
Abstract:  The high Agri River valley (southern Apennines, Italy) hosts an active fault system, and a severe 
earthquake struck the area in 1857 (equivalent magnitude Me = 6.98; Imax = XI). In this study, we integrated 
surface geology with available subsurface data in order to propose a new 3D structural model for the high Agri 
River valley fault system. The model presented here is based on a series of published deep geological sections 
across the study area, using the software 2D Move and 3D Move (Midland Valley Exploration Ltd.). It displays 
the active extensional fault system dissecting the pre-existing southern Apennines fold and thrust belt. This 
region is characterised by the tectonic superposition of carbonate platform and pelagic basin allochthonous 
units onto a several km-thick carbonate platform succession representing the underthrusting foreland sequence. 
The detachment between the allochthon and the buried carbonate platform succession is marked by a several 
hundreds of metres thick mélange zone which consists mainly of intensely deformed and overpressured 
deepwater mudstones and siltstones.
The 3D model shows that, at surface, the valley is asymmetric, with the most relevant normal faults, as well 
the maximum thickness of Quaternary alluvial deposits, located along its northeastern side. Locally, minor 
antithetic faults generate secondary grabens. All these faults occur only in the shallow brittle layer. At depth, 
a normal fault cuts the top of the deeper unit just below the central part of the Quaternary plain, and does not 
continue in the tectonic units above. This SW-dipping feature, extending for about 20 km into a WNW-ESE 
direction, appears to be the most probable deep structure responsible for the development of the active fault 
system. Therefore, it is also likely to be the source of strong earthquakes such as the 1857 event. The 3D model 
outlines the mechanically fundamental role played by the ductile mélange zone, which controls the modes of 
fault propagation from the deep brittle layer to the shallow (allochthonous) one.

Introduction

The high Agri River valley (Alta Val dʼAgri, Lucania, 
southern Italy; Fig. 1a) is one of the most significant areas 
of the southern Apennines from a seismotectonic point of 
view. An active fault system is hosted in the valley and one 
of the most destructive earthquakes in the Italian history 
struck the area in 1857 (equivalent magnitude, derived 
from intensity data by applying the method proposed by 
Gasperini et al., 1999: Me 6.98; maximum intensity of 
damage, expressed according to the MCS scale: Imax XI; 
Gruppo di Lavoro CPTI, 1999).

At present, no focal mechanisms are available for the 
study area, neither for the too old 1857 event, nor for the 
low and scattered instrumental seismicity recorded in 
recent years (ING-GNDT, 2001; Di Bucci, unpublished 
data). Therefore, all the different models suggested for 
the seismogenic structure potentially responsible for 
the 1857 earthquake are based on geological surveys, 
geomorphology, mesostructural analysis, as well as 
macroseismic data. A first hypothesis was proposed by 
Pantosti and Valensise (1988). They suggested a NW-SE 
striking, NE-dipping normal fault of a length exceeding 55 
km (probably formed by two sub-segments). This model 
was mainly based on geomorphological and historical 
data. Again, geomorphological studies and historical 
data led Benedetti et al. (1998) to a different model. 
They outlined the noticeable development of Quaternary 

normal faults along the northeastern side of the high 
Agri River valley (Fig. 1b-e) and suggested that these 
are directly related with the seismogenic structure of the 
1857 event. In this case, the master fault should also be 
NW-SE oriented, but SW-dipping. This later interpretation 
is also adopted by Michetti et al. (2000). Recent tectonic 
displacement on the faults located along the northeastern 
side of the valley was documented by Giano et al. (2000), 
who recognised Upper Pleistocene paleosoils involved in 
faulting. The importance of these faults for the present-day 
tectonic activity of the area was also outlined by Cello et 
al. (2000), who suggested a left-lateral strike-slip motion 
along a N120°-oriented fault system.

This short review shows that all the models are based 
on surface data and that, at least for the high Agri River 
valley region, this kind of data alone is not sufficient 
to identify the geometry of the seismogenic structure 
(strong earthquake hypocentres in the southern Apennines 
usually occur at a depth of about 10 km; Boschi et al., 
1993). However, a relatively large amount of published 
subsurface data is available for the study area, which has 
been the subject of intense hydrocarbon exploration and 
production (e.g. Mostardini and Merlini, 1986; Carbone et 
al., 1991; Casero et al., 1991; Roure et al., 1991; Mazzoli 
et al., 2000; 2001; Menardi Noguera and Rea, 2000; 
Morandi and Ceragioli, 2000, 2002; Butler et al., in press). 
In this work we integrate surface geology with published 
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subsurface data and propose a new 3D model for the fault 
system. This model (Figs. 2-6) was built, based on a series 
of deep geological sections across the study area, using 
the software 2D Move and 3D Move (Midland Valley 
Exploration Ltd.).

