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IntroductIon

Foreland basins form on the continental crust at the front
of active thrust systems, and, as a consequence, constitute
sectors characterised by high tectonic mobility. In the
foreland, basin sedimentation is controlled by two opposite
mechanisms: uplift, due to forward propagation of the
orogenic wedge, and flexural subsidence, under the
orogenic wedge and/or subsurface loading (Beaumont,
1981; Karner and Watts, 1983; Ori and Friend, 1984; Royden
and Karner, 1984; Allen and Homewood, 1986; Ricci Lucchi,
1986; Fleming and Jordan, 1990; de Celles and Giles, 1996;
Ford, 2004). Most of the accommodation space is the result
of flexural subsidence and is strictly correlated to the
curvature of the subducted plate and to the position of the
orogenic wedge with respect to the hinge of subduction
(doglioni et al., 2006 and references therein). This tectonic
model provides the coexistence of different depozones that
from the orogenic wedge to the foreland are (Fig. 1): 1) a
wedge top depozone where sedimentation is strongly
controlled by thrust activity, 2) a foredeep depozone, further
subdivided into inner, axial and outer foredeep (Artoni et al.,
2000; Mutti et al., 2003), characterized by shallow and/or

deep marine sedimentation depending on the evolution of
the foreland system, and 3) an outer ramp marking the
passage from foredeep to foreland depozone, where most of
the foredeep turbidite system onlapped (Fig. 1). The vertical
passage between these sectors occurs through the
progressive deformation and migration of the entire
foreland basin system, and is marked by a vertical change of
depositional systems: deep-water turbidite systems should
characterise the lower portion of the sedimentary succession
(foredeep depozone), passing upward to mixed turbidite
and deltaic depositional systems (wedge top depozone), and
finally to continental deposits, testifying an overall
progradational trend toward the foreland (see Mutti et al.,
2003 and references therein). It is clear that depending on
the sector of the foreland basin, the vertical change from
foredeep to wedge top sedimentation is often difficult to be
recognised in the field, and it is evident that such a change
occurs within a time lapse varying from basin to basin.
Reasonably, the change from foredeep to wedge top
depozone inevitably implies a size reduction of the foredeep
basin and its internal structuring through the growing of the
internal and more external thrusts, leading to a modification
of the basin morphology, that in turn influences the
direction of the turbidite flows and the resulting facies. 

ABSTRACT - An integrated approach to the study of the Central Apennines thrust system has been conducted, combining
together new field, geophysical, organic matter maturity and mineralogical datasets. The area comprises one of the most
studied basins of the Central Apennines: the Laga basin. It developed during the Messinian time and represents the link
between the internal, uplifted, Lower Miocene fold-and-thrust belt to the west, and the external, more recent part of the
chain, buried below a thick pile of synorogenic, Plio-Pleistocene clastic deposits of the Periadriatic basin to the east. The Laga
basin is filled by several turbiditic sedimentary sequences, largely studied in the past and mostly included into the Laga
Formation, classically considered the fill of a deep marine foredeep basin connected to the flexure of the subducted Adriatic
lithosphere under the Apennines. Our results clearly suggest that during Messinian, the main factor controlling depositional
system architectures was thrusts activity, which governed the localization of the main depocenter in the basin and its
eastward space-time migration. The occurrence of thrust activity during deposition of most of the Laga basin sedimentary
succession suggests that it can be described as an internally deformed but not migrating sedimentary wedge, having
features recording the transition from foredeep to wedge top depozone.   
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In the Central Apennines, features such as growing
anticlines, intra-basin ridges and syn-sedimentary normal
faulting have been recognised by several Authors, and
related to a complex foreland geometry (see e.g. Corrado,
1995; Milli and Moscatelli, 2000; Mazzoli et al., 2002; Tozer et
al., 2002; Artoni, 2003, 2007; Bigi et al., 2003; Bigi and Costa
Pisani, 2005; Milli et al., 2007). In this paper such features, just
recognised in the upper Tortonian-Messinian Laga Basin are
described with more detail using an integrated methodo -
logical approach comprising: i) physical stratigraphic and
sedimentological data, ii) interpretation of the available
seismic dataset, and iii) thermal maturity data derived from
organic matter and clay mineralogy analyses and are utilized
to better understand how the passage from foredeep
depozone to wedge top depozone occurs.  

GeoLoGIcAL frAMework

The Apennine is a Late Oligocene to Present fold-and-
thrust belt (Fig. 2), where the west-directed subduction of
the continental Adriatic plate (a plate originating from the
former meso-cenozoic passive continental margin of Africa
plate) underneath the European plate, is responsible for the
progressive eastward migration of thrusting and late
extensional faulting which overprints and/or inverts former
thrusts (Ricci Lucchi, 1986; Argnani and Ricci Lucchi, 2001;
Carminati et al., 2004). 

In the Northern Apennines, the stratigraphic succession is
fundamentally made up of shallow-water and basinal
carbonates and siliciclastic deposits (Umbria-Marche
succession). Thrusts have an arched trend and are
progressively younger eastward. Correlation among the ages
of the active thrust front, the onset of the foredeep basin and
the wedge top basin deposition has been reconstructed by
several Authors (Patacca and Scandone, 1989; Boccaletti et
al., 1990; Artoni and Casero, 1997; Bigi et al., 1995, 1999;
Cipollari and Cosentino, 1995; Argnani and Ricci Lucchi,
2001; Casero, 2004). The amount of shortening calculated for
the Northern Apennines is approximately 30-40%, while the
average deformation rate is approximately 10 cm/yr; the less
conservative geological sections reach values of 20 cm/yr
(Bally et al., 1986; Mostardini and Merlini, 1986; Calamita et
al., 1991; Ghisetti et al., 1993).

The structural style of the Central Apennines consists of
faulted and tilted monoclines of shallow-water carbonate
platform successions (Latium-Abruzzi carbonate platform).
The main thrusts have a general NW-SE trend, and in some
cases show geometric and kinematics relationships related
to “out of sequence” thrusts. In this domain, chronology of
turbidite foredeep deposits is not regularly related to the

active thrust fronts and depocenters migration (Corrado et
al., 1995; Ghisetti and Vezzani, 1997; Bigi and Costa Pisani,
2005 and references therein). The compressive deformation
in the carbonate platform domain of the Central Apennines
developed in a shorter time span (Tortonian-Upper Pliocene)
than that which occurred in the Northern Apennines (pelagic
domain; Oligocene-Recent?).

In the Laga basin above the mentioned carbonate
substratum, a Tortonian-Messinian succession, made up of
siliciclastic turbidites crops out (Fig. 3). The part of the Laga
basin that was investigated, is located to the north of the
Gran Sasso thrust and to the east of the Mt. Sibillini thrust; it
is split up in an eastern and a western sector by the
Montagna dei Fiori-Montagnone anticline. Moreover, two
other main structures are recognizable: the Acquasanta
anticline and the Gorzano normal fault (Centamore et al.,
1991). The whole Laga basin domain tectonically overlies
onto the Lower Pliocene deposits along the T1 thrust (Fig. 3). 

The turbidite succession of the Laga basin deposited since
late Tortonian when the ensuing propagation of the
Apennine compressive thrust front led to the progressive
fragmentation and reorganization of the Marnoso-arenacea
foreland basin system. The final involvement in the thrust
belt occurred during the intra-Messinian regional tectonic
phase, which should mark, in our interpretation, the passage
to the subsequent Upper Messinian to Present foreland
basin system (Roveri et al., 2002, 2003; Manzi et al., 2005; Milli
et al., 2007). The Laga turbiditic succession recorded this
transitional phase, the Lower Messinian portion being
representative of the closure phase of the Marnoso-arenacea
foreland basin system and the upper Messinian portion
representative instead of the onset of the present day
foreland basin system. 

PhySIcAL StrAtIGrAPhy

The location of the Laga  Basin in the context of the
Apennine chain is crucial as it lies between important key
tectonic elements (see previous paragraph). Consequently,
understanding the stratigraphic-depositional stacking
pattern of this basin provides important constraints a) on the
local tectonic and climatic control on turbidite
sedimentation, and b) on the tectonic evolution of the chain.  

