is divided into three parts (Fig. 1a): a) a northern
sector with a SW dipping normal fault striking from Pozzilli to
Capriati al Volturno to Prata Sannita and corresponding to the
Fig. 2. Geologic map and sections of the Pozzilli e Capriati al Volturno e Prata Sannita (Aqu
of the mountain front measured from the fault trace (i.e., topographic throw); “top Tr.” ref
Aquae Iuliae fault discussed in Galli and Naso (2009); b) a southern
sector, with a SW-to-S dipping normal fault striking from Ailano to
Piedimonte Matese; and c) a step-over zone between the two faults
in the area from Prata Sannita to Pratella. In the following, the pre-
existing data of the Aquae Iuliae fault is synthesized and integrated
with new data. The new data mostly concern the geometry and
kinematics, the hanging wall and footwall geology, the total
geologic displacement deduced from geologic sections, as well as
the structural geology of the fault close to its southern termination
(i.e., close to the Lete River; Fig. 2). All of these data help in un-
derstanding the total length and segmentation pattern of the fault.
The fault reconstruction proposed here differs appreciably
compared to previous reconstructions (i.e., Galli and Naso, 2009),
particularly for the total fault length and the southern segmenta-
tion. The data presented for areas (b) and (c) are new, as the liter-
ature on normal faulting is lacking for these areas.
3.1. The Pozzilli e Capriati al Volturno e Prata Sannita (Aquae
Iuliae) fault: synthesis of previous studies and new data

The Quaternary activity of this fault, named “Pozzilli e Capriati
lineament”, was highlighted by Brancaccio et al. (1997, 2000) on the
ae Iuliae) normal fault. In geologic sections, “topog.” refers to the topographic elevation
ers to the elevation from fault trace of the top of the Triassic dolostones.



Fig. 3. Topographic profiles across the AIF (exaggerated vertical scale); location of
profiles in Fig. 2. An enlarged view of section 4 is at the bottom of the figure; note that
slope angles refer to the real (not vertically exaggerated) profile.
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basis of the different features, age and distribution of the alluvial
terraces of the Volturno River in the footwall and hanging wall of
the fault (see Fig. 2). During the Middle Pleistocene, the fault cut
through the Volturno River valley, separating a footwall block
characterized by uplift, fluvial down-cutting and terracing, and a
hanging wall block characterized by subsidence, drowning of old
terraces and aggradation (Venafro plain). Galli and Naso (2009)
performed a paleoseismologic and archaeoseismologic study of
the fault and named it the “Aquae Iuliae fault” (AIF). Theymapped a
short northern segment (north of the Volturno River), ~7.5 km long,
separated by a step-over from a southern longer segment, ~15 km
long. The total length of the mapped fault was ~21.5 km, with two
uncertain strands at the northern (~1.5 km-long) and southern
(south of the Lete River, ~2.5 km-long) terminations. Galli and Naso
dug three paleoseismological trenches, two across the southern
segment and a third across the northern segment (see Fig. 2 for
location). The third trench did not provide constraining results,
whereas the two trenches in the southern segment showed a Low-
Middle Age surface faulting event, with minimum coseismic
displacement of 0.7e0.8 m correlated with the September 1349
earthquake, plus one or more poorly constrained events that
occurred after 240e560 AD. Along the northern segment, the au-
thors explain a 3.6 m-high step along a Roman aqueduct as due to
surface faulting during at least 3 earthquakes that occurred after
the 1st century BC, including the 1349 event and possibly the 346/
355 AD and 847 AD events. This would imply an average recurrence
time of ~500 years, and a paleoseismologically determined (last
1400e2000 years) vertical component of the slip rate of
1.5e1.9 mm/yr. Within the Volturno valley, a post-230 ka BP throw
rate >0.2 mm/yr can be deduced from the geometry and age of the
3rd terrace in the footwall of the fault in Galli et al. (2008) (>50 m
vertical offset after 230 ka BP). Middle Pleistocene to present throw
rates of 0.2e0.4 mm/yr are proposed by Cinque et al. (2000).

3.1.1. New data
In Fig. 2, we report the AIF mapped from our fieldwork. North of

the Volturno River, the fault is poorly constrained. In the alluvial
valley along the right bank of the river, we could not find appre-
ciable morphologic evidence of the fault (e.g., scarps), even though
we agree with Galli and Naso (2009) about the near-coincidence of
the northeastern edge of the travertine plate with the supposed
fault strike. At the base of the Pozzilli mountain slope, the fault is
not visible. Nevertheless, the AIF across the Volturno valley and
along the Pozzilli piedmont is constrained by a) the different dis-
tribution of the fluvial terraces NE and SWof the fault, as shown by
Brancaccio et al. (1997); b) the coincidence of the northeastern
edge of the travertine plate with the fault trace; c) the evidence of
faulting found by Galli and Naso (2009) in trench 3; and d) the
straight and steep morphology of the mountain front near Pozzilli
(average strike N130�, dip of ~32�; see profile 1 in Fig. 3), even
though the latter morphology is controlled also by the bedding of
the Upper Cretaceous-Miocene strata, which are folded in a WSW-
verging antiform. Based on our field survey, we exclude that the
fault trace might extend further to the NW of the fault tip mapped
in Fig. 2.

South of the Volturno River, the fault is well constrained and
clearly controls the mountain front morphology of the M. Cesaia-
vutti e M. Favaracchi range. The slope profile along SWeNE ori-
ented topographic sections is convex, indicating rejuvenating
slopes due to normal faulting. In particular, profiles 3 and 4 (see
profile 4 in Fig. 3) are characterized by three slope segments that
are progressively steeper moving down-slope, from ~22� to ~32� to
~38�. An even steeper slope, a few metres high, characterizes the
footwall of the normal fault (see the topographic profiles across the
fault in the next section). The oldest rocks of the footwall are Upper
Triassic dolostones. In the hanging wall, the youngest pre-
Quaternary rocks are the Miocene siliciclastic turbidites. Only
near Fontegreca are Miocene turbidites in tectonic contact with the
Triassic dolostones. More frequently, the normal fault is the contact
between the carbonate bedrock and Upper Pleistocene slope-
derived gravels, or older (Early-Middle Pleistocene) breccia
(south-eastern part; Fig. 2). Lacustrine silts and clays with
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interlayered pyroclastic deposits of the Roccamonfina volcano
(Middle Pleistocene, Brancaccio et al., 1997) cover a large area in the
southern part of the hanging wall, possibly indicating an ancient
depression controlled by fault activity. Using the contact between
pre-Quaternary bedrock and Quaternary cover as an indicator of
the mountain-piedmont junction, we calculated a mountain-front
sinuosity ranging from 1.0 to 1.1, indicative of an actively deform-
ing range. In map view, the fault has an average strike of 125� from
the Volturno River to Fontegreca and 135� from Fontegreca to Prata
Sannita. At a more detailed scale, the fault trace is composed of
alternating NWeSE (prevailing) and nearly EeWstriking segments.
This pattern is observable at all scales, from themap scale (Fig. 2) to
the outcrop scale (e.g., Fig. 4a). The intersection between the two
directions is parallel to the average slip vector (SW to WSW
plunging; e.g., stereogram 2 in Fig. 2). The average slip vector is also
constrained by slickenside lineations measured on fault planes on
both carbonate bedrock and slope-derived breccia (stereograms in
Figs. 2, 4a and 4c, and 5).

