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Abstract

This study analyses the role played by the mechanical proprieties of the rocks involved in a thrust system, focusing on the problem of multiple

décollements and of related compressional structures. Integration of geophysical (seismic reflection profiles) and geological data and scaled

sandbox models are used to study the deformation style of two areas of the Northern Apennines (Italy): the Po Plain and the Umbria-Marche

Apennines. Both areas are characterised by a complex stratigraphy, consisting of décollements located at different depths that influence the

geometry and kinematics of the thrust system. The main characteristic of the models presented here is the presence of two décollement horizons,

situated at the base and in an intermediate level of the models. During deformation of the models, these two décollement horizons generate two

sets of structures, with different geometrical characteristics and significance. Through the joint analysis of geophysical and geological data and

model results, wavelengths of the compressional structures analysed show that the structural style of the two analysed areas is almost similar.

Moreover, model results prove that the final configuration of the thrust system follows the general rules of evolution of a wedge deformed above a

weak décollement and is largely governed by the larger, deep seated structures.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The structural evolution of a thrust system depends on

stratigraphy, mechanical property of the rocks, duration and

rate of deformation and uplift versus subsidence ratios (Chester

et al., 1991; Fischer and Woodward, 1992; Marshak and

Wilkerson, 1992; Doglioni and Prosser, 1997). In particular,

the mechanical property of the deformed rocks (e.g. presence

of competence contrasts) and the décollement appear to be of

great significance in influencing the final geometry of the

structures and the kinematics of the thrust system (Davis and

Engelder, 1985; Letouzey et al., 1995; Sans and Vergés, 1995;

Teixell and Koyi, 2003; Koyi et al., 2003).

Some studies on thrust systems have paid particular

attention to the style of thrusting, changes in fault attitude,

displacement rate and amount and ramp angle (Dahlstrom,
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1970; Elliott, 1976; Berger and Johnson, 1980; Mitra, 1986;

Eisenstadt and De Paor, 1987; Fermor and Moffat, 1992). Other

studies have instead focussed on the role of rheology of the

basal décollement, showing how markedly different wedges

develop above a ductile or a frictional layer, respectively

(Davis and Engelder, 1985; Baker et al., 1988; Cello and Nur,

1988; Cobbold et al., 1989; Letouzey et al., 1995; Gutscher

et al., 1996; Teixell, 1996; Cotton and Koyi, 2000; Leturmy

et al., 2000; Turrini et al., 2001; Costa and Vendeville, 2002;

Grelaud et al., 2002; Koyi and Cotton, 2004).

The present paper aims to analyse the role of multiple

décollements in the Northern Apennines fold and thrust belt

(Italy), specifically considering two different areas of the belt: the

Po Plain and the Umbria-Marche Apennines (Fig. 1). We study

these regions by interpreting the available geophysical and

geological data and by performing a set of scaled sandbox models.

In particular, our goal is to answer the following questions:

† Are multiple décollements responsible for the development

of different sets of structures in this fold and thrust belt? Can

these structures be easily distinguished by their geometry

and wavelength?
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Fig. 1. Shaded relief and schematic map of the Northern Apennines fold-and-thrust belt. The black lines represent the traces of the regional seismic profiles.
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† In which way does the presence of multiple décollements

influence the time/space evolution of the Northern

Apennines thrust belt? Can multiple décollements pertur-

bate the regular, in-sequence nucleation of thrusting (e.g.

Boyer and Elliot, 1982)?

Our set of sandbox models aim at reproducing the main

features of the Po Plain (PP) and Umbria-Marche Apennines

(UMA), focusing on their deformation style. The main

characteristic of the sandbox models is the presence of two

décollements, situated at two different stratigraphic levels.

Some parameters of the models, such as thickness, final bulk

shortening and lateral dimensions, have been systematically

changed, in order to study their influence on the evolution and

final configuration of these models.