Messinian turbidite succession filling the Laga basin lies on
Tortonian-Lower Messinian pelagic and hemipelagic
deposits (Marne a Pteropodi and Marne a Orbulina
Formations), and was originally interpreted as a classical
deep-sea fan succession (Mutti et al., 1978). It was
subdivided into three members, pre-evaporitic, evaporitic
and post-evaporitic, and was further subdivided into
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Fig. 1 - Schematic cross-section of a foreland basin system. Modified after de Celles and Giles (1996); Artoni et al. (2000); Mutti et al. (2003).
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Fig. 2 - A) Synthetic tectonic map of Italy and surrounding regions. 1) foreland areas; 2) foredeep deposits; 3) domains characterized by a
compressional tectonic regime in the Apennines; 4) thrust belt units accreted during the Alpine orogenesis; 5) areas affected by extensional
tectonics; 6) crystalline basement; 7) areas with oceanic crust; 8) Apennines water divide; 9) thrusts; 10) faults; B) Schematic geological section
through the Apennines-Tyrrhenian Sea system. The section trace is shown in A. Modified after Carminati et al. (2004).
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depositional sequences (Centamore et al., 1991; Centamore
and Nisio, 2003 and references therein). The composition of
these turbidite deposits indicates as source areas the
western and northwestern sectors of the chain, being
derived from the erosion of igneous and metamorphic rocks
of alpine origin (Chiocchini and Cipriani, 1992) and
siliciclastic and carbonate rocks of the same Laga basin
substratum (Morelli, 1994; Corda and Morelli, 1996; Valloni et
al., 2002). Changes of petrofacies observed from the bottom
to the top of the succession were interpreted by the Authors
as due to variations in the geographic extension of the

catchments system, an element strongly controlled by
tectonic activity and climatic changes.

New sedimentological and physical stratigraphic data (77
stratigraphic-sedimentological measured sections for a total
thickness of about 11.500 m; Moscatelli, 2003; Milli et al.,
2007; Stanzione, 2007; Falcini, 2008, and work in progress),
and the integration and re-interpretation of numerous
literature data (Centamore et al., 1991, 1992, 1993; Morelli,
1994; Albouy et al., 2003; Artoni, 2003, 2007), allowed to
attempt the correlation to the Messinian-Pliocene
chronostratigraphic scheme (Iaccarino, 1985; Krijgsman et

Sabina Bigi et al.64 Journal of Mediterranean Earth Sciences 1 (2009), 61-84

Fig. 3 - a) Geological map of the Laga basin. The dashed lines indicate the trace of the stratigraphic panels of Figs 5 and 6. The continuous lines
indicate the trace of the geological sections of Figs 16 and 17. Legend: a, location of the correlation panel of Fig. 9 and of the outcrop of Fig. 10;
b, location of the correlation panel of Fig. 7 and the outcrop of Fig. 8; c, location of the outcrop of Fig. 13; d, location of the outcrop of Fig. 14; T1:
Teramo thrust. Modified after Centamore et al. (1991). 
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al., 1999a, b; Hilgen et al., 2000; Van Couvering et al., 2000;
Roveri et al., 2001; Roveri and Manzi, 2006), and to subdivide
the Laga turbidite succession into three main units called
Laga 1, Laga 2, and Laga 3, bounded by unconformity
surfaces I1, I2, and I3 (Fig. 4). The basin-wide correlations of
these units (Figs 5 and 6) and the stratigraphic relationships
between the Messinian and the Lower Pliocene deposits
have also allowed to date the sedimentation of the Laga 1
during the pre-evaporitic stage (pre-ev) (7.251-5.96 Ma), that
of the Laga 2 unit during the evaporitic stage (ev) (5.96-5.61
Ma), and that of the Laga 3 unit during the post-evaporitic
stage (p-ev1 and p-ev2) and partially during the lowermost
part of the Pliocene (5.61-5.3 Ma; Fig. 4). 

Stratigraphic relationships among these units evidence
notable thickness variation into the basin. To the west of the
Montagna dei Fiori-Montagnone anticline (Fig. 3), Laga 1 and
Laga 2 units reach their maximum thickness; it progressively
decreases eastward and northward, where the two units
onlap onto the substratum. In the same sector the preserved
succession of Laga 3 unit is not very thick. To the east of the
Montagna dei Fiori-Montagnone anticline, the Laga 1 and
Laga 2 units are well located in the subsurface, whereas Laga
3 largely crops out, having a thickness of about 4000 m. It
transitionally passes upward and laterally to the mudstone
and turbidite deposits of the Vomano Marls Formation and
Cellino Formation respectively both of Lower Pliocene in age
(Centamore et al., 1992). 

The I1, I2, and I3 surfaces have erosive features in the
western and proximal sectors of the basin (Sibillini Mts.
thrust), and turn into correlative conformities in the distal
and eastern sectors, where the passage from Laga 1 to Laga
2, and from Laga 2 to Laga 3 is commonly transitional. The
passage from Laga 2 to Laga 3 (I3 surface) constitutes a key
point during the Laga basin development as just recognised
by previous Authors (Centamore et al., 1991; Artoni, 2003); it
marks the first eastward depocenter migration of the Upper
Messinian to Present foreland basin system; such migration
occurs during the intra-Messinian tectonic phase, an event
well recognised in the Apennine foreland basin (see Ricci
Lucchi et al., 1982; Ori et al., 1991; Roveri et al., 2001 and
references therein). The I3 unconformity represents an
important chronostratigraphic surface that both in the
Northern Apennine and in Sicily shows evidence of subaerial
exposure (Vai, 1988; Grasso et al., 2004; Roveri et al., 2008); it
corresponds to the Messinian Erosional Surface (MES), a
feature well recognised along the Mediterranean continental
margin, being related to deeply incised canyons located in
front of the largest river mouths (Ryan and Cita, 1978;
Clauzon, 1982; Lofi et al., 2005).  

A sequence-stratigraphic framework has been developed
for the Laga turbidite succession (Milli et al., 2007) in which
two main composite 3rd-order sequences can be
recognised. The first sequence, informally named Laga
depositional Sequence (LdS), deposited during the Late
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Tortonian-Early Messinian and comprises the Laga 1 and
Laga 2 units; it records the closure phase of the Marnoso-
arenacea foreland basin system. The second 3rd-order
sequence, informally named Cellino depositional Sequence
(CdS), deposited during the Late Messinian-Early Pliocene
and includes the Laga 3 unit, the Vomano marls, and the
Cellino Formation (B, C, d, E and F members; see Casnedi,
1976, 1983; Crescenti et al., 1980, 2004; Carruba et al., 2006);
it corresponds to the M sequence of Ori et al. (1991), to  M2b-
P1b  sequences of Centamore and Nisio (2003), and to the
Lagomare unit and unit1 of Artoni (2007). The upper
sequence boundary of the CdS coincides with the u6 surface
by Artoni (2007) that has been dated to 4,35 Ma. The Author
links the formation of this surface with an important
paroxismal tectonic phase that should mark the final
reorganization phase of the Cellino turbidite basin. As
evidenced by Carruba et al. (2007), such unconformity is well
documented in the subsurface by well logs, and it is placed
at the base of the A member of the Cellino Formation
(Casnedi et al., 1976).    

Both of these 3rd-order sequences are interpreted as

forming lowstand sequence sets consisting of several 4th-
order sequences, which show variable thicknesses ranging
from a hundred meters in correspondence of basin margins
to several hundred meters in the depocenter sectors. They
contain one or more turbidite system, in which channel,
channel-lobe transition, and lobe facies have been
recognised (Milli et al., 2007, 2009). The general cyclicity
characterising these deposits is thought to be controlled by
allocyclic processes as pulse of tectonic deformation and/or
climatic changes, and by autocyclic processes related to the
intrinsic growth of the channel-lobe system (Milli et al., 2007;
see also discussion in Mutti and Sonnino, 1981; Beaubouef et
al., 1999; Gardner et al., 2003).

ArchItecturAL eLeMentS And dePoSItIonAL
SettInG of the LdS

In this work our analysis is focused on the Laga
depositional Sequence (LdS) because most of the discussed
stratigraphic, sedimentological, structural and burial history
data are concentrated in this unit. The LdS constitutes a

Fig. 5 - NNW-SSE stratigraphic panel of the Laga turbidite deposits. For the trace of panel see Fig. 3. 1) Amandola section; 2) Isola S. Biagio section;
3) Fluvione section; 4) Osoli section; 5) Scalelle section; 6) Acquasanta section; 7) Tronto section; 8) Gorzano section; 9) Vomano section. LdS is
Laga depositional Sequence; CdS is Cellino depositional Sequence. Modified after Milli et al. (2009).
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submarine fan complex where the main architectural
elements of a fan, from slope to basin floor passing through
the channel sector, can be recognised. The high-frequency
sequences forming the LdS (Figs 5 and 6) show a vertical
fining- and thinning-upward trend, and contain one or more
turbidite system in which it is possible to recognise, from up-
to downstream (generally from NW to SE): i) a channel
complex zone; ii) a channel-lobe transition zone; and iii) a
lobe zone. downslope and upslope migration of these zones
determines, through time, their superimposition and gives
rise to a generation of depositional units of different
hierarchical order, ranging from meter-thick simple facies
sequence to decameters composite facies sequence,
expression of single and composite architectural elements as
channel and lobe and channel and lobe complexes (see also
discussion in Mutti et al., 1994, 1999). 