In the field, several outcrops show evidence of Quaternary to
late Quaternary activity of the normal fault, including a) faulted
Upper Pleistocene colluvium (Fig. 4b; the age of the colluvium is
deduced from dating in nearby paleoseismological trenches by
Fig. 4. Outcrop views of the AIF and associated minor faults (location in Fig. 2): a) bedrock
variations of fault strike from NWeSE to ~ EeW; b) faulted Upper Pleistocene colluvium n
paleoseismological trenches by Galli and Naso, 2009); c) normal faults in Early-Middle Pleist
inset shows the slickenside on breccia).
Galli and Naso, 2009); b) synthetic normal faults cutting through
the Early-Middle Pleistocene slope-derived breccia in the hanging
wall of the main fault (Fig. 4c); c) well-preserved bedrock (dolo-
stone) fault scarps (Figs. 4a, 5a and 6a); and d) very young hanging
wall synthetic splays displacing the erosional top surface of the
bedrock dolostones, including the overlying Holocene colluvium,
and forming Holocene fault scarps (Fig. 5b).

Approaching the Lete River, the main AIF scarp progressively
changes direction from NWeSE to EeW to ENE-WSW, although the
slip vector does not change (SW plunging; Fig. 6a; stereogram 5 in
Fig. 7). Further to the east, the AIF merges with aWSW-ENE striking
fault that separates Triassic dolostones in the footwall from Jurassic
limestones in the hanging wall. The geomorphic evidence along
this fault is poor. Only discontinuous outcrops of faulted slope-
derived breccia suggest Quaternary activity. A parallel normal
fault (WSW-ENE striking) with comparable kinematics (SW
plunging slip vector) crops out further to the south, close to the Lete
River (Fig. 6b, c; stereogram 6 in Fig. 7). Overall, the field evidence
suggests that the AIF approaches and reactivates a pre-existing fault
zone striking from EeW to ENE-WSW nearly parallel to the Lete
River.
(dolostone) fault scarp between Capriati a Volturno and Fontegreca showing repeated
ear Capriati al Volturno (the age of the colluvium was deduced from dating in nearby
ocene slope-derived breccia near Fontegreca, in the hanging wall of the main fault (the



Fig. 5. a) Bedrock fault scarp along the main fault NE of Prata Sannita; b) synthetic hanging wall splay displacing the erosional top surface of the bedrock dolostones, including the
overlying ceramic-bearing Holocene colluvium, and forming a Holocene fault scarp; location in Figs. 2 and 7.
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3.2. The Prata Sannita step-over zone

The results of the field survey of the Prata Sannita area are
illustrated in Fig. 7. The structural geology of the area is complicated
by the presence of a number of normal faults having different ge-
ometry, kinematics and geomorphic evidence.

The main fault scarp of the AIF terminates toward the SE as
described in the previous section. Nevertheless, ~3 km north of



Fig. 6. a) Progressive bending of the main fault from NWeSE to EeW to ENE-WSW
close to the southern termination of the AIF; stereogram refers to the ~EeW striking
strand; b) ENE-WSW striking normal fault parallel to the southern termination of the
AIF, in the hanging wall; c) detailed view of fault of Fig. 6b; location in Figs. 2 and 7.
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Prata Sannita, a NNW-SSE striking normal fault branches out from
the AIF, forming a morphologic scarp on the Early-Middle Pleisto-
cene slope-derived breccia (the fault with square symbols in the
map of Fig. 7). Further to the SSE, this fault separates the breccia
deposits from the Triassic dolostones and then changes direction to
NNE-SSW, separating the Triassic-Jurassic carbonates from the
Miocene deposits. Further to the S, the normal fault is formed by
connected EeW, NEeSW, and NeS striking segments, which
separate the Triassic-Jurassic carbonates from theMiocene deposits
(semicircle symbols in Fig. 7). The observed slip vectors are SSE
plunging (stereogram 7 in Fig. 7), significantly different from those
measured on the AIF slickensides.

The stratigraphic separation across the fault indicates a long
tectonic history, with vertical displacement >400e500 m. The fault
was reactivated also during the Quaternary due to the offset of
Early-Middle Pleistocene slope-derived breccia. Younger fault ac-
tivity is excluded due to the lack of geomorphic evidence (e.g., fault
scarps) along the tectonic contact between the Jurassic limestones
and theMiocene siliciclastic turbidites (Fig. 8). Moreover, we drewa
number of sections across the Lete River, one of which is illustrated
in Fig. 7, showing that the fault activity is post-dated by erosional
and depositional terraces younger than the Early-Middle Pleisto-
cene slope-derived breccia. Therefore, it seems unlikely that the
fault is younger than the Middle Pleistocene.

3.3. The Ailano e Piedimonte Matese fault

We mapped the APMF for ~18 km (Fig. 9). The fault can be
divided into two segments: a northern, NWeSE striking segment,
from Ailano to nearby Sant'Angelo d'Alife, and a southern, nearly
EeW to ENE-WSW striking segment, from nearby Sant'Angelo
d'Alife to Piedimonte Matese. The footwall of the APMF is almost
entirely formed by Upper Triassic highly cataclastic dolostones,
whereas large Upper Pleistocene alluvial fans crop out in the
hanging wall. The mountain front morphology is not as tectonically
controlled as the mountain front of the AIF. The slope profiles are
concave upwards or straight (Fig. 10), suggesting that tectonic
forces are less important than for the AIF (compare Figs. 3 and 10).
Nevertheless, metre-scale scarps are observed, though discontin-
uously, along the fault trace (see next section). Using the contact
between pre-Quaternary bedrock and Quaternary cover as an in-
dicator of the mountain-piedmont junction, we calculated a
mountain-front sinuosity index of 1.2, which overall suggests that
tectonic forces prevail over erosion and aggradation.