Our study argues that the presence of multiple décollements

nucleates different sets of structures with different significance

and geometrical characteristics. Moreover, part of the

complexity of the thrust system derives from the decoupling

between deeper and shallower structures, due to the presence of

the upper décollement. These results can be used to understand

other fold and thrust belts possessing multiple décollements.
2. Geological framework

The PP and the UMA both belong to the external part of the

Northern Apennines (NA) (Fig. 1), which is an arc-shaped fold-

thrust belt, with northeastward convexity and vergence (Barchi
et al., 2001 and reference therein). This belt developed

prevalently in Neogene times, in the framework of the collision

of the European continental margin (Sardinia–Corsica block)

and the Adriatic microplate (e.g. Alvarez, 1972; Reutter et al.,

1980).

The PP, located in a northernmost and structurally external

position with respect to the exposed chain, is part of the NA

deformed foreland, where the compressional structures are

buried below a thick syntectonic succession, deposited in the

Neogene–Quaternary foredeep. The present-day geological

configuration of the PP is the result of the interaction of

several parameters, such as amounts and rates of convergence,

uplift, sedimentation and subsidence. The high value of the

two latter parameters promoted the deposition of a thick

clastic succession, which seals the external fronts of NA.

During the late Messinian–early Pliocene time interval, the

evolution of the foredeep was driven by a thrust system

evolving in a piggy-back mode towards the foreland (i.e.

northeastward). Thereafter, from the middle Pliocene

onwards, the migration of the flexural margin of the foredeep

was locked by the previously formed, opposite verging,

Southern Alps structures: consequently, thrusting occurred

also in an out-of-sequence mode (Castellarin, 2001). The

contractional, N–S-trending stress field is still active in the PP

region, as indicated by data coming from structural analyses

(Perotti, 1991; Sorgi et al., 1998; Mariucci et al., 1999) as

well as from geophysical studies and seismological evidence

(Cagnetti et al., 1978; Boccaletti et al., 1985; Gasparini et al.,
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1985; Frepoli and Amato, 1997; Anzidei et al., 2001; Selvaggi

et al., 2001; Lavecchia et al., 2004).

Given the lack of exposed structures, the structural setting of

the PP is essentially imaged by a dense grid of reflection

seismic data collected for industrial purposes by Agip (the

Italian national oil industry, presently ENI-E&P) since 1945

(Rizzini and Dondi, 1979; Pieri and Groppi, 1981; Pieri, 1983).

Analysis of the seismic reflection profiles shows that the

Apennines front consists of a system of three arcuate thrusts

(from W to E: Monferrato, Emilia and Ferrara-Romagna arcs)

(Fig. 1). These arcs generally trend WNW–ESE, (Dondi et al.,

1982; Ori et al., 1986), which is in accordance with the overall

northeastward transport direction of the thrust sheets in the

Northern Apennines (Elter et al., 1975) (Fig. 1).

The UMA is located in an innermost and southernmost

position relative to the PP: it represents the main mountain

ridge of the Northern Apennines, where Mesozoic and early

Tertiary carbonatic rocks extensively crop out. In this area, the

geometry and kinematics of the exposed contractional

structures can be analysed. The geometry at depth can be

constrained by well data and seismic profiles. This classical

fold-and-thrust belt developed during the middle Miocene–

early Pliocene time interval: the innermost contractional

structures are disrupted by subsequent extensional tectonics.

Some authors have suggested that the UMA has developed

as a thin-skinned fold-thrust belt detached above a single main

décollement (Triassic Evaporites), overlying an undeformed

basement (Baldacci et al., 1967; Decandia and Giannini, 1977).

This point of view was adopted and discussed in a very

important and influential paper (Bally et al., 1986) where

seismic profiles were firstly used to study the structural
Fig. 2. (a) Schematic regional and mechanical stratigraphy of the Northern Apennine

and the deeper (Triassic evaporites) main décollement levels. The reported thickne

Marche models and corresponding parameters of modelling materials.
evolution of the UMA. Other authors have hypothesized the

involvement of the basement as well (Lavecchia et al., 1987;

Barchi, 1991; Sage et al., 1991). In recent years, data from the

CROP 03 deep seismic reflection profile (Pialli et al., 1998)

detected the involvement of the basement in the deformation

more clearly (Barchi et al., 1998), confirming thick-skinned

nature of the deformation.