The recognised trend in the high-frequency sequences is
interpreted to reflect the deposition during its own early and
late lowstand system tracts. In particular the early lowstand
system tract (ELST) deposits are essentially constituted by
laterally persistent sandstone beds in the medial-distal basin
floor (lobe deposits) (Figs 7 and 8) and by the coeval
channelized sandy deposits in the proximal portion of the
basin. The late lowstand system tract (LLST) deposits consist
instead of thin and laterally persistent siltstone and
mudstone draping in the basin floor fan and by thick
channelized deposits in the proximal sectors (Figs 9 and 10).
They record a backstepping of the clastic depositional
systems supplying the fan and a protracted period of basin
sediment starvation. 

Such considerations suggest that during the deposition of

the ELST, most of the sands bypassed the channels and
deposited as thick and laterally continuous lobes in the
medial and distal portion of the fan. Lobes show from up- to
downcurrent, three main depositional sub-setting sectors: i)
proximal lobe deposits are represented by very thick,
lenticular sandstone bodies made up of crudely laminated
fine grained sands and locally trough- and cross stratified
medium grained sands; ii) distal lobe deposits are
constituted by interbedded medium to thick bedded fine to
very fine grained sandstones with parallel lamination and
traction-plus fall out structures and mudstones; iii) lobe
fringe deposits are represented by very fine grained thin
bedded turbidites with traction-plus-fall out structures.
Slump and debris flow are locally associated to these
deposits. Analysis of sandbody geometries and their internal
organisation allowed revealing different degree of
lenticularity and to hypothesize that depositional
topography and, at a larger scale basin physiography, might
have controlled the mode of lobe growth (Marini et al., 2009).
In the channelized area of the fan erosive features (scours),
lag deposits, and thin depositional sandstone bodies
consisting of 3d bedforms occurred. 

during the LLST most of the sands, instead, deposited into
the channels; they formed thick trough-bedded sandstone
bodies consisting of 3d bedforms that give rise to composite
bars. Lobes of minor thickness and lateral extension occurred
in the medial and distal portion of the basin floor fan. At the
scale of single facies sequences, both in channel and lobe
areas, the recognized fining-upward trend and the more rare
coarsening-upward trend can also be the product of local
constraints, including channel avulsion, compensation
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Fig. 6 - SW-NE stratigraphic panel of the Laga turbidite deposits. For the trace of panel see Fig. 3. 1’) Borbona section; 2’) Varoni well, projected
from 0 m to -577 m; 3’) Varoni well, projected from -577 m to -923 m; 4’) Campotosto well, projected; 8) Gorzano section; 9) Vomano section; 5’)
Poggioumbricchio section; 6’) T. Vezzola section. LdS is Laga depositional Sequence; CdS is Cellino depositional Sequence. Modified after Milli
et al. (2009).
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processes, and basin floor topography (Milli et al., 2007,
2009).

The physical features of architectural elements as well as
the paleocurrent data, which show a marked change in their
direction, from NW-SE in the Laga 1 to N-S in the Laga 2,
suggest that basin topography controlled pathway flows,
facies and geometry of the channelized and lobes sandstone
bodies. The recognised braided geometry of the channelized
deposits (Figs 9 and 10), as well as the coarse-medium grain-

size and the presence of 3d bedform and composite bars
filling the channels (Figs 11 and 12), are features suggesting
that against a low gradient of the depositional profile the
flows velocity was sufficiently high and consistent with an
ondulated seabed promoting a reduced expansion of the
flows due to morphological confinement. Likewise, also in
the sector where depositional lobes occur, the bodies both
in strike and dip section show lenticular and compensation
geometries as well as a high abundance of water escape

Sabina Bigi et al.68 Journal of Mediterranean Earth Sciences 1 (2009), 61-84

Fig. 7 - detailed correlation panel of the lobe turbidite deposits in the Mt. Bilanciere sector. Note the high continuity of the sandstone beds in
strike section. The correlation panel shows the transitional passage from Laga 1 to Laga 2 units. For location of panel see Fig. 3.
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structures consistent with a rapid vertical sediment
aggradation during deposition (see discussion in Kneller and
Branney, 1995; Baas, 2004; Falcini, 2008; Falcini et al., 2009), a
feature that has been interpreted as related to the
confinement of the basin and to its own tectonic mobility
(see Milli et al., 2009; Tinterri and Muzzi Magalhaes, 2009).
Further evidence that the Laga Basin constitutes a confined
basin is given by geological map analysis (Fig. 3). A slope
opposing to the main flows in the southern sector (Gran
Sasso slope) and two lateral slopes in the western (Sibillini
thrust) and eastern (Montagna dei Fiori-Montagnone thrust)
sectors represented the main topographic elements
promoting a rapid deceleration and vertical aggradation of
the flows as well as their impact against the slopes, giving
rise to reflected and deflected flows with their resulting
facies (Fig. 13). This paleogeographic picture is coherent with

the delineating geological evolution of this basin during the
sedimentation of LdS (Fig. 18). After the involvement of older
foredeep deposits in the orogenic wedge, the Laga basin
area in which the LdS sedimented was very confined. In fact,
it had the thrust front of the orogenic wedge to the west and
to the east the outer ramp, a slope coincident with the
internal margin of the Montagna dei Fiori-Montagnone
thrust on which turbidite onlapped (Fig. 14). The true wedge-
top deposits in this sector were the sediments of the Laga 3
unit, passing to the east of Montagna dei Fiori-Montagnone
thrust, to the turbidite sediments of the Cellino Formation,
which constituted the initial turbidites deposits of the new
formed foreland basin system.
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Fig. 8 - Panoramic view of the Laga 2 sandstone lobes in the M. Bilanciere sector. Paleocurrents towards the observer. For location of outcrop see
Fig. 3.

Fig. 9 - detailed correlation panel showing the channelform hierarchy of the Laga 1 unit. Note the thick fine-grained interval separating the two
channel complexes, which record an abandonment phase of the channels and a sediment starvation of the basin. The bodies with different gray
tonality indicate composite channels formed by the stacking of single channels (thin lines). For location of outcrop see Fig. 3. After Milli et al..
(2007).
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StructurAL SettInG

The Laga basin has been analyzed by seismic lines dataset
(both confidential and public), calibrated by bore-hole data
(Fig. 3 and 15), in order to reconstruct its structural setting. A
2d seismic dataset comprises seismic profiles that are part of
surveys made from 1983-1989, for a total length of about 400
Km. The available well velocity logs of Campotosto 1 Well
and Varoni 1 Well (Albouy et al., 2003) allow for the
calibrating of seismic lines (Tab. 1). Seismic interpretation
was carried out with the recognition of several seismic
markers corresponding to (from top to bottom): top of
Cerrogna Marls Fm (bottom of the Laga succession,
Tortonian), top of Scaglia Rossa Fm. (Eocene), top of Marne a
Fucoidi Fm. (Aptian - Albian), top of Calcare Massiccio Fm.
(Sinemurian) and the top of Burano Anydrites Fm.
(Hettangian). The top of the crystalline basement s.l. is
located about 3000 m below the top of Burano Anhydrites
Fm., using the thickness of the Burano anhydrites and
dolostones measured by the well logs in the area (Varoni 1
and Villadegna 1 Wells, Fig. 3). Using the stratigraphy of
Varoni 1 well we also distinguish in this interval an upper
portion, made of evaporites deposits and a lower portion
mainly made of dolostones. This latter is represented with
the basement in the cross section of Figs 16 and 17. 

Unfortunately, the low quality of the 2d available seismic
prevented us from doing a more detailed work of correlation
with stratigraphic field data as well as the reconstruction
work of strata geometries. Nevertheless, at a larger scale,
these data allowed us to reconstruct the trend of the main
features of the basin, which are described in two  balanced
geological cross sections obtained by depth conversion of
selected seismic profiles: section A, from the Mts. Sibillini to
Appignano village and the section B from Mt. Giano to Mt.
Gorzano - Acquasanta anticline (Casero and Bigi, 2006) (Figs
3, 16 and 17).