3.3.1. The northern segment
The northern half of the APMF is, on average, NWeSE striking,

but the fault geometry is not straight and simple (Fig. 9). In the
northern part, between Pratella and Ailano, the main NWeSE
striking fault intersects withWNW-ESE, EeW, and SWeNE striking
normal faults. These latter are characterized by large stratigraphic
separation (e.g., Upper Miocene siliciclastic turbidites against
Triassic dolostones) and poor geomorphic evidence. These features
are similar to those observed in the Prata Sannita area and suggest
the existence of pre-existing normal faults, with the youngest ac-
tivity post-dating the Upper Miocene turbidites, but not necessarily
active in recent Quaternary times. West of Ailano, Middle Pleisto-
cene lacustrine deposits with interlayered pyroclastic deposits of
the Roccamonfina volcano cover or surround isolated hills of
Triassic dolostones or hills of Miocene siliciclastic turbidites, again
suggesting the existence of a tectonically articulated substratum
before the continental deposition (see the area ~3 km S of Pratella
in Fig. 9). The fault segment active in most recent Quaternary times
seems to be the NWeSE striking segment, as it controls the first-
order morphology of the area, separating the highest topographic



Fig. 7. Geologic map of the Prata Sannita step-over zone.
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relief in the footwall from a piedmont morphology articulated in
small-scale topographic reliefs (e.g., section 10 in Fig. 10). Here, on
the basis of the stratigraphic separation between Cretaceous rocks
across the fault, we estimated a vertical displacement <200 m.
However, evidence of the youngest late Quaternary activity was
observed on the EeW striking, S dipping fault cropping out near
Ailano, where the Upper Pleistocene colluvium (14C dating on bulk
sample; 2s calibrated age 16,717 BC - 15,663 BC) is faulted against
the Triassic dolostones (Figs. 11a, b). Further to the west, this S
dipping normal fault shows alternating EeW, NEeSW and shorter
NWeSE striking segments displacing the Middle Pleistocene
lacustrine deposits (Fig. 11c). The slip vectors show two prevailing
directions; one towards the S-SSE and one, less represented, to-
wards the SW, but the chronologic relationship between the two
are unconstrained (stereograms 1 to 4 in Fig. 9). Interestingly, the S
to SSE plunging lineations are similar to those measured on the
Prata Sannita fault (stereogram 7 in Fig. 7), strengthening the
similarities between the two systems. West of Ailano, in the
hanging wall of the fault zone, dikes oriented nearly EeW, with
sulphur/sulphate mineralizations, crop out (symbols with “S” in
Fig. 9; Figs. 11d, e). The dikes are intruded within the Miocene sil-
iciclastic deposits, and are formed by breccia of prevailing



Fig. 8. View to the south of the NNE-SSW striking normal fault near Prata Sannita (location in Fig. 7). Note that despite the large stratigraphic throw, there is no appreciable
morphologic scarp, suggesting that erosion and terracing post-date the faulting.
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carbonatic and subordinate arenitic clasts with fumarole alteration,
and abundant sulphur/sulphate deposition. The degassing along
the dikes and the deposition of native sulphur are still active. All of
these data suggest that the fault zone controlled the emplacement
of a high-energy phreatic intrusion of unknown age, and that the
fault zone is still a preferential way for up-flow of hydrothermal
fluids.

The system of normal faults and dykes described above is
located at the eastern termination of a discontinuous fault system
striking SWeNE to EeW from the southern slope of Mt Cesima
(Presenzano) to Ailano. At a larger scale, the fault zone, dipping to
the SeSE, belongs to the eastern prolongation of the NE trending
Garigliano graben, within which the Roccamonfina volcano devel-
oped during the Middle Pleistocene (Fig. 1a; Ippolito et al., 1973;
Frezzotti et al., 1988; Watts, 1987; Capuano et al., 1992; De Rita
and Giordano, 1996). The Presenzano - Ailano system was highly
active contemporaneously with the Roccamonfina volcano, as
testified by the large thickness of volcanic rocks in the hanging wall
of the Presenzano normal fault (up to 500e600 m, further thick-
ening towards the west, on the basis of borehole, gravity, magne-
totelluric and electromagnetic data; Barbier et al., 1970; Capuano
et al., 1992). We discovered that the fault offsets leucite-bearing
pyroclastics (Fig. 11f), indicating that the youngest fault activity
post-dates the first cycle of the volcano (0.55e0.35 Ma old).
Nevertheless, we could not observe clear evidence of late Quater-
nary activity. The kinematics is normal-oblique, with two slip
directions: one to the SE (left-lateral), and the other to the SSW
(right-lateral) (stereogram in Fig. 11f). In a site located on the left
bank of the Volturno River, we clearly observed that SSW plunging
slip vectors post-date the SE plunging ones; both are oblique
compared to the fault strike, indicating reactivation of pre-existing
faults.

SE of Ailano, the APMF cuts an outcrop of massive tuffs and
forms a few metres-high scarp (Brown Leucitic Tuff of the Rocca-
monfina volcano, BLT; see the following sub-section for a detailed
characterization; Fig. 12). In the hanging wall, a geognostic well
penetrated the top of a thick layer of tuffs at an elevation of ~240 m
a.s.l. beneath a ~30 m-thick cover of fan gravels (0e15 m) and
lacustrine clays (15e31 m) (section D in Fig. 9). The composition of
the drilled tuffs is not described; nevertheless, considering that the
BLT is the oldest among the widespread large Plinian events of the
Roccamonfina volcano, it is likely that the tuff in the well is the BLT
or younger. Considering the elevation of the BLT tuffs in the foot-
wall (290e300 m a.s.l.), a minimum vertical offset of the BLT on the
order of 50e60 m is inferred. The top of the carbonate bedrock in
the hanging wall is at a depth of ~450 m (geoelectric data in
Corniello and Russo, 1990), and the Quaternary cover is > 120 m
thick (borehole data available at http://sgi1.isprambiente.it/
GeoMapViewer/index.html), indicating a post-Late Miocene strat-
igraphic offset >1000 m, including a significant component during
Quaternary times.