We suggest that, at depth, the high Agri River valley 
active fault system is related to a SW dipping master 
fault; this fault was probably responsible for the 1857 
earthquake (Fig. 2). Our model represents the first attempt 
to reconstruct the 3D geometry of an active fault system in 
a seismic area such as Italy and, therefore, also constitutes 
a challenge for seismic hazard and scenarios studies.

Geological setting

The high Agri River valley (Fig. 1a) is a WNW-ESE 
oriented intramontane basin located in the axial zone of 
the southern Apennines mountain belt. Here, a Quaternary 
fault system dissects the pre-existing fold and thrust belt. 
The latter is characterised by the tectonic superposition 
of allochthonous units, completely detached from their 
original substratum, onto the foreland succession of 
the Apulian Platform. This consists of a 6-7 km thick, 
Mesozoic-Tertiary shallow-water carbonate succession, 
stratigraphically overlain by upper Messinian and/or 
Pliocene terrigenous marine deposits. The buried Apulian 
carbonate rocks appear to be deformed by thick-skinned 

inversion/thrust structures (e.g. Mazzoli et al., 2000; 
2001).

The allochthonous units, exposed at surface, consist 
of Mesozoic-Paleogene peritidal carbonate platform 
(Apenninic Platform) and pelagic basin (Lagonegro Basin) 
units unconformably overlain by Miocene siliciclastic 
strata (Fig. 1a). These rocks are involved in mainly 
NW-SE to N-S trending folds and thrusts, which formed 
during Late Oligocene-Neogene shortening (Mazzoli et 
al., 2001).

The detachment between the allochthon and the buried 
Apulian unit is marked by a mélange zone, several 
hundreds of metres thick. This unit (Mazzoli et al., 
2001) dominantly consists of intensely deformed and 
overpressured deepwater mudstones and siltstones, with 
minor sandstones and limestones. Biostratigraphic data 
indicate a Miocene-Lower Pliocene age for the bulk of 
the sediments within this interval (Mazzoli et al., 2001, 
and references therein). This unit, representing the major 
décollement at the base of the allochthon, is interpreted 
to include Mio-Pliocene foredeep deposits incorporated 
within the décollement zone as the advancing fold and 
thrust belt over-rode its foreland basin (Mazzoli et al., 
2001).

This setting is shown in the 3D model of Figs. 2-6. For 
the sake of simplicity, as it was not relevant to the present 
study, the internal structure of the allochthon is not shown 
in the model.

Figure 1(a). Schematic geological map of the high Agri River valley area. 
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Structural model

Model realisation
The 3D structural model was constructed by applying 

the software 3D Move to a series of geological sections 
across the study area. For their shallow part, these 
sections were drawn based on a detailed field survey on 
the Quaternary fault system of the high Agri River valley. 
Available information obtained by field structural analysis 
was used to constrain the geometry of surface faults (Figs. 
3 and 4). The part of the cross-sections used to build 
up the structural model at depth (Figs. 5-6) was drawn 
based on the analysis and integration of the large amount 
of subsurface information (deep geological sections, 
borehole and seismic reflection data) published on the 
high Agri River valley hydrocarbon province (Mostardini 
and Merlini, 1986; Carbone et al., 1991; Casero et al., 
1991; Roure et al., 1991; Mazzoli et al., 2000; 2001; 
Menardi Noguera and Rea, 2000; Morandi and Ceragioli, 
2000, 2002; Shiner et al., 2002; Butler et al., in press). 
Examples of hydrocarbon well log and seismic reflection 
data are shown in Figs. 7-9. 