The observed structural style is characterized by high
angle thrust-related-anticlines, trending N-S, with small
displacement (hundreds of meters), which progressively

decreases from north to south. The main thrust plane
recognized in the area is T1 thrust (Fig. 3 and 16). It crops out
to the eastern sector of the studied area, and is connected to
the more internal and structurally higher Montagna dei Fiori-
Montagnone thrust. The hanging wall anticline generated by
T1 thrust and the Laga turbidite succession are cut by the
Montagna dei Fiori-Montagnone thrust. (Artoni, 2003, 2007;
Artoni and Casero, 1997). This geometric relationship
suggests that the activity of Montagna dei Fiori-Montagnone
thrust is the latest contractional events in the Laga basin. T1
thrust also brings in the hanging wall the Upper Messinian-
Lower Pliocene deposits (this latter not included in the
section of Fig. 16), and places it onto the turbidites of the
Cellino Formation (Lower Pliocene) (Artoni and Casero, 1997;
Bigi et al., 1999; Albouy et al., 2003).

As it is shown in Fig. 16, the Laga basin is characterized by
a main tectonic transport located at depth along the flat of
T1 thrust. At the surface, a smaller displacement can be
measured along the same thrust plane on seismic lines (see
the gypsum-arenites level as reference in Fig. 16). This
progressively upward reduction of the offset suggest that
the tectonic activity of T1 was characterized by a variable
relationship between propagation and slip on the fault
plane, which provided a general uplift of its hanging wall
before the deposition of the turbidites deposits of the
Cellino depositional Sequence. during Lower Messinian, the
main depocenter of the Laga basin was situated to west of
the Montagna dei Fiori-Montagnone anticline; in this sector
the onset of T1 thrust activity results to be coeval to the
deposition of the Laga 2 unit,which record the general uplift
of the western sector. The T1 thrust largely controlled the
migration of the Laga basin depocenter from west to east of
the Montagna dei Fiori-Montagnone outline, during the
deposition of the Laga 3 unit (Upper Messinian) (compare
Figs 6 and 16). The east-dipping forelimb of the uplifting
anticline in the hanging wall of T1 thrust is well recognizable
in all the interpreted seismic lines located along the forelimb
of the Montagna dei Fiori-Montagnone thrust. This feature
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Fig. 10 - Channelized sandstone bodies of the Laga 1 unit. Channel fills consist of amalgamated thick-bedded sandstones, which are the
expression of migrating three-dimensional bars and bedforms. Channels are characterized by high width/depth ratios and are arranged in
laterally offset stacking pattern. Paleocurrents are directed towards the observer (towards SE). For location of outcrop see Fig. 3.
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has N-S trend and involved Lower-Upper Messinian deposits.
Along this forelimb the Laga 1 and Laga 2 deposits
progressively tail off their thickness  (Fig. 16).

In the hanging wall of T1 thrust several thrust planes
occur, from east to west: the Sibillini Thrust (T3), the Gran
Sasso Thrust (T2) and the Acquasanta-Gorzano thrust,
recognizable in both the correlation panels (Figs 5 and 6)
and geological cross sections (Figs 16 and 17). In the north of
the basin, the Acquasanta-Gorzano thrust has N-S trend and
the hanging wall anticline has a strong axial culmination in
correspondence of Aquasanta village. Following the axial
trend to the south, this uplift rapidly decreases along strike,
and the thrust passes laterally to a simple anticline in the
southern sector, where it is offset by the Gorzano normal
fault.

The Gran Sasso thrust (T2) crops out in the south of the
Laga basin and is well recognizable in both the cross sections
(Figs 16 and 17). It consists of high angle thrust plane, which
progressively decreases its offset from south to north (T2
thrust). Moving westward, this E-W trending thrust front
progressively changes its trend to N-S, as it can be
reconstructed using seismic lines and surface structural
trends. In this area, the hanging wall of T2 thrust is
constituted by an array of outcropping anticlines and
synclines involving the upper part of the Meso-Cenozoic
carbonates and the Messinian siliciclastic succession. The
result is a structurally complex area composed by thrusts and
back-thrusts partially hidden by younger normal faults,
which constitutes the footwall of the Sibillini thrust in the
north and of Mt.Giano thrust in the south (Fig. 3). T2 thrust
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Fig. 11 - a) 3d bedforms with sinuous crestline; b) trough cross-bedding formed by migration of 3d bedforms.
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Fig. 12 - Strike and dip section of a composite bar in the channel turbidite deposits of Laga 1 unit.   

Fig. 13 - Thick to very thick sandstone beds deposited at the base of the Laga basin frontal slope (Gran Sasso paleoslope, oriented approximately
in west-east direction). The great thickness of the beds reflects the rapid sedimentation (aggradation) of the turbidite flows when they approach
to the slope. Reflection processes are common in this case and can give rise to facies sequence recording, for the same flow, the sedimentation
during the incident (A; red arrows indicate a flow direction towards south) and returning phase (C; yellow arrow indicate a flow direction towards
north). B indicates a deposit formed through a rapid sedimentation of the suspended mud; the column of suspended mud can be very high
because of the lofting processes (Sparks et al., 1993). For location of outcrop see Fig. 3.
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involved in deformation a reduced thickness of the lower
part of the Laga succession (Laga 1 unit, see correlation
panels of Figs 5 and 6). As for T1 thrust, correlation of these
deposits through the Laga basin testify that Gran Sasso
thrust started its activity during deposition of Laga 1 unit.
This result assumes an important role in the reconstruction
of the basin physiography. This area, structurally located
immediately in the footwall of the Sibillini thrust, was the
internal slope of the Laga basin during the first stage of Laga
1 deposition, whereas, to the north, the same paleo -
geographic position was occupied by the hanging wall of
the Sibillini thrust. This evidence also allows correlating
coeval turbiditic siliciclastic successions from north to south
across the Gran Sasso thrust front itself, and the Messinian
turbidites deposits, outcropping to the south, to be

considered as the lateral expression of the LdS.
Shortening due to Gran Sasso thrust (T2), Acquasanta-

Gorzano thrust and Montagna dei Fiori-Montagnone thrust
in the hanging wall of T1 thrust (cross section A) is about 12%
(L0= 57 km and L1= 50 km), whereas in section B it is about
24% (L0=31,6 km L1=24 km). Shortening comprising T1
thrust (section A) is about 18,6% (L0= 73 km and L1= 59 km),
which means that most of shortening is produced by the T1
thrust in the northern area whereas, moving southward, it
can be partly compensated by the Gran Sasso thrust (T2).

The Mt. Gorzano normal fault is crossed by both the
geological cross sections A and B (Figs 16 and 17). This fault
has a normal offset of about 600 - 800 m and shows a listric
geometry. The normal offset is balanced in the sedimentary
succession by several back-thrust planes developed in its
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Fig. 14 - Onlap geometry of the Laga 1 unit onto the lower Messinian foreland ramp. Red line indicates the I1 unconformity surface. Gradient of
the ramp is estimated at about 6°- 8°(see also Casnedi et al., 2006). The thickness is about 300 m on a length of about 1 km. For location of
outcrop see Fig. 3.

Fig. 15 - 2d seismic dataset used in the area for structural reconstruction. Small circles indicate the location of vitrinite samples.
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hanging wall. As evidenced by interpretation of seismic lines
crossing the fault trace, the detachment level of this normal
fault can be localized within the Triassic evaporites, whereas
its activity is likely due to the extensional phase which
follows compression in the Apennines.