Near Raviscanina, in the hanging wall, a CretaceouseMiocene

http://sgi1.isprambiente.it/GeoMapViewer/index.html
http://sgi1.isprambiente.it/GeoMapViewer/index.html


Fig. 9. Geologic map and sections of the Ailano e Piedimonte Matese normal fault; the legend is the same as in Fig. 2.
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stratigraphic succession forms a prominent morphologic salient,
which perhaps is a remnant of a former segment boundary. Here,
the main fault can be easily traced, as it forms a continuous car-
bonate fault scarp on the Triassic dolostones of the footwall block.
The southern border of the Raviscanina salient is a fault-
controlled, steep slope oriented nearly EeW. In the hanging wall,
the siliciclastic Miocene bedrock is at depths of 150e200 m (sec-
tion E in Fig. 9), and the carbonates are >250 m deep (geoelectric
and borehole data in Corniello and Russo, 1990). SE of the Rav-
iscanina salient, the hanging wall of the fault is covered by large
coalescing Upper Pleistocene alluvial fans originating from the
mountain front. Close to the fault trace in the hanging wall, the
continental deposits are prevailingly coarse grained, thicker than
130 m (borehole data available at http://sgi1.isprambiente.it/
GeoMapViewer/index.html). The top of the carbonate bedrock is
at depths on the order of 300 m (Corniello and Russo, 1990).

3.3.2. The faulted Brown Leucitic Tuff near Ailano
The main outcrop consists of 6 m thick tuffs, 70 m long, sub-

divided into two units (Fig. 12). The deposit terminates westward
with a SW dipping fault scarp (Fig. 12a), and eastward is faulted
against the dolostone bedrock (Fig. 12b). The upper tuff is a mud
flow deeply canalized in an underlying tuff (Fig. 12c). This flow
contains sparse accretionary lapilli, 0.5 mm in diameter, and
abundant etherolithic lapilli, mostly <1 cm long. The matrix colour
ranges from light brown to brown. Notably, dense leucitic lithics
up to 2 cm long are present (Fig. 12d). The lower tuff shows a faint
layering, good sorting and is a Plinian fall out. Pumices are ~1 cm in
size and have brown-orange alteration at the rim. The deposit is
cross-cut by vertical, narrow bands of kaolin gangue (Fig. 12d)
parallel to the main fault. The pumices contain fresh K-feldspars
and plagioclase microphenocrystals, cpx laths mica cleavage
fragments, rare olivine and seriate leucite deeply altered in anal-
cite. Composition is tephritic leucite phonolite. The matrix shows
eutaxitic texture and ash pellets (Fig 12e), whose glass is in most
cases devitrified. Lithic fragments and discrete crystals are coated
by very fine-grained ash layers. The ash pellets can be broken,
concentric and contain rounded leucite (Fig. 12f). The lithics are
blocky leucitic and trachy phonolitic lavas, and basement quartzite
and shale clasts. The outcrop is ~22 km ENE from the Rocca-
monfina caldera, and 130 km SE from the Albani caldera. To the
south, the nearest caldera volcano is Campi Flegrei, located 65 km
away. Even if Campi Flegrei ignimbrites were recognised in the
nearby areas, we exclude them because of the leucititic composi-
tion of Ailano deposits. Albani produced leucite-bearing ignim-
brites, but are located far from the study area. Roccamonfina is the
best candidate because the presence of relatively large, dense
lithics limits the vent distance of the tuffs. The Roccamonfina
volcano has two ultra-Plinian episodes which are widely distrib-
uted over long distances: the Brown Leucitic Tuffs (BLT) and the
White Trachytic Tuff (WTT) (Luhur and Giannetti, 1987). The WTT
does not contain leucite and is silica saturated. According to Luhr
and Giannetti (1987), the BLT is phonolitic leucite tephrite to
tephritic leucite phonolite. A comparison was performed in the

http://sgi1.isprambiente.it/GeoMapViewer/index.html
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Fig. 10. Topographic profiles across the APMF (exaggerated vertical scale); location of
profiles in Fig. 9.
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field between the Ailano sequence and the Roccamonfina BLT. BLT
basal pumice and surges correlate with the Ailano lower fall-out
level and the BLT pyroclastic flows with the Ailano mud-flows
(Figs. 12g, h).

3.3.3. The southern segment
Nearly 2 km SE of Sant'Angelo d'Alife, the fault progressively

bends from NWeSE to ~ EeW. Here, the normal fault was active
during the upper part of the Middle Pleistocene, and probably until
the late Quaternary, as indicated by a) the straight mountain front
morphology with triangular facets (Fig. 13a); b) the deeply faulted
tuffs of the Roccamonfina volcano (leucite-bearing BLT) and the
faulting of younger (unknown age) colluvial deposits of likely late
Quaternary age (Fig. 13c); and c) metre-scale scarps along the fault
trace likely due to late Quaternary faulting (Ps4 and Ps5 in Fig. 14;
see also next section). The slip vectors on the carbonate slickensides
show prevailing directions towards the SeSE and SW, but the
chronological relationships are unconstrained (stereograms 6 and 7
in Fig. 9; Fig. 13b, c).

Further to the east, the fault is less evident, particularly along
the strand striking WSW-ENE. The presence of the fault is indi-
cated by the first order geological and geomorphological features
(Figs. 9 and 10), even though the top of the carbonate bedrock in
the hanging wall is, on average, shallower (70e200 m) than the
adjacent Sant'Angelo d'Alife strand. West of Piedimonte Matese,
the fault reappears as a morphologically evident lineament
striking ~ EeW on average, with a SW plunging slip vector (ste-
reogram 8 in Fig. 9). Here, the fault cuts cineritic tuffs of the
Roccamonfina volcano (not better defined). Close to Piedimonte
Matese, the APMF intersects the NWeSE striking Piedimonte
Matese e Gioia Sannitica normal fault (PMGF), belonging to the
southern part of the Matese normal fault system (Fig. 1a). The
PMGF was not studied here in detail. Nevertheless, preliminary
original data, including scarps and faults on Middle-Upper Pleis-
tocene alluvial fans, small valleys hanging in the footwall of the
fault, and metre-scale fault scarps along the main fault suggest
late Quaternary activity.

4. Slip rates from fault scarp morphology and other
geological data

The use of detailed topographic profiles across fault scarps is a
basic methodology for inferring the late Quaternary slip rates of
active faults. This method was successfully applied in the central
Apennines of Italy using geologic and geomorphologic markers
(e.g., glaciation-related sediments and slopes) formed during the
16e18 ka-old retreat phase of the last glacial maximum (LGM),
therefore obtaining slip rates that are generally minimum values
averaged over the last 16e18 ka (e.g., Piccardi et al., 1999; Galadini
and Galli, 2000; Morewood and Roberts, 2000; Roberts and
Michetti, 2004). The results of the computed slip rates (vertical
component; i.e., throw rates) for the last 16e18 ka, together with
throw rates from other geological data, original or from the liter-
ature, are synthesized in Fig. 15.