Seismic response within the study area is highly 
variable, ranging from moderate to poor. It is controlled by 
a number of factors commonly observed to limit seismic 
quality within fold and thrust belts, namely: extreme 
topographic variation, highly variable surface geology, 
complex structures commonly characterised by steep dips, 
strong lateral variations in velocity resulting in “pull-
up” phenomena, and the presence of marked velocity 
inversions, particularly at the base of the allochthon (La 
Bella et al., 1996; DellʼAversana et al., 2000). Given this, 
the only seismic event that can be identified and mapped 
with a moderately high level of confidence based on 
its seismic character alone is the Top Apulian Platform 
reflector. This event is seismically characterised by a 
high-continuity, high amplitude, low frequency singlet 
or doublet, arising either directly from the Top Apulian 
carbonates or by interference between reflections deriving 
from the strong positive reflection coefficients at the top of 
the platform and at the top of the Pliocene clastics (Figs. 
7-8). Fig. 7 shows an interpretation of the Top Apulian 
Platform reflector in a typical seismic line from the 
Lucania area. A main low-angle detachment separates the 
Pliocene sequence, stratigraphically overlying the Apulian 
carbonates in the footwall, from the allochthonous units 
in the hanging wall. This detachment – and the associated 
mélange zone (Fig. 9a) – also divides the section into 
two parts showing different styles of deformation: the 
allochthon, characterised by low-angle thrust surfaces, 
and the Apulian domain, characterised by steeply dipping 
reverse faults. The base of the Apulian platform is also 
visible as a strong reflection in some areas and can 
sometimes be used to guide the interpretation of the top 
platform (Fig. 8). This deep seismic event was interpreted 
by reference to deep wells drilled in the Apulian foreland. 
For instance, the Puglia 1 well drilled 6112 m of shallow 
water carbonates and evaporites before penetrating an 
unconformity underlain by about 1000 m of continental to 
transitional argillites and sandstones (Fig. 9b).

Figure 1(b). View of the northeastern side of the high Agri River valley, 
showing stepped morphology controlled by extensional fault scarps. (c) 
View of the valley from ‘Il Monte’, showing southwestward down-fault-
ing of karst surfaces (arrowed) in Mesozoic limestones. 

Figure 1(d)-(e). Orientation data for Quaternary faults (lower hemi-
sphere, equal-area projections). Great circles are fault planes from the 
northeastern (d) and southwestern (e) sides of the valley. Black dots are 
slip vectors determined from shear fibres or striae on slickenside sur-
faces. Fault kinematics is extensional or oblique-slip with extensional 
components in all cases. Compare dispersed fault pattern from the south-
western side of the valley (e) with consistent WNW-ESE dominant trends 
recorded from the northeastern, fault-bounded valley flank (d).
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Model description
The shallow part of the 3D structural model shows 

how the Agri River basin, filled with Quaternary fluvio-
lacustrine, alluvial fan and slope deposits, is tectonically 
controlled by WNW-ESE striking, high-angle faults 
(Figs. 3 and 4). These, according to Giano et al., (2000), 
acted as left-lateral strike-slip structures during the 
Early Pleistocene and were later reactivated, mainly as 
normal faults, in Middle Pleistocene-Holocene times 
(latest documented extensional activity dated at 40-20 
ky; Giano et al., 2000). At surface, this fault system is 
mainly developed along the north-northeastern side of 
the valley (Figs. 1d-e and 4). Here, it produced significant 
tilting of the bedding in a domino fashion, as well as an 
asymmetric filling of the basin, which shows a maximum 
thickness along the same side (Morandi and Ceragioli, 
2000). At depth, a recent (i.e. post-thrusting) normal fault 
(with a secondary splay) offsets the buried Apulian unit 
(Fig. 6). This fault develops for about 20 km in WNW-
ESE direction, dips toward SSW with an angle of ca. 60° 
and shows a total vertical displacement of about 350 m 
referred to the Top Apulia Platform horizon. This structure, 
however, does not link directly with the extensional 
structures in the overlying allochthon (Fig. 6).

The relationships between shallow and deep structures 
reconstructed in the study area can be fully appreciated in 
the animation of Fig. 10.

Further and independent constraints on the reconstructed 
relationships between surface features and deep faults in 
the high Agri River valley are also provided by fluid 
inclusion data. Samples from fault rocks exposed in the 
study area contain fluid inclusions composed of very low-

salinity water (Cello et al., 2001). This contrasts with data 
from similar basin-bounding faults exposed in other areas 
of the Apennines (e.g. the Central Apennines). The latter 
contain fluid inclusions composed of high salinity water, 
which has been interpreted as a result of fluid upwelling 
from a depth of 4-6 km (Cello et al., 2001). In our study 
area, the lack of hydrocarbon and/or high-salinity water 
inclusions rules out a direct connection of the surface 
faults with the deep (Apulian) reservoir, while it is 
compatible with the interpretation that surface faults are 
confined within a shallow level.