PALeo-teMPerAture conStrAIntS froM
orGAnIc MAtter And cLAy MInerALoGy

PArAMeterS

Materials
Our analysis is based on samples that mainly refer to the

Laga 1 and Laga 2 units cropping out to the west of the
Montagna dei Fiori-Montagnone anticline (see also Aldega
et al., 2007). Thirty six samples for vitrinite reflectance and
XRd analyses were collected. Two additional samples pertain
to the gypsum arenites of the Laga 3 unit. Pre-orogenic
succession was sampled in eight sites in the axial
culminations of the main anticlines in the basin (e.g.,
Montagna dei Fiori area). These deposits belong to the
Umbria Marche basinal succession and consist of
lithostratigraphic units such as marly limestones containing
the organic-rich Bonarelli level (from the Scaglia Bianca Fm.,
Upper Cretaceous), calcareous marls (from the Rosso

Ammonitico Fm., Toarcian-Aalenian), marls (from the Marne
a Fucoidi Fm., Aptiani-Albian) and from the Marne con
Cerrogna Fm., Tortonian-Langhian). Furthermore, samples
from six surface and subsurface (Varoni1 well) sections were
analyzed with standardized procedures of Rock Eval pyrolisis
(by Elf and discussed in Abouy et al., 2003).

results-mineralogical data-
Pre-orogenic succession

Analyzed samples refer to marls belonging to the Marne
con Cerrogna, Marne a Fucoidi and Rosso Ammonitico Fms.
(Tab. 2). The Marne con Cerrogna Formation is characterized
by illite, illite/smectite mixed layers (I-S), chlorite, kaolinite
and non-clay minerals such as quartz, calcite and albite. I-S
are R0 structures in which the illite content is in the range 48-
50%. Kübler index (KI) data range from 0.89 to 1.01°∆2θ and
from 0.94 to 1.08°∆2θ in the ethylene glycol solvated and air-
dried diffraction patterns respectively (Tab. 2). The Marne a
Fucoidi Formation (Aptian-Albian) is mainly composed of
illite and I-S in which the smectite component is dominant.
The calculated percentage of illite layers in I-S is of 40%. KI
values are 1.01 and 1.08°∆2θ for the ethylene glycol solvated
and air-dried oriented mounts, respectively. A slightly
different mineral assemblage characterizes the Rosso
Ammonitico Formation (Toarcian). Illite, I-S, chlorite and
chlorite/smectite mixed layers (C-S) are observed. I-S
corresponds to R1 structures with an illitic content of 64%.
The Rosso Ammonitico Formation shows KI values of about
1.0-1.1°∆2θ similar to the overlain deposits.

results-mineralogical data-Syn-orogenic
succession (Laga depositional Sequence)

Analysis of randomly-oriented whole-rock powder
patterns shows that the shales and sandstones of the LdS are
composed essentially of quartz, albite, dolomite, calcite,
small amounts of K-feldspar and clay minerals. Pyrite,
gypsum and gismondine are also identified in a few samples
as minor phases.

The < 2 μm grain size fraction in shales and sandstones is
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Fig. 16 - Geological section (A) obtained by time to depth conversion of composite 2d seismic lines. For the location of section see Fig. 3.

Tab. 1 - Seismic velocity conversion chart.

Lithological interval Velocity (m/sec)

Laga depositional Sequence 3600 m/sec

Top Scaglia F.m-top Cerrogna F.m 4500 m/sec

Top Fucoidi F.m-top Scaglia F.m 5800 m/sec

Top Massiccio F.m–top Fucoidi F.m 6100 m/sec

Top Burano F.m-top Massiccio F.m 6400 m/sec

Burano F.m 6040 m/sec

milli:ARGENTI  12/01/2010  08:21  Pagina 74



composed mostly of illite, I-S, C-S, kaolinite and chlorite and
subordinate non-clay minerals such as quartz, albite, calcite
and gismondine. The C-S is mainly restricted to sandstones
and its mean composition is C (62%)-S (38%). The I-S shows
distinct features in the various lithology associations. The
pelitic-arenaceous lithology association displays I-S with
random interstratification in which the illitic content is about
50-52%. Three distinct subpopulations of illitic assemblages
have been identified in the underlying arenaceous-pelitic
lithologies association. They correspond to discrete illite,
ordered I-S with smectite layers that do not exceed 25% and
disordered I-S with smectite content in the range of 50-52%.
In the arenaceous lithology association, only R1 IS were
recognized. KI data range from 0.39 to ~ 1.0°∆2θ in the air-
dried specimen, and from 0.34 to 0.84°∆2θ in the ethylene
glycol oriented mounts.

Vitrinite reflectance
Analyses in reflected light provided reliable VRo% values

for 30 samples in terms of number of analyzed fragments
and measurement distribution (Tab. 2). data generally show
one main cluster identifying the possible autochthonous
population of vitrinite-humite macerals. VRo% data indicate
immature to early mature stages of hydrocarbon generation
with slight differences in the study area.

In the pre-orogenic succession, only one sample provided
reliable results from the Bonarelli level comprised almost at
the top of the Scaglia bianca Formation (Upper Cretaceous).
Several measurements on thermally altered fragments of
higher plants indicate a low thermal maturity with VRo of
about 0.42%. These components coexist with prevalent
fusinite, and both are diluted in abundant amorphous
organic matter alternating with pyrite bands. Thus VRo%
might be underestimated.

In the LdS analyzed organic matter dispersed in sediments
is generally abundant, homogeneous and mainly made up of
well-preserved macerals. They belong mainly to the
huminite-vitrinite group, with predominant collotelinite and
telinite fragments, and subordinate amounts of inertinite
group macerals (e.g., fusinite). Pyrite, either finely dispersed
or in small globular aggregates, is locally present along the
rims of huminite-vitrinite macerals. data from LdS indicate
that the Laga 1 unit shows a range of VRo% between 0.29
and 0.58% indicating immature to early mature stages,
whereas the Laga 2 unit is richer in vitrinite fragments and
VRo% indicates only the immature stage corresponding to
about 0.32%.

rock-eval data
Rock-eval data (Tab. 3) selected according to Espitalié

(1986) derive mainly from the LdS and, subordinately, from
the Marne con Cerrogna and Bisciaro Formations
(Burdigalian-Lower Tortonian). S1 ranges between 0 and 0.11
mg/g, S2 between 0.25 and 2.64 mg/g, Tmax between 429-
443°C, and TOC between 0.51 and 4.62 wt%. Tmax values
correlate with immature to early mature and subordinately
to middle mature stages of hydrocarbon generation, in
agreement with VR% data.

Paleotemperature conversion
To relate the percentage of illite layers in I-S and KI data to

maximum paleotemperatures and to the other organic
thermal indicators, we adopted the basin maturity chart
proposed by Merriman and Frey (1999). The transition from
the Early diagenetic Zone to the Late diagenetic Zone is
marked by 60-80% illite in I-S, KI values of ~1.0°∆2, VRo =
0.5% and is placed at a temperature of 100°C. At this critical
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Fig. 17 - Geological cross section (B) obtained by time to depth conversion of composite 2d seismic lines. For the location of section see Fig. 3.
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Tab. 2 - Selected organic matter maturity and clay mineralogy data. 

kI (°Δ2θ) Xrd analysis

Sample Lithology rom%±s.d
(n. meas.)

%I in I-S
(r parameter)

%c
in c-S Ad eG <2µm whole-rock

Gypsum Arenites (Laga Fm.)

MF16 shale 0.308±0.039
(100) N.d. N.d. N.d. N.d. N.d. N.d.

MF15 sandstone 0.326±0.05
(102) N.d. N.d. N.d. N.d. N.d. N.d.

Pelitic association (Laga Fm.)

GS9a shale 0.459±0.064
(28) N.d. N.d. N.d. N.d. N.d. Qtz8Kfs1Ab13Ph78

GS11 shale 0.473±0.036
(290) N.d. N.d. N.d. N.d. N.d. N.d.

Pelitic-Arenaceous association (Laga Fm.)

LG19 shale 0.470±0.072
(73)

52
(R0) N.d. 0.68 0.59 I60I-S18K5Ch17 Qtz8Cal22Ab9Ph50dol9Py2

PdM5 shale 0.418±0.113
(12)

51
(R0) N.d. 0.54 0.52 I63I-S6K9Ch22 Qtz8Cal20Kfs1Ab4Ph65Py2

PdM6 shale 0.356±0.136
(10)

52
(R0) N.d. 0.60 0.54 I62I-S7K7Ch24 Qtz9Cal2Kfs1Ab13Ph75

LG16 sandstone 0.248±0.034
(42)

50
(R0) 62 0.66 0.65 I40I-S14C-S38K3Ch5 Qtz13Cal10Kfs2Ab29Ph39dol6Py1

LG25 sandstone 0.450±0.029
(59)

50
(R0) 65 0.53 0.50 I52I-S9C-S15Ch24 Qtz21Cal14Kfs2Ab34Ph18dol11

GS8b sandstone 0.414±0.034
(15) N.d. N.d. N.d. N.d. N.d. Qtz8Cal17Ab8Ph59dol6Py

PdM7 sandstone N.d. 50
(R0) 62 0.52 0.51 I50I-S5C-S20K8Ch17 Qtz22Cal9Kfs1Ab33Ph32dol3

PdM9 sandstone N.d. 50
(R0) 65 0.63 0.48 I53I-S9C-S15K7Ch16 Qtz25Cal15Kfs1Ab33Ph23dol3

Arenaceous-Pelitic association (Laga Fm.)

CT3 shale N.d. 50
(R0) N.d. 0.57 0.54 I70I-S7Ch23 N.d.