We identified five sites, unaffected or only slightly affected by
humanmodifications that we judged suitable for post-16-18 ka slip
rate calculations. Three sites are along the AIF, between the Vol-
turno River and Prata Sannita (Ps1, Ps2 and Ps3 in Figs. 2 and 14),
and two sites are along the APMF (Ps4 and Ps5 in Figs. 9 and 14).

We located the Ps1 profile near the paleoseismologic trenches
dug by Galli and Naso (2009, trenches 1 and 2) to have additional
constraints on the obtained data and to make comparisons. The
profile shows a vertical throw of the regularized slope of ~5 m
(Fig. 14), corresponding to a minimum post-16-18 ka throw rate of
0.29 ± 0.02 mm/yr. Considering that in paleoseismologic trenches
the fault has >2 m-thick colluvial deposits younger than 16e18 ka
in the hanging wall (Figs. 17 and 19 of Galli and Naso, 2009), the
vertical offset should be > 7 m. Therefore, the value calculated from
the fault scarp morphology (0.29 ± 0.02 mm/yr) seems to under-
estimate the minimum throw rate (0.41 ± 0.03 mm/yr) by at least
40e45%. However, the paleoseismologically determined post-
eIIIeVI century AD throw rate is on the order of 1.5 mm/yr (Galli
and Naso, 2009), which implies a difference of a factor of ~5
compared with the minimum post-16-18 ka throw rate from the
fault scarp morphology. This point will be further discussed in the
next section. The Ps2 profile is located E of Capriati. The estimated
throw is 6.5 m, indicating a minimum throw rate of
0.38 ± 0.02 mm/yr. The Ps3 profile is located NNE of Prata Sannita.
The estimated throw is 4.5 m, indicating a minimum throw rate of
0.26 ± 0.02 mm/yr. Overall, by also considering the faulted terraces
of the Volturno River (Cinque et al., 2000; Galli et al., 2008), the
minimum long-term throw rates for the upper part of the Middle
Pleistocene e late Quaternary converge towards values of
0.2e0.4 mm/yr.

Two detailed topographic profiles were performed on the APMF
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near Sant'Angelo d'Alife (Ps4 and Ps5 in Figs. 9 and 14). The Ps4
profile was measured across a morphologic scarp within a small
valley filled by alluvial/colluvial deposits. The scarp is located along
the trace of the fault observed in the site of Fig. 13c. Therefore, it is
assumed to be a post-LGM fault scarp. The estimated throw is ~2 m.
The Ps5 profile is located ~80m E of Ps4 across a morphologic scarp
that separates the Triassic dolostones from the hanging wall
colluvia. The estimated morphologic throw is 2.3e3.5 m. Consid-
ering that the two profiles are in very close proximity to each other,
we calculated a single throw rate for the site of 0.15 ± 0.04 mm/yr.

A deep water well located ~1.5 km SE of the Ps4-Ps5 profiles in
the hanging wall of the normal fault (well 155174 in section F of
Fig. 9) penetrated a >130 m-thick pile of coarse-grained sediments
containing three tuff layers at depths from the ground surface of
1) �65 m (3.5 m-thick), 2) �88 m (10 m-thick), and 3) �105 m
(3.5 m-thick). A nearby water well (well 155159 in section F of
Fig. 9) penetrated a 10 m thick tuff layer, described as trachytic-
phonolitic ignimbrite, at �90 m, likely corresponding with layer 2
of the other well. We can infer a correlation from bottom to top of
the three layers with the 353 ka-old BLT (3), the 331 ka-old lower
WTT (2), and the 275e230 ka-old upper WTT-YTT (1). Assuming
that the burial of the tuff layers was due to down faulting, and
neglecting the possible contribution of sediment compaction on
subsidence, we could infer a throw rate averaged over the last
350e230 ka ranging from 0.27 to 0.3 mm/yr.

Along the Ailanoe Raviscanina strand of the APMF, there are no
data constraining the post-16-18 ka throw rate. We can only
approximately estimate a long-term throw rate on the basis of the
minimum vertical offset of 50e60 m of the 353 ka-old BLT inferred
SE of Ailano (section D in Fig. 9), indicating a throw rate
a0.16 mm/yr.
5. Discussion

The presented field data are discussed below in light of the
issues raised in the introductory section. In particular, GPS data
show a very high extension rate across the northern Matese
(4e5 mm/yr, Figs. 1b, c; Giuliani et al., 2009). Nearly half of this
extension rate (64 nanostrain/yr; ~2 mm/yr) affects a 28 km-wide
polygon centred on the Aquae Iuliae fault. Is this extension rate
entirely accommodated by the Aquae Iuliae fault? Moreover, given
the regional pattern of active extension along the Apennines of
Italy (Fig. 1d; D'Agostino, 2014), without sharp variations of the
extension rate along-strike the Apennines, it seems logical to also
assume that the southern part of the Matese Mts are affected by a
comparable extension rate. If so, which are the most likely active
faults able to accommodate this deformation? And inwhich way is
the finite extension transferred from the Aquae Iuliae fault SE-
ward? Answers to these questions are essential for better
defining the seismogenic potential and seismic hazard of the area
and for identifying the likely seismogenic sources of poorly known
earthquakes (e.g., 346/355 AD earthquake; Galadini and Galli,
2004).

The collected data are certainly insufficient for a complete pic-
ture of the active tectonics of the Matese Mts. Nevertheless, we
provide new data that contribute to filling the gap of knowledge.
More interestingly, we provide insights on two points that appear
relevant for the issues raised above, which are 1) the segmentation
pattern of active normal faults along the western side of the Matese
Mts and 2) the partitioning along the fault system of the active
strain rate shown by geodetic data. These points have implications
on how further geologic investigations should be oriented for
better quantifying the seismic hazard of the area.
5.1. Segmentation pattern of active normal faults along the western
side of the Matese Mts

An initial working hypothesis was that the AIF and APMF were
linked through the Prata Sannita step-over zone. Our results do not
confirm this hypothesis. The normal faults of the Prata Sannita zone
lack evidence of post-Middle Pleistocene activity. This contrasts
with the evidence of present activity of the AIF.