Discussion

The structural setting of the study area can be schematised 
as a superposition of three roughly subhorizontal layers 
(Fig. 6). The shallow (allochthonous Apenninic Platform 
and Lagonegro Basin units) and the deeper ones (Apulian 
Platform unit) are characterised by a brittle behaviour. 
However, the intermediate layer (the mélange) diverges 
from this behaviour. In fact the data exposed above indicate 
that, from a mechanical point of view, it is most probably 
similar to another water-saturated, clay-rich décollement 
level, well known from the southern Apennines (Roure et 
al., 1990): the so-called “Argille varicolori” (varicoloured 
shales) formation (Sgrosso, 1988; Patacca et al., 1992b; 
Di Bucci et al., 1996; Corrado et al., 1998). Due to fluid 
overpressure and circulation, these deposits show a ductile 
behaviour that not only controls the development of one 
of the most important detachment levels in the Apennines 
(Patacca et al., 1990; 1992a; Corrado et al., 1997; Mazzoli 

Fig. 2. Three-dimensional structural model of the high Agri River valley area: general view from the South. Location of macroseismic epicentre of 
the 1857 earthquake (after Gruppo di Lavoro CPTI, 1999) also shown.
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et al., 2000) but, occasionally, also generates mud diapirs 
(Roure et al., 1990).

The behaviour of brittle-ductile-brittle multilayers has 
been extensively analysed by analogue modelling (e.g. 
Richard, 1990; Allemand and Brun, 1991; Richard and 
Krantz, 1991; Mandl, 2000) as well as in real cases (e.g. 
Nalpas and Brun, 1993). When the ductile unit shows a 
sufficient thickness, normal faults do not directly propagate 
across it from the deep to the shallow brittle beds. Deep-
seated extension propagates toward the surface through 
the ductile layer, which flows both toward the footwall 
and the hanging wall of underlying faults. In this way, 
the ductile layer acts as a decoupling and accommodating 
horizon. Its presence allows the surface fault pattern to be 
different from the subsurface pattern, as already outlined 
by Vendeville et al. (1987). Surface evidence of extension 
is then given by a wide, asymmetric pattern of normal 
faults that are more numerous, unconnected and shifted 
with respect to the deep parent faults.

All these features can be recognised in the model of Figs. 
2-6, and provide an interpretative key for the development 
of the extensional system of the high Agri River valley. 
At surface, the valley is asymmetric, showing the most 
relevant Middle-Upper Pleistocene normal faults, as 
well as the maximum thickness of the coeval alluvial 
deposits (Morandi and Ceragioli, 2000; 2002), along its 
north-northeastern side. Locally, minor antithetic faults 
generate secondary grabens. All these faults develop only 
in the shallow allochthonous units, made up of carbonate 
platform and pelagic basin rocks and characterised by 
brittle behaviour.

At depth these faults do not crosscut the mélange zone, 
nor involve the top of the Apulian unit, which remains 
uninterrupted in correspondence with the hypothetical 
continuation of the main surface faults.

An important normal fault cuts, instead, the top of the 
Apulian unit just below the central part of the Quaternary 
plain, and does not continue in the tectonic units above. 
As previously mentioned, this fault extends for about 20 
km into a WNW-ESE direction and is SSW-dipping; it 
follows that the most developed faults at surface are those 
synthetic with respect to it. The deep fault shows a vertical 
displacement of about 350 m, and post-dates thrusting 
within the Apulian domain that, in this area, is Late 
Pliocene-Early Pleistocene in age (Cello and Mazzoli, 
1999; Mazzoli et al., 2001, and references therein). 
Therefore, this fault acted between Middle Pleistocene and 
present-day. Being conservative, a vertical displacement 
of 350 m in ca. 750 ka gives a vertical separation rate 
of ca. 0.47 mm/y, corresponding to a slip rate of about 
0.54 mm/y. This value is comparable with the slip rates 
calculated, based on surface data alone, for many other 
active extensional faults in the Apennines (Galadini and 
Galli, 2000, and references therein).

According to the model presented in this work and 
also considering age, displacement and location of this 
fault, it appears to be the most probable deep structure 
responsible for the development of the active fault 
system and the related basin of the high Agri River 
valley; as a consequence, it is likely to be the source of 

Figure 3. Three-dimensional structural model: detail of faulted base 
Quaternary on the NE side of the valley (view from WNW). Legend in 
Fig. 2.