CT4 shale N.d. 74
(R1) N.d. 0.88 0.71 I56I-S15K8Ch21 N.d.

CSC10 shale 0.579±0.138
(52)

76
(R1) N.d. 0.70 0.69 I56I-S25K6Ch13 Qtz8Cal18Ab5Ph59dol6Py4

BC10 shale 0.313±0.087
(19)

50-70
(R0-R1) 62 0.99 0.84 I60I-S24C-S3K3Ch10 Qtz9Cal16Ab8Ph63dol4

CT2 sandstone N.d. N.d. 63 0.54 0.54 I27C-S33K16Ch24 Qtz24Cal15Kfs2Ab42Ph16dol1

CT5 sandstone 0.419±0.103
(13)

48-73
(R0-R1) N.d. 0.83 0.64 I50I-S20K12Ch18 Qtz17Cal25Kfs1Ab18Ph34dol5

CT6 sandstone 0.510±0.040
(9)

73
(R1) N.d. 0.72 0.64 I37I-S12K6Ch45 Qtz19Cal14Kfs1Ab38Ph22dol6

CTd4 sandstone N.d. 50-70
(R0-R1) 66 0.53 0.49 I38I-S6C-S15K16Ch25 Qtz22Cal12Kfs2Ab32Ph26dol6

CTd3 sandstone 0.488±0.037
(30)

50-70
(R0-R1) 65 0.53 0.49 I36I-S7C-S14K14Ch29 Qtz23Cal15Kfs2Ab33Ph20dol7

ZAM sandstone 0.443±0.048
(36) N.d. N.d. N.d. N.d. N.d. N.d.

Arenaceous association (Laga Fm.)

ZA7 shale N.d. 66
(R1) 70 0.68 0.51 I59I-S16C-S7K5Ch13 N.d.

ZA8 shale 0.368±0.039
(4)

65
(R1) 70 0.66 0.59 I56I-S10C-S7K8Ch19 Qtz21Cal25Kfs1Ab29Ph21dol3

LG11 sandstone 0.385±0.027
(40) N.d. N.d. N.d. N.d. N.d. Qtz22Cal2Kfs1Ab50Ph18dol5Gy2

LG21 sandstone 0.536±0.085
(24)

60
(R1) 57 0.66 0.58 I44I-S15C-S5K9Ch27 Qtz23Cal7Kfs1Ab37Ph26dol6

LG24 sandstone N.d. N.d. 53 0.39 0.34 I30C-S60Ch10 Qtz29Cal19Kfs2Ab35Ph14dol1

LG26 sandstone 0.474±0.036
(99) N.d. N.d. N.d. N.d. N.d. N.d.

LG27 sandstone 0.365±0.060
(25) N.d. 40 0.39 0.36 I46C-S40Ch14 Qtz21Cal14Kfs3Ab43Ph14dol2

MF12 sandstone 0.332±0.099
(44) N.d. N.d. N.d. N.d. N.d. N.d.

MF17 sandstone 0.376±0.054
(11) N.d. N.d. N.d. N.d. N.d. N.d.

MF19 sandstone 0.289±0.047
(102) N.d. N.d. N.d. N.d. N.d. N.d.

MF22 sandstone 0.382±0.057
(9) N.d. N.d. N.d. N.d. N.d. N.d.

GS3 sandstone 0.378±0.031
(20) N.d. N.d. N.d. N.d. N.d. Qtz7Cal22Ab3Ph60dol6Py2

CT1 sandstone 0.370±0.052
(35) N.d. 63 0.43 0.43 I28C-S29K10Ch33 Qtz29Kfs1Ab42Ph28

LG8 sandstone 0.398±0.053
(34) 60(R1) 62 0.68 0.59 I55I-S24C-S3K5Ch13 Qtz23Cal3Kfs1Ab16Ph40dol17

LG10 coal 0.383±0.056
(100) N.d. N.d. N.d. N.d. N.d. N.d.

LG9 coal 0.367±0.028
(31) N.d. N.d. N.d. N.d. N.d. N.d.

Pre-orogenic succession [Marne con Cerrogna (mc), Scaglia Bianca (sb), Marne a Fucoidi (mf), Rosso Ammonitico (ra)]

MF9 marl (mc) N.d. 50
(R0) N.d. 1.03 0.98 I50I-S16K14Ch20 N.d.

MF7 marl (mc) N.d. 50
(R0) N.d. 1.07 1.01 I55I-S29K7Ch9 N.d.

MF8 marl (mc) N.d. 50
(R0) N.d. 0.99 0.91 I49I-S13K12Ch26 N.d.

MF5 marl (mc) N.d. 50
(R0) N.d. 1.08 1.01 I61I-S24K7Ch8 N.d.

MF6 marl (mc) N.d. 48
(R0) N.d. 0.94 0.89 I55I-S24K8Ch13 N.d.

MF2 coal (sb) 0.419±0.084
(46) N.d. N.d. N.d. N.d. N.d. N.d.

MF3 marl (mf) N.d. 40
(R0) N.d. 1.08 1.01 I59I-S41 N.d.

MF4 marl (ra) N.d. 64
(R1) 65 1.11 1.03 I66I-S29C-S3Ch2 N.d.
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reaction temperature, a major change from random to short-
range ordered I-S has been documented by many Authors
(Hoffman and Hower, 1979; Srodon, 1999).

Mixed-layer I-S clay minerals become more illitic (up to
95%) within late diagenesis and long-range ordering appears
at temperatures of 170-180° C (Hoffman and Hower, 1979;
Pollastro 1993). The transition to the anchizone (~200°C) is
indexed at KI of 0.42°∆2θ and associated with vitrinite
reflectance values of 2.0% and further reduction in smectite
content of I-S. KI values of 0.25°∆2θ and vitrinite reflectance
measurements higher than 4% characterize the transition to
the epizone and low-grade metamorphism which occurs at
approximately 300°C (Bucher and Frey, 1994). This chart does
not consider the reaction progress of trioctahedral
phyllosilicates which can be found associated in deeply
buried and largely undeformed basinal sedimentary
sequences. Usually, C-S mixed layers first appear in
diagenesis at temperatures of 60-160°C (Hillier, 1993; Srodon,
1999). Furthermore, to convert vitrinite reflectance data into
palaeotemperatures we complemented Merryman and

Frey’s chart that lacks resolution for VRo values lower than
0.5%, using the equation proposed by Barker and Pawlewicz
(1994). It was developed as an empirical calibration based on
the assumption that temperature has the dominant
influence in increasing VRo% and the effect of heating time
is usually on the order of the ‘noise’ in the experimental
determination of VRo% values (Price, 1983; Barker, 1996). This
is due to the fact that sampling strategy and outcrop
conditions did not offer the opportunity to build refined
time-temperature modeling based on both geological and
organic maturity inputs (Allen and Allen, 1993).

The identified mixed-layer I-S are random and short-range
ordered I-S with a percentage of illite layers ranging from 50
to 76% in Laga samples (Tab. 2). R1 I-S are primarily grouped
in a small area to the south of Mt. Gorzano which is part of
the depocenter of the basin (Figs 5 and 6). Moving to the
west and north, a progressively less severe thermal evolution
is recorded; close to the depocenter, both Ro and R1 I-S were
recognized in the same samples, whereas only random
stacked mixed-layer clays were found at further distances.
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Tab. 3 - Rock-eval pirolysis data.