The total length of the active AIF calculated here is 16.5 km,
including a 2.4 km-long uncertain strand at the northwestern
termination of the fault (Pozzilli strand). In the diagram of Fig. 15a,
we reported a number of indicators of the vertical offset along the
strike of the AIF. All the data converge to a maximum offset located
near the centre of the southern half of the fault. Interestingly, the
long-term throw rate, based on metre-scale fault scarps, also
shows the same pattern. The data do not provide particular con-
straints for understanding if the fault behaves as an isolated
segment or if it is interacting or linking with a neighbouring fault.
Nevertheless, if the fault is interacting or linking, it seems that this
process is occurring towards the southern tip, where the
displacement gradient is higher (e.g., see Kim and Sanderson,
2005; for the displacement profiles of isolated, interacting or
linked fault segments). It is possible that this interaction/linkage is
occurring towards the Gallo-Letino-Matese Lake normal fault
system (GLMLF, Fig. 16a), possibly through the NE striking segment
observed NE of Prata Sannita at the southern termination of the
main AIF segment. The preservation of SW plunging slip vectors
along this NE striking segment support this interpretation (i.e.,
transfer fault).

The throw rates for the AIF show two points that stimulate the
discussion: 1) the large difference between long-term and pale-
oseismologically determined rates, and 2) the along-strike vari-
ation of the paleoseismologically determined rates compared to
other throw and throw rate data. Point one is in theory not
problematic, as fault scarp morphology is only indicative of the
minimum post-LGM throw rates. In practice, this is problematic if
one uses the long-term throw rates, which are the most available
throw rates for active faults in the Apennines of Italy, for esti-
mating the average recurrence time of large earthquakes or
simply for comparing geologic data with strain rates from
geodesy. In fact, assuming that the paleoseismological throw rate
is sufficiently robust, the slip rate might be underestimated by a
factor of ~5. An alternative interpretation of the observed differ-
ences, which certainly requires additional constraints, might be
an acceleration of the tectonic loading during late Holocene
times. The second point is problematic as well, as the paleo-
seismologically determined throw rate increases toward the NW,
with the maximum value (i.e., from the offset of the Roman
aqueduct) located very close to the northwestern tip of the fault,
in contrast with all of the other data. This point remains un-
solved, unless the throw rate at the northwestern tip of the fault
is affected by large uncertainties, therefore requiring further
discussion and perhaps reconsideration.

Concerning the chronology of the APMF, for the first time in
the literature, we provide new data that indicate a) an intense
activity after 350 ka ago, as testified by the severely faulted BLT,
and b) a possible activity during the late Quaternary, as suggested
by the discontinuous occurrences of faulted colluvia and metre-
scale scarps along the fault trace. Though there are not con-
straints on Holocene faulting, certainly the present activity of the
fault cannot be excluded. Considering the very large volumes of
alluvial fan gravel accumulated in the down-faulted block after
the cessation of the Roccamonfina volcanic activity (e.g., section F
in Fig. 9), the sedimentation should have hidden the fault, if
inactive. The fainter signs of active faulting compared to the AIF



Fig. 11. Outcrop views of the APMF close to its northern termination (Ailano, location in Fig. 9): a) 18e19 ka-old colluvium faulted against cataclastic dolostones along a ~EeW
striking normal fault S of Ailano; b) detailed view of Fig. 11a; c) faulted lacustrine deposits at the contact with Triassic dolostones W of Ailano; d) EeW striking dike formed by
breccia of altered carbonatic clasts and abundant sulphur/sulphate mineralization; e) detailed view of Fig. 11d showing the sharp contact between the dyke and the hosting
brecciated Miocene siliciclastic turbidites; f) fault zone W of Presenzano displacing the slope-derived gravel and the leucite-bearing pyroclastics of the Roccamonfina volcano (first
cycle, 0.55e0.35 Ma old) against the Mesozoic carbonate rocks; the stereogram includes all the kinematic data collected along the Presenzano fault.
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can be explained by the lower slip rate. As far as the segmenta-
tion of the APMF is concerned, it is not possible to determine with
acceptable confidence the variation of along-strike fault
displacement (Fig. 15b). Therefore, comments on fault segmen-
tation based on these data are not possible. Nevertheless, in
Fig. 15b we plotted the along-strike variation of the elevation,
measured from the fault trace, of the apexes of two generations of
triangular facets, which should reflect the first-order activity of
the fault during Quaternary times. The two sets of data have a
similar shape, with a maximum topographic elevation located SE
of Sant'Angelo d'Alife, close to the bend from the NWeSE to the
EeW fault direction. It seems logical to assume that the
maximum Quaternary stratigraphic throw is found there. It is
interesting to note that the metre-scale scarps along the fault
trace are located near the bend. The reason why all of the data
indicate a faster fault activity in this bend zone is rather obscure.
Perhaps it is the result of the interference and hard linkage of the
NWeSE striking segment with a pre-existing EeW striking
segment. Before the interference, the EeW striking segment was
probably active with dip-slip to left-lateral normal-oblique ki-
nematics, as suggested by the widespread S to SE plunging slip
vectors. This might justify the large throw on the EeW striking
segment. After linkage, the system was driven by the youngest,
still active, SWeNE extension (SW plunging slip vectors; see the
comparison of slip vectors in Fig. 16b). This interpretation is
supported by a comparison with the Presenzano - Ailano fault
zone, the kinematics of which is very similar to that of the
central-southern APMF (see synthetic slip vector contour ste-
reograms in Fig. 16a). Along the Presenzano - Ailano fault zone,
the SW plunging slip vectors post-date the SE plunging ones. The
SW plunging slip vectors can be related to the youngest exten-
sional direction (Fig. 16b), whereas the SE plunging slip vectors
might be related to the phase that opened the NE trending Gar-
igliano graben. Considering that the SE plunging slip vectors
determine an oblique-slip kinematics of the EeW striking faults,
it is likely that the latter are still older faults, probably inherited
from Mesozoic tectonics. The interference between NWeSE and
EeW striking faults is a common feature in the Matese Mts (e.g.,
Calabr�o et al., 2003; see Fig. 1a). This was observed, at smaller
scale, along the southern border of the Raviscanina salient and
near Ailano. A similar kinematic and chronologic evolution can be
inferred for the normal faults in the Prata Sannita step-over zone
(i.e., reactivation of pre-existing faults during the opening of the
Garigliano graben with S to SE plunging slip vectors), with the
difference that there is no evidence of reactivation during the
youngest SWeNE extension.