2.1. Stratigraphy

The NA stratigraphic succession evolves from a Mesozoic–

Paleogene passive margin to a Neogene–Quaternary foredeep

basin (e.g. Argnani and Ricci Lucchi, 2001; Barchi et al.,

2001). The former is characterised bottom to top by shallow

marine evaporitic, carbonate platform and pelagic carbonate

basin successions, whereas the latter by syntectonic, mostly

turbiditic sediments.

The Mesozoic–Paleogene passive margin succession (e.g.

Centamore et al., 1986; Cresta et al., 1989; Passeri, 1994) is

exposed in the UMA and can be subdivided into four main

lithological groups, each characterized by formations having

similar competence, internal stratigraphy, and seismic

expression. This subdivision allows us to consider each

group as a distinct element with a specific mechanical

behaviour under the tectonic deformation. The groups are,

from bottom to top: (1) Palaeozoic phyllitic basement; (2)

Triassic evaporitic group (i.e. alternated anhydrites and

dolomites); (3) Jurassic–Cretaceous carbonatic group; and (4)

Paleogene marly group (Fig. 2).

The Mesozoic–Paleogene stratigraphy of the PP is

essentially the same as that of the UMA, but this succession
s fold-and-thrust belt. The arrows indicate the shallower (Marne a Fucoidi Fm.)

ss represents average values. (b) Stratigraphy of Po Plain models and Umbria–
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is covered by a thick wedge of Neogene–Quaternary

syntectonic sediments, consisting of marls, turbidites and

marine clays and sands. These sediments are sourced from both

the Alpine and Apennine chains, and evolve through time from

deep marine to shallow marine and eventually to continental

units (e.g. Argnani et al., 1997). They can be easily subdivided

into packages separated by either non-depositional erosional or

angular unconformities, related to both eustatic variations and

synsedimentary tectonic activity (i.e. development of blind

thrusts and associated folds). The clastic succession is also

characterised by dramatic lateral changes in thickness and

facies, in contrast with the regular, almost tabular shape of the

underlying, passive margin sequences.

From a mechanical point of view, the NA stratigraphy can

be considered as composed by alternating competent and not-

competent units (Fig. 2). Two major décollements influence the

regional structural setting: the basal décollement (Triassic

evaporites), located at the bottom of the Mesozoic succession,

decouples the sedimentary cover from the underlying base-

ment; the upper décollement (Marne a Fucoidi formation

(MF)), localised just below the Mesozoic–Tertiary boundary,

decouples the clastic syntectonic succession from the under-

lying passive margin sequence (Baldacci et al., 1967; Pieri and

Groppi, 1981; Castellarin et al., 1985; De Feyter, 1989; Barchi

et al., 1998). Many other, minor décollements are present,

mainly corresponding to marly horizons, interlayered within

both the carbonates and the turbidites.
3. Structural style

The structural style of the NA is strongly influenced by the

mechanical anisotropy in the stratigraphy. Different sets of

structures that generated at different structural levels linked to

each other and developed in a hierarchical mode, can be

distinguished. In particular, it can be observed that each set of

structures is related to a characteristic décollement and that the

dimension of the structures is proportional to the depth of

the décollement that they sole to: the deeper the décollement,

the larger the structures (Barchi et al., 1998; Grandinetti et al.,

2000).

The presence of multiple décollements in the NA is

supported by both field observations (e.g. Koopman, 1983;

De Feyter, 1989) and interpretation of seismic reflection

profiles (Pieri and Groppi, 1981; Castellarin et al., 1985; Bally

et al., 1986; Barchi et al., 1998; Pauselli et al., 2002).

The current research focuses on two types of structures,

related to two major décollements:

(1) deep-seated (large) structures, involving the entire sedi-

mentary cover above the Triassic evaporites, which

constitute the basal décollement level;

(2) shallow-seated (small) structures, detached above the MF

and involving only the upper part of the succession (i.e.

marly and turbiditic groups).

In order to compare the structural style of the PP and

UMA areas, we analysed regional seismic reflection profiles
across the PP, showing the geometry of the buried

compressional structures, and a set of geological sections

across the UMA, where the structures involving the Jurassic–

Paleogene carbonates are exposed and can be easily mapped

in the field.
3.1. Seismic reflection profiles

The quality of the available commercial seismic data is good

enough for description of the geometry of the deep structures

and the reconstruction of the deformation history in the PP.