Sample formation thickness (m)* S1 S2 S3 tmax hI oI toc

Borbona West

AP#15 Laga 430 0.00 0.75 0.47 439 93 58 0.73

Varoni 1 well [Marne con Cerrogna (mc), Bisciaro (bi)]

161933 mc -25 0.01 2.33 0.14 438 384 23 0.61

161952 mc -500 0.06 1.12 0.76 440 200 135 0.56

161954 mc -550 0.03 0.38 0.10 441 11 3 3.32

161963 bi -775 0.02 0.25 0.20 443 6 4 4.62

Mt. Gorzano

AP#23 Laga 50 0.01 0.89 0.28 435 93 58 0.69

AP#24 Laga 105 0.11 2.64 0.84 430 207 66 1.28

AP#25 Laga 149 0.00 0.27 0.36 436 59 79 0.46

AP#26 Laga 242 0.01 1.05 0.92 437 120 106 0.87

AP#34 Laga 1290 0.05 0.82 0.52 430 130 83 0.63

West Acquasanta a & b

AP#51 Laga 129 0.01 0.43 0.27 434 83 53 0.51

AP#54 Laga 381 0.01 0.35 1.24 437 64 225 0.55

AP#57 Laga 1076 0.01 0.91 0.40 434 142 62 0.64

AP#59 Laga 1195 0.02 1.01 3.33 430 132 43 0.77

Polverina

POL#06 Laga 340 0.01 0.43 0.27 434 83 53 0.51

POL#12 Laga 521 0.01 0.35 1.24 437 64 225 0.55

POL#21 Laga 1374 0.01 0.43 0.27 434 83 53 0.51

POL#22 Laga 1391 0.01 0.35 1.24 437 64 225 0.55

Leofara

AP’#74 Laga 129 0.04 2.51 0.59 429 216 50 1.16

AP’#75 Laga 381 0.04 1.93 0.82 435 235 100 0.82

AP’#78 Laga 1076 0.03 0.49 1.01 436 91 188 0.54

AP’#79 Laga 1195 0.03 1.06 0.63 436 126 75 0.84

Notes: Selected Rock-Eval pirolysis data show TOC>0.5, S2>0.3 and S1/S1+S2<0.5 
* Thickness calculated from the base of the Laga Formation. Positive values indicate samples for the Laga Fm. Negative values samples 
for the Marne con Cerrogna and Bisciaro Fms.

milli:ARGENTI  12/01/2010  08:21  Pagina 77



Both random and short-range ordered I-S are interpreted as
the authigenic phases that have been formed during burial
diagenesis since Messinian times. They suggest early
diagenetic conditions and associated paleo temperatures
between 60-110°C (Hoffman and Hower, 1979; Merriman
and Frey, 1999; Srodon, 1999). This is in agreement with the
presence of C-S mixed layers of most samples of which the
first appearance in diagenesis is generally associated with
temperatures of 60 - 160°C (Hillier, 1993). KI-derived
temperatures for the Laga succession are higher than those
predicted by I-S and C-S. They record late diagenesis or
anchizone conditions suggesting temperature ranges of
120-210°C. These values refer to detrital micas inherited from
the uplift of the Alpine chain and from rocks eroded in the
source areas not directly related to the burial history of the
LdS. Thus, KI data cannot be used for the reconstruction of
the thermal history of the Laga basin but provide
information on provenance and thermal condition of the
source rock. In the pre-orogenic succession, KI-derived
temperatures approach those calculated from I-S
composition. Both parameters are consistent with early and
late diagenesis boundary suggesting a maximum
temperature not exceeding 100°C. The agreement between
temperature-dependent clay mineral parameters and the
slow sedimentation rates allow us to state that detrital
contribution may have been unimportant for this succession.
Paleotemperatures derived from Barker and Pawlewicz’s
equation (1994) for Laga 1 unit are always lower than 100°C
with a mean value of about 60°C irrespective of the
stratigraphic position within the pre-evaporitic basin. Lowest
values are recorded for the Laga 2 unit with maximum
paleotemperatures between 40 and 45°C. On the other
hand, data from the pre-orogenic substratum are very scarce
and indicate paleotemperatures of about 65°C, probably
slightly underestimated because of the presence of
amorphous organic matter.

Interpretation of organic matter and clay
mineralogy data

We compare calculated maximum burial and the
stratigraphic thickness of the LdS between the pre-orogenic
substratum and the gypsum-arenites interval (Fig. 18). Loads
were calculated from paleotemperatures assuming a pre-
erosional geothermal gradient of 22°C/km and a surface
temperature of 10°C. Estimated burials based on clay
mineralogy in the Lower Messinian depocenter located
between Mt. Gorzano and Vomano River range from about
2.2 to 4.0 km and generally agree with measured or
extrapolated stratigraphic sections described above (see
also Figs 5 and 6). 

Moving to the north, available VRo% data indicate a
maximum burial of about 1.3-1.6 km in a general agreement
with measured stratigraphic thicknesses of about 1.4-2.5 Km.
Local anomalies are recorded at the footwall of regional
Sibillini and Gran Sasso Thrusts. At the footwall of the Sibillini
Thrust, in the Borbona area, the proposed stratigraphic
thickness of Laga basin fill varies between 1 and 1.5 km
whereas maximum burials higher than 2 km were estimated
on the base of either C-S and random I-S coexistence or
unoxidised VRo% values between about 0.45 and 0.50%.
Thus it seems realistic that this area subdued the thermal
imprinting of the presently eroded Sibillini thrust.

In front of the Gran Sasso structure, no complete
reconstruction of the sedimentary thicknesses of the LdS is

available. Nevertheless, we observe that to the north of Mt.
Corvo (western Gran Sasso thrust), VRo% values for the
arenaceous lithology association indicate the immature
stage of hydrocarbon generation with maximum calculated
burials of less than 1.5 km, while to the north of the Corno
Grande thrust for the pelitic lithology association, VRo%
values indicate the base of the oil window (about 0.5%) with
maximum calculated burials of about 2.5 km. despite
samples belonging to different lithology associations, they
derive almost all from the base of the Laga depositional
Sequence and from different structural local settings.
Sample GS3 belongs to the LdS that probably never
experienced any tectonic loading, while GS11 and GS9a
samples are from the nucleus of an overturned syncline that
represents the footwall of the Corno Grande thrust sheet.
This implies that the Gran Sasso thrust localized the
displacement in its footwall moving from the west (Borbona
area) to the east (Corno Grande area) as already shown by
Bigi et al. (1995, 1997) and Speranza et al. (2003).

Low values for the Montagna dei Fiori pre-orogenic
succession are indicative of scarce syn-orogenic sedimentary
burial mainly represented by the preserved Meso-Cenozoic
pre-orogenic succession itself. It is in general agreement with
fluid inclusion data from the bottom of the Montagna dei
Fiori pre-orogenic succession (Calcare massiccio Formation,
Hettangian-Sinemurian). In this unit, homogenization
temperatures (Th) are between about 70°C and 90°C due to
the maximum sedimentary burial occurred in middle
Miocene times and between about 110°C and 130°C due to
both hot fluid circulation and sedimentary burial in Late
Miocene times (Ronchi et al., 2003).

Further regional studies based on apatite fission tracks and
VRo% on the Laga basin were recently performed (Calamita et
al., 2004; Rusciadelli et al., 2005; Scisciani and Montefalcone,
2005). They suggest maximum paleo-temperatures ranging
between 50°C and 110°C for the Laga succession to the west
of the Montagnone-Montagna dei Fiori anticline, in
agreement with those proposed in the present study.
Nevertheless these maximum paleotemperatures are
interpreted as the effect of a ubiquitous and homogeneous
tectonic loading due to the emplacement of allochthonous
units (Rusciadelli et al., 2005) or thick sedimentary units, now
eroded (Scisciani and Montefalcone, 2005). On the other
hand, in our hypothesis, variable sedimentary burial due to
the Lower Messinian deposits explains our results, except
where local anomalies are recorded at the footwall of regional
thrust sheets.

tectonIc eVoLutIon of the LAGA bASIn

Our results indicate that between Late Tortonian and Late
Messinian, the Laga basin shows the features of a confined
basin (Fig. 19) placed at the front of the orogenic wedge and
linked up to the outer ramp through the sector of the
Montagna dei Fiori-Montagnone anticline, folded during the
deposition and then cut, by T1 and T2 thrusts (Fig. 16).
Structural, stratigraphic and sedimentological data suggest
that the confinement of the basin was product by the thrust
propagation into the basin that in turn gave rise to an
articulated sea-floor topography (front runner thrust, Allen
et al., 1991). The thrust front of the advancing chain raises
more external areas of the regional monocline faster than
the progressively eastward migration of the monocline itself,
and/or that the radius of curvature of the subduction hinge
decreases through time. Whatever the cause, the regional
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monocline during the Messinian seems to be generated by a
more ancient flexure (Langhian-Serravallian) and is followed
by a more external and younger one, starting from Upper
Messinian to Lower Pliocene. 

The Laga turbiditic deposits record this transitional phase
in time and in space. In fact the LdS (lower Messinian)
deposited during the propagation of thrusts T1, T2 (Gran
Sasso thrust) and T3 (Sibillini thrust). This sequence is
representative of the closure of the older Marnoso-Arenacea
foreland basin system. The upper Messinian portion (Laga 3
unit), with the younger turbidites deposits of the Cellino
Formation (Lower Pliocene), are instead representative of the
onset of the present day foreland basin system (Peridriatic
basin system, Ori et al., 1991; Centamore et al., 1992). 