Overall, from Ailano to Piedimonte Matese, the fault is 18 km
long. The segment from Ailano to SE of Sant'Angelo d'Alife, striking
NWeSE and progressively bending to EeW in its southern part, is
11 km long. A 7 km-long segment, striking EeW or ENE-WSW,
connects the Ailano e Sant'Angelo d'Alife segment with the Pie-
dimonteMateseeGioia Sannitica fault. The lack of evidence of very
recent activity along the ENE-WSW strand might be explained by
the parallelism of the fault strike with the regional extensional
direction. The few available indicators of possible post-LGM activity
suggest low throw rates (i.e., nearly half the value obtained for the
AIF).

5.2. Partitioning of active strain across the system: insights from a
comparison of geologic and geodetic data

In Fig. 16, we compare the fault pattern with the GPS-
determined velocity vectors. The GPS vectors are obtained from a
local-scale, detailed survey (Giuliani et al., 2009, 1994e2007 in-
terval) and more regional-scale surveys (D'Agostino, 2014,
1994e2012 interval; Devoti et al., 2011, 1998e2009 interval;
Ferranti et al., 2014, 1995e2011 interval). All of the considered
vectors are expressed in the Eurasian frame; therefore they can be
compared to each other. From the original Eurasian-referred values,
we calculated the vectors relative to station 1602. This station is
clearly outside and sufficiently far (but not excessively; i.e., ~8 km)
from the fault systems to be considered a good reference for
highlighting internal deformation in the Matese Mts. Moreover, the
kinematics of station 1602 (small NW-directed slip vector in the
Eurasian frame) is consistent with other GPS stations located 30-to-
80 km to the S-SSE. This kinematics is typical of the entire pery-
Tyrrhenian domain west of the central-southern Apennine exten-
sional belt (Giuliani et al., 2009; Devoti et al., 2011; D'Agostino,
2014). In Fig. 16, we also considered the 1951e1999 elevation var-
iations relative to Isernia obtained by levelling data (triangles, from
Amoruso et al., 2005).

We are aware that firm conclusions about interseismic strain
accumulation from a simple comparison of velocity vectors with a
tectonic map cannot be drawn. In fact, a seismotectonic model of
interseismic strain accumulation must first be defined (e.g., deep
slip vs. faults detached on a horizontally flowing ductile layer, see
Ch. 5 in Scholz, 2002). Moreover, the velocity of individual bench-
marks might be affected by uncertainties, independently from the
formal errors, as suggested by the different vectors for the same
benchmark proposed by different authors. Nevertheless, a first-
order agreement among the velocity vectors proposed in the
literature can be found, and a number of tectonic considerations
can be made:

1) In the northern Matese, a NE trending total extension of 3-to-4
mm/yr can be deduced from station 1602 to stations 1611-BSSO.

2) It seems unlikely that the 2e3mm/yr velocity gradient between
stations 1602 and 1614-LONG-LNGN might represent an inter-
seismic strain entirely accumulated on the AIF as suggested by
Giuliani et al. (2009). It is likely that at least part of this strain is
presently loading the San Pietro Infine fault (SPIF; Cassino fault
in Roberts and Michetti, 2004; Saroli and Moro, 2012), and its
possible prolongation west of M. Cesima. The available data
seem insufficient to constrain the rate of tectonic loading on the
AIF in detail.

3) The internal Matese Mts, from station 1614 to PTRJ, are char-
acterized by a consistent pattern of NE-directed velocity vectors
(2e3mm/yr). There is a significant velocity gradient (larger than
~1 mm/yr) between station VAGA and the internal Matese Mts,
suggesting a tectonic loading across the GLMLF.

4) A velocity gradient (1.5e2 mm/yr) was observed by Giuliani
et al. (2009) across the Isernia-Bojano-Guardiaregia normal
fault system (this gradient is not visible in Fig. 16a as other GPS
stations are located E and NE of Frosolone; see Giuliani et al.,
2009).

5) Taking into account station VAGA, and considering that PTRJ is
close to the southern termination of the GLMLF, it seems
necessary to consider a tectonic loading across the APMF-PMGF
systems.

6) The elevation change from the levelling data (triangles in
Fig. 16a) shows an overall subsidence west of Isernia. Though
part of this subsidence and local variations might be due to
sediment compaction in Quaternary continental covers, it is
interesting to observe the sharp gradient across the AIF, which
seems to support a tectonic loading of the fault. A further
gradient in elevation change is observed between the hanging
wall of the AIF and the locality of Vairano Patenora, across the
Presenzano e Ailano fault system.

Combining all the data, we propose a tectonic picture that



Fig. 12. Lithology and petrography of the faulted Ailano pyroclastic rocks (location in Fig. 9): a) field view of the fault scarp on the Ailano tuff; b) nearly vertical contact with
dolostone country rock west of (a); c) pumice lapilli tuff (right) passing through erosive contact to mud-flow (left); d) kaolin vertical band (fault zone) and 2 cm-long leucitic dense
angular lithic fragment (arrow at top); e) concentric and agglutinated ash-spherulas in the mud-flow (indicated by arrows); f) broken, nucleated ash-lapillus showing white
rounded leucite crystals; geh) mud-flow at Ailano (g) compared with the Brown Leucitic Tuff at the Garofali village in the Roccamonfina volcano (h); note the facies similarities
between (g) and (h); the slightly different colour is probably due to different alteration conditions. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 13. a) Panoramic view of the mountain front along the APMF close to its bend to ~ EeW strike (SE of Sant'Angelo d'Alife); b) bedrock (dolostone) fault scarp along the main fault
showing repeated variations of the fault strike from NWeSE to ~ EeW; c) view of the fault zone at the “Rifugio del Cinghiale” site showing deeply faulted tuff (BLT) against Triassic
dolostones and colluvium faulted against BLT; the kinematics in Fig. 13c is from slickensides on Triassic dolostones. Location in Fig. 9.
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separates the Matese area into four crustal blocks separated by
threemain fault systems (A, B, C in Fig.16a) with different slip rates,
as well as with different degrees of geologic knowledge. The
eastern fault system is the NE dipping Isernia-Bojano-Guardiaregia
system, already known in the literature and not discussed here
(e.g., Di Bucci et al., 2005 and references therein; Galli and Galadini,
2003; Ferrarini et al., 2009). This tectonic picture accounts for the
observation that the Prata Sannita step-over zone is not a relay zone
between the AIF and the APMF. Instead, the finite extension of the
AIF might be transferred towards the GLMLF, with fault slip di-
rections plunging to the SW, consistently with the youngest
extensional direction (Fig. 16b). Therefore, it is possible that the AIF
and GLMLF belong to a common fault system, which runs at the
core of the Matese Mts. The APMF is instead in the hanging wall of
the AIF - GLMLF system. The APMF is probably linked to the SE with
the PMGF. The field data suggest that the present slip rate of the
APMF is nearly half that of the AIF. The finite extension along the
APMF might be transferred to the west towards the SPIF, possibly
along the NEeSW to EeW Presenzano e Ailano fault zone. The
eastern part of this transfer zone coincides with the nearly EeW
striking, S dipping fault zone at the northern termination of the
APMF and includes the intrusions of phreatic breccia with sulphur/
sulphate mineralizations observed W of Ailano. The kinematics of
fault system “A” (Fig.16a) is more complex than system “B”, due to a
more articulated tectonic history, but the youngest kinematics is
consistent with the present extensional direction (Fig. 16b). The
Mw 4.9 December 29th, 2013 earthquake and its aftershocks
occurred between the two main fault systems at relatively large
crustal depths (10e20 km), without being clearly associated with
either system (see also Ferranti et al., 2015) but clearly indicating
the seismic release of a percentage of the NE-directed extensional
deformation accumulated in the interior of the Matese massif.