Within this dataset, three regional seismic lines across the

Emilia and the Ferrara-Romagna Fold Arcs (see Fig. 1 for

location) have been interpreted and studied in detail. The

interpretation has been calibrated with numerous boreholes and

took into account the observations of a network of closely

spaced cross and tie lines. Borehole data enabled the

stratigraphic control of the seismic horizons, which constituted

the base for our seismic interpretation. Only one of these

seismic lines is shown here (Fig. 3).

The main seismic markers, which can be traced throughout

the investigated area, are located within the turbiditic and

carbonatic groups. From top to bottom they are: top Pliocene

(P2); top early Pliocene (P1); top Messinian (M); top early

Messinian (lowM); and Marne a Fucoidi formation (MF)

(Fig. 3).

The MF marker is a Cretaceous marly formation, located

close to the top of the carbonates (Fig. 2), and represents a very

good stratigraphic marker with respect to both the overlying

and underlying limestone formations. Due to its lateral

continuity and facies uniformity, this marker has been

commonly used in seismic interpretation also for the adjacent

areas of the NA (Bally et al., 1986; Barchi et al., 1998). The

other marker horizons represent boundaries between sedimen-

tary cycles, within the Neogene syntectonic sediments.

Broad variations in facies, thickness, sedimentation and

subsidence rates reflect different tectonic histories, which

affected adjacent portions of the belt, underlying the strict

connection between the local geometry and kinematics of

thrusting and the evolution of the corresponding turbiditic

basin (Ricci Lucchi et al., 1982; Ori et al., 1991).

At a regional scale, the analysis of the seismic profiles

confirms the previous knowledge about the evolution of the

thrust belt, in particular:

(a) the progressive nucleation of the compressional structures

towards the foreland, suggesting an in-sequence evolution

of the thrust-system (from south to north), and a

contemporaneous, along-strike migration of the defor-

mation from the western to the eastern arcs (Castellarin et

al., 1985);

(b) the increase of shortening from NW to SE, in accordance

with the anticlockwise rotation of the Italian peninsula

(Channel et al., 1979).

Even if the structures are not cylindrical, the overall

structural setting, resulting from the analysis of the three



Fig. 3. (a) Line drawing of the seismic profile across the eastern part of the Ferrara–Romagna arc (see Fig. 1 for location). ll: wavelength of the large structures; ls: wavelength of the small structures; 1 and 2: major

thrusts generating long-wavelength structures. (b) Seismic line of box b in (a) showing the involvement of the carbonates in the deformation (dislocation of the MF reflector). (c) Seismic line of box c in (a) showing a

set of small structures (1–3) detached above the upper décollement level (MF Fm.).
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regional profiles considered in this study, is quite similar: only

minor variations occur in the structural style, along with a

progressive increase of the shortening from west to east.

Analysis of the relationships between the growth strata and

the structures constrains the timing of deformation, which is

concentrated in the upper Messinian–Pliocene time interval. In

particular, in this sector of the PP two major pulses of

compressional deformation occurred during the lower and the

upper Pliocene. The deformation continued at least until the

lower Pleistocene, whilst present-day activity is debated

(Di Bucci and Mazzoli, 2002; Benedetti et al., 2003; Burrato

et al., 2003).

Here we describe the easternmost of the three regional

profiles, being the more representative of the deformation style

of the region (Fig. 3). The profile crosses the eastern part of the

Romagna-Ferrara Folds, it starts near the town of Faenza and

finishes near the Mèsola village, in proximity of the Po River. It

is 85 km long, oriented SW–NE, and reaches a depth of 6 s

(TWT), corresponding to about 10 km of depth.

A line drawing of the regional seismic profile (Fig. 3a) and

two sections of the original seismic data (Fig. 3b and c) show

the detailed structural configuration. In the regional view, two

major thrusts (deep-seated structures, generating long-wave-

length folds), involving the carbonates, occur along the section

(Fig. 3a). They separate areas where syntectonic sediments

reach their maximum thickness (up to 5500 m). From each

major thrust, an imbricate system splays out towards the

foreland (i.e. toward the north), generating a set of small (short

wavelength) folds, involving only the Neogene turbidites

(Fig. 3c). The seismic profile also shows the presence of many

other activated décollements, producing further, local com-

plexity: these latter minor structures do not significantly affect

the regional setting and are not discussed in this study.

The relationships between shallow and deep seated thrusts

are well imaged by this seismic profile. In the central part of the

profile (Fig. 3a and c), the main feature is the structural

disharmony of the clastic Neogene–Quaternary succession

with respect to the deeper folds involving the Mesozoic

carbonates. A set of three, north-verging, relatively small

detachment anticlines, involving only the Neogene turbidites

(from lowM to P2), is detected above the top of the carbonates.

The underlying MF reflector is not involved in these thrusts but

acts as a décollement, and regularly dips towards the

hinterland. Moving to the southernmost and deeper part of

the section (Fig. 3a and b), the innermost, large anticline is

shown, generated by a deep-seated thrust, displacing the MF

reflector and involving the whole carbonates succession in its

hanging wall. Unfortunately, the structurally complex zone,

where the doubling of the carbonates succession occurs, is not

fully imaged by this seismic profile. However, in the hanging

wall block, the MF reflector is structurally about 1 s higher than

in the footwall block, and the offset can be easily linked to the

easternmost splays. Summarising, a single, major thrust

displaces the carbonates in the innermost part of the section,

and then propagates northward with a flat trajectory, above the

MF reflector, generating an imbricated thrust system in its

hanging wall. This profile shows that the shallow-seated
structures represent an imbricated thrust system, splaying out

from the innermost, deep-seated major thrust.

The quality and acquisition depth of the seismic profiles

through the PP are not sufficient to constrain, in a reliable way,

the geometry and depth of the décollement of the deep-seated

structures, which are generally supposed to be detached within

the Triassic evaporites (e.g. Castellarin et al., 1985).

In order to quantitatively characterise the observed

structures, and to compare them with the results of the

analogue models, we measured the wavelengths (i.e. distance

between the axial plane traces of two adjacent anticlines) of

both the deep-seated (ll) and the shallow-seated (ls) structures,

as illustrated in Fig. 3a. We collected these data along the three

studied seismic profiles, as well as along other published

profiles across the Po Plain region (Pieri and Groppi, 1981;

Castellarin et al., 1985). The wavelength of the deep-seated

structures range between w16 and 33 km, whereas the

wavelength of the shallow seated structures range between

w4.5 and 8.2 km.

This analysis shows that:

1. the deep- and shallow-seated structures are characterised by

well-separated wavelengths,

2. there is a large wavelength variability within the two

different groups of structures.
3.2. Geological data

In the southernmost UMA, where the Neogene–Quaternary

turbidite succession is almost completely missing, the

compressional structures are exposed at the surface and can

be effectively mapped.

Two major sets of compressional structures have been

recognised in this region, whose geometry and kinematics have

been described in the literature, using integrated surface

geology data, seismic profiles and deep wells (e.g. Barchi

et al., 1998):

† ‘Umbria-Marche folds’, detached within the Triassic

evaporites (Burano Fm.; Martinis and Pieri, 1964),

involving the whole carbonatic succession: they are box-

shaped, NE verging anticlines, characterised by a wide,

gently west dipping crestal zone, and steep, frequently

overturned northeastern limbs, associated with outcropping

or blind thrusts;

† ‘Shallow imbricates’, detached above a Cretaceous marly

horizon (Marne a Fucoidi Fm.) or at the top of the

carbonates, involving only the Paleogene marly succession

and the thin overlying turbidites, where present. These are

narrow, asymmetric folds, well exposed in the structurally

low regions (i.e. synclinoria).

These two sets of structures can be easily recognised and

distinguished in the geological maps throughout the region. We

focus on the NW sector of the UMA, where a set of good

quality and homogeneous maps (scale 1:10,000 and 1:50,000)



Fig. 4. (a) Schematic geological map of the Cagli area, located in the NW part of the UMA. (b) Geological section showing the presence of two sets of structures: the

Umbria–Marche folds, involving the carbonatic succession, and the shallow imbricates, detached close to the top of the carbonates.
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are available. Fig