In particular the sedimentation of Laga 1 unit just occurred
in a confined basin showing a more raised sector southwest

of Mt. Gorzano, where turbiditic sedimentation insisted on
growing anticlines associated to the Gran Sasso thrust (Fig. 3)
and a longer and more depressed sector to east of Mt.
Gorzano. In the first sector, turbidite systems are smaller and
show mostly channelized facies; in the second sector,
turbidite systems extend for several tens of kilometers and
show a complete development of the architectural elements
with the passage from channelized to lobe zones. 

The size of the basin and its shape had to be approximately
the same as the present-day. Restoration of the two
geological cross sections indicates a small shortening value
in the hanging wall of T1 thrust, so that the size of the basin
was around 75 km wide immediately to the north of the Gran
Sasso ridge and about 30-35 km wide around the
Acquasanta anticline. The regional monocline, dipping
southwestward, was oriented NNW-SSE. It comprises the

Stratigraphy, structural setting and burial history ... 79Journal of Mediterranean Earth Sciences 1 (2009), 61-84

Fig. 18  - Selected organic and inorganic thermal parameters and derived burial values discussed in the text, located onto the correlation panels
of Figs 5 and 6 across the Laga basin. Modified after Aldega et al. (2007). 

Fig. 19 - a) Schematic cross-section of the foreland basin system at time of sedimentation of LdS. Note as the LdS was depositing in a very
constricted and confined foredeep basin situated between the front of the orogenic wedge (front-runner thrust) and the foreland outer ramp. 
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eastern limb of the Acquasanta anticline, where the
northeastward onlap geometry of the Laga 1 deposits onto
the substratum is observable (Fig. 14). The slope-to-basin
area was located in correspondence to the present day
Sibillini thrust, likely with a N-S trend. 

during deposition of Laga 2, the Acquasanta anticline
started to grow, folding the described onlap surface and
controlling the deposition of sedimentary bodies in the
basin. In the Laga 2 unit, turbiditic flows seem to be
controlled by the occurrence of growing high to the east and
to the south. The differential uplift of the Gran Sasso thrust
started to take place: in the southwestern area of the basin,
T2 thrust started propagating as far as the associated
anticline arrayed at the surface, whereas in the Corno
Grande-Mt. Camicia sector, rotation and inversion of the pre-
existing structural high took place (Bigi et al., 1997; Calamita
et al., 2002). The physiography of the Laga basin during
deposition of Laga 2 was partly modified, although
geometry of sedimentary bodies strongly suggests that no
migration of the system occurred (Figs 5 and 6). The I2
surface at the base of the Laga 2 can in fact be interpreted as
the expression of a local intrabasinal shift of depocenter,
controlled by the thrust activity (Artoni, 2003; Milli et al.,
2007). At the end of the Laga 2 deposition, the basin was
completely overfilled, and the whole area started to uplift.
This process can be due to the propagation of the T1 thrust.
The I3 surface, located between Laga 2 and Laga 3,
represents the depocenter shift from the west to the east of
the Montagna dei Fiori-Montagnone ridge (Figs 6 and 16).
The western area was uplifted and tectonically transported,
as well as the Gran Sasso Ridge, to the south. These
structures occurred in the hanging wall of the T1 thrust,
which controlled the new morphology of the basin. The
growing T1 thrust hanging wall anticline produced an
internal slope of the basin, which separated a higher internal
sector of the basin, site of channel and channel-lobe
transition turbidites sedimentation, from an external deeper
sector where basin plain turbidite sedimentation occurred
(Centamore et al., 1993; Milli et al., in progess). This
morphological configuration should be representative of the
inner foredeep sector related to the new and more eastern
foreland basin systems formed in connection with the intra-
Messinin tectonic phase. T1 thrust continued to propagate
cutting even the CdS, which is passively transported on top
of the thrust over the Cellino Formation during the Lower
Pliocene time. This younger activity of T1 is coeval to the
reactivation of the Montagna dei Fiori thrust which
propagates in the T1 hanging wall and cut all the previous
structures (Fig. 16). 

concLuSIon

In this paper we presented an integrated methodological
approach to the study of the Messinian Laga Basin recording
the passage from two different foreland basin systems. This
approach takes into account: i) physical and sedimentological
data providing correlation across the basin, pieces of
information on basin physiography and localization of the
source areas; ii) interpretation of the available seismic

dataset, providing reconstruction of structural style and
evaluation of the shortening in Neogene time; iii) thermal
maturity data of organic matter dispersed in sediments and
clay mineralogy analyses providing pieces of information on
the sedimentary and/or tectonic burial of the turbidite
succession. The results indicate that the Lower Messinian
Laga Basin constitutes a confined basin placed at the base of
orogenic wedge, which marked the passage to the Upper
Miocene to Present foreland basin system. The observed
migration of local depocenters in the Laga Basin and the
passage to the new foreland basin system is strictly
controlled by thrust activity that, together with climate
changes, exerted a major control on sediment supply and on
stratigraphic organization of this sedimentary succession. 

The advancing orogenic wedge raised the external areas
of the regional monocline faster than the progressively
eastward migration of the monocline itself, and/or than the
decreasing of curvature radius of the subduction hinge
through time. Thrusting migrates progressively eastward
and the orogenic wedge is actively deformed, but the
foreland basin system does not migrate, and no new
accommodation space formed in front of the deformed
chain (see also Ford, 2004). This is confirmed by the
sedimentological characters of the LdS indicating a
deposition into a constricted and confined foredeep basin
having a sea-floor topography being the result of front-
runner thrusts propagation. 

The total shortening of the Laga basin obtained by the
restoration of two geological cross section across the basin is
about 20% and indicates that the basin size is almost
preserved. The burial history, based on organic matter and
clay mineralogy parameters (Fig. 18 and Tab. 2), is essentially
due to the sedimentary load of Laga 1-Laga 2 sequences in
the western part of the basin. Maximum temperature values
in the Laga succession are reached close to the main thrust
front, due to additional tectonic burial.

The presented data strongly suggests that the Laga basin
where LdS sedimented, can be described as an internally
deformed but not migrating orogenic wedge, developed
during Messinian time in the Central Apennines (Fig. 19). At
the same time this also entails that the regional monocline
should be generated by a more ancient flexure (Langhian-
Serravallian) corresponding to the more internal and ancient
foredeep basin, filled by the Marnoso Arenacea Formation.
As such the Laga basin where LdS sedimented can be
interpreted as the closure phase of the Marnoso arenacea
foreland basin system, having features recording the
transition from two different foreland basin systems.
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Clay mineralogy

XRd analyses were performed with a Scintag X1 XRd system
(CuKα radiation, solid state detector, spinning sample) at 40 kV and
45 mA. Randomly-oriented whole-rock powders were run in the 2-
70°2θ interval with a step size of 0.05 °2θ and a counting time of 3 s
per step. Oriented air-dried samples were scanned from 1 to 48 °2θ
with a step size of 0.05 °2θ and a count time of 4 s per step. The
presence of expandable clays was determined for samples treated
with ethylene glycol at 25°C for 24h. Ethylene-glycol solvated
samples were scanned at the same conditions as air-dried
aggregates with a scanning interval of 1-30 °2θ.

Expandability measurements in the <2 µm grain-size fraction
were determined according to Moore and Reynolds (1997) using the
delta two-theta method after decomposing the composite peaks
between 9-10°2θ and 16-17°2θ using Pearson VII functions. The I-S
ordering type (Reichweite parameter, R; Jagodzinski, 1949) was
determined by the position of the I 001-S 001 reflection between 5
and 8.5°2θ (Moore and Reynolds, 1997).

‘Illite crystallinity’ measurements expressed as Kübler index (KI)
are made by interpolating the background under the peak by
connecting the background on both sides of the peak and by using
a profile fitting method (Lanson, 1997). Half-peak widths were
calibrated using Warr and Rice’s standards (1994).

Vitrinite reflectance

Mean random vitrinite reflectance was measured on whole rock
samples rich in coaly particles collected from sandstone, siltstone
and clayey lithologies. Samples were first mounted in epoxy resin
and then polished. Vitrinite reflectance analyses were then
performed on randomly oriented grains using a Zeiss Axioplan
microscope and conventional microphotometric methods (e.g.,
under oil immersion in reflected monochromatic non-polarised
light). In most cases the samples population was a few tens of
readings per sample on fragments never smaller than 5 nm and only
slightly fractured and/or altered. Mean reflectance and standard
deviation values were calculated for all measurements.

Rock eval

Tmax, S1, S2 and S3 peaks were derived from standardized
procedures of Rock Eval pyrolisis. Samples derive from surface and
subsurface (Varoni 1 well) sections located in Figure 3, analyzed by
Elf and discussed in Albouy et al. (2003). Presented data are selected
according to Espitalié (1986).
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