Fig. 14. Detailed topographic profiles across fault scarps along the AIF (Ps1, Ps2, and Ps3) and along the APMF (Ps4 and Ps5); location in Figs. 2 and 9.
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The proposed tectonic picture provides seismotectonic hints for
a) a possible source along the APMF e PMGF system of the 346/355
AD earthquake, which damaged the Campania Province including
Alife (Galadini and Galli, 2004; Galli and Naso, 2009, Fig. 16c); and
b) a possible source along the southern prolongation of the SPIF of
the small-to-moderate magnitude earthquakes that occurred west
of M. Cesima (see Fig. 1a; Rovida et al., 2011). Further geological
studies are needed for all of the faults indicated as “possibly active”
in Fig. 16. Moreover, a denser GPS network is necessary for
assessing in acceptable detail the possible rate of tectonic loading of
the active faults.

6. Conclusions

New detailed field data from geologic mapping and bedrock
structural geology collected along the Aquae Iuliae normal fault
(AIF), the Ailano e Piedimonte Matese normal fault (APMF) and the
Prata Sannita step-over zone allowed us to better define the pattern
of active tectonics along the western side of the Matese Mts in
central Italy.

In particular, the existing knowledge of the Aquae Iuliae fault
(i.e., Galli and Naso, 2009) was implemented with geometric and
kinematic data that better constrain its segmentation. The fault is
16.5 km-long. The minimum long-term throw rates from our study
and from other sources (post 230 ka, post-LGM) converge towards
values of 0.2e0.4 mm/yr. However, the paleoseismologically
determined throw rate is on the order of 1.5 mm/yr, which would
imply a difference by a factor of ~5 compared with the minimum
long-term rates. This suggests the possible scenarios of a) system-
atic underestimation of slip rates if displacements of post-LGM
markers are considered or b) acceleration of tectonic loading dur-
ing late Holocene times.
Concerning the APMF, for the first time we provide data on the
post-350 ka and possible late Quaternary activity. The present ac-
tivity of the APMF cannot be excluded. A low throw rate (on the
order of half that of the AIF) might justify the less clear, discon-
tinuous evidence of active faulting compared to the AIF. The fault is
18 km long, and includes an 11 km-long segment striking NWeSE
and progressively bending to EeW in its southern part, and a 7 km-
long segment striking EeW to ENE-WSW with very poor evidence
of recent activity. The available data suggest a possible post-LGM
throw rate of a0.15 mm/yr.

There is not convincing evidence of linkage between the AIF and
APMF in the Prata Sannita step-over zone. Instead, structural and
geodetic data suggest that they belong to two different systems
spaced 8-to-14 km. The APMF belongs to a western system,
bordering the Matese Mts to the WeSW. The AIF belongs to a
central system, running at the core of the Matese Mts. The finite
extension of the AIF should be transferred towards the Letino area.
The 2e3 mm/yr GPS extension rate across the western Matese is
probably partitioned between the two systems, with a ratio that is
difficult to establish due to the poor GPS coverage. The Mw 4.9
December 29th, 2013 normal faulting earthquake cannot clearly be
associated with either system, and seems to have released exten-
sional deformation accumulated in the interior of a crustal block
delimited by the two systems.

The tectonic picture emerging from our data is closer to a
working hypothesis than to a concluding tectonic model. Several
fault segments shown in Fig. 16 need further geologic investigation,
and perhaps the tectonic picture needs to be reconsidered once
detailed field data are acquired. Nevertheless, we provide a number
of seismotectonic hints, including the possible source of the poorly
known 346/355 AD earthquake, which might have been nucleated
on the fault system bordering the western side of the Matese Mts



Fig. 15. Indicators of vertical offset and throw rates along the strike of (a) AIF and (b) APMF.
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Fig. 16. a) Proposed tectonic model with three main active normal fault systems (A, B, C), based on new tectonic data (AIF, APMF, Prata Sannita step-over, and preliminary data on
PMGF), available tectonic data (e.g., 1:100,000 Geologic Map of Italy available at http://193.206.192.231/carta_geologica_italia/centro.htm; Di Bucci et al., 2005; Galli and Galadini,
2003; Ferrarini et al., 2009; Roberts and Michetti, 2004), GPS velocity vectors relative to station 1602 (black from Giuliani et al., 2009; cyan from Devoti et al., 2011; brown from
D'Agostino, 2014; green from Ferranti et al., 2014), and 1951e1999 elevation variations, relative to Isernia, from levelling data (triangles, from Amoruso et al., 2005); AIF ¼ Aquae
Iuliae Fault; GLMLF ¼ Gallo e Letino - Matese Lake Fault system; APMF ¼ Ailano - Piedimonte Matese Fault; PMGF ¼ Piedimonte Matese e Gioia Sannitica Fault; SPIF ¼ San Pietro
Infine Fault; small stereograms show contouring of the fault slip vectors (arrows show the average slip vectors). b) Comparison of average fault slip vectors studied in this paper with
the present-day extensional direction from GPS velocity vectors and the 2013 earthquake slip vectors. c) Area of possible damage related to the 346/355 AD earthquake (from Galli
and Naso, 2009). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Ailano e Piedimonte Matese e Gioia Sannitica fault system), with
inevitable implications in terms of the seismic hazard of the area.
We also stimulate and orient further seismotectonic investigations
to constrain the segmentation pattern of the active faults and the
associated seismogenic potential. This is particularly relevant in
light of the strain rate indicated by the available geodetic data,
which is among the highest of the entire Apennines.
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