Figure 4. Three-dimensional structural model: view from the East, show-
ing (in red) shallow fault pattern (translucent topographic surface; base 
Quaternary not shown). Legend in Fig. 2.

Figure 5. Three-dimensional structural model: faults within the deep 
brittle layer (view from SE; top of the deep brittle layer in dark blue, 
thrust faults in sky-blue, normal faults in red). Legend in Fig. 2.
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strong earthquakes such as the 1857 event. This is also 
compatible with a seismic sequence which occurred in 
1996 at a depth between 4 and 7 km below the SW-side of 
the high Agri River valley (Ciaccio et al., 2001), roughly 
in correspondence with the most likely location of the 
south-eastern termination of this fault in the core of the 
Apulian unit.

Concluding remarks

The occurrence of a buried ductile mélange zone 
intercalated within the Apennine thrust structure appears to 
exert a major control on the active extensional fault system 
which developed in the high Agri River valley of southern 
Italy. As shown by the 3D structural model presented in 
this paper, there is no direct brittle connection, across such 
a mélange zone, between the deep (seismogenic) structure 
and the active faults exposed at surface. Therefore, a 
ʻsoft-linkage  ̓can be inferred to occur across the mélange 
zone between the deep master fault and the surface fault 
strands.

Our study emphasises the fundamental importance of 
detailed 3D reconstructions of the tectonic setting of the 
Apennine chain in order to achieve a better understanding 
of the active fault systems in the Italian peninsula. For 
some of these systems, in fact, models based on surface 
data alone do not offer a univocal solution. Moreover, 
seismic events like the 1980 Irpinia (Italy) earthquake, 
caused by the activation of at least three main faults both 
NE- and SW-dipping (Boschi et al., 1993), outline the 
real complexity of the seismic sources. From this point of 
view, 3D models of active fault systems in seismic regions 
represent a possible upgrade with respect to the simplified 
single fault models usually adopted in seismic hazard and 
scenario studies, providing a more realistic source for 
destructive earthquakes.

Figure 6. Three-dimensional structural model: view from SE, showing 
lack of continuity between normal faults in the shallow layer (i.e. the 
allochthon) and those in the deep brittle domain. Legend in Fig. 2.

Figure 7. (a) Stack seismic line across central Lucania (from Mazzoli et 
al., 2000; precise location and depth in two-way-time are confidential). 
(b) Interpretation, showing allochthonous thrust sheets overlying the 
Apulian platform carbonates.

Figure 8. (a) Stack seismic line across southern Lucania (from Mazzoli 
et al., 2000; precise location and depth in two-way-time are confiden-
tial). (b) Interpretation, showing reflectors ascribed to “top” and “base” 
Apulian platform carbonates.
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Figure 9. (a) Typical hydrocarbon well in the Lucania area of the south-
ern Apennines, showing thick mélange zone at the base of the allochtho-
nous Lagonegro and Tertiary flysch units (from Butler et al., in press). 
(b) Simplified stratigraphic log of the Puglia 1 well drilled in the Apulian 
foreland. Inset shows detail of sonic log around the base of the shallow-
water carbonate succession (from Mazzoli et al., 2000).

Figure 10. Animation of 3D model. The animation starts looking at the 
high Agri River valley from the South. As the model is rotating clock-
wise, our point of view moves to the SE. As we go down and closer 
to the model, we can appreciate the lack of continuity between normal 
faults in the shallow layer (i.e. the allochthon, overlying the green sur-
face) and those in the deep brittle domain (bounded on top by the dark 
blue surface). As the model is further rotatedclockwise, our point of view 
progressively moves to the north and then to the NW. Also from this 
side, the relationships between shallow and deep faults can be observed. 
As the topographic surface (DEM) is removed, the top of the continental 
Quaternary deposits - faulted along the northeastern side of the valley 
- can be observed. The model is further rotated clockwise to reach the 
starting position (i.e. view from the South). Two formats are available: 
.AVI <click to view> (10.3 Mb, QuikTime player recommended for Mac 
users) and .SCM <click to view> (16.5 Mb ®¢ better resolution, Lotus 
Screencam Player; downloadable from http://www.lotus.com/products/
screencam.nsf) zipped. Using Lotus Screencam you can download 
LotusMediaV2 plugin for Internet Explorer (version 4.0 or later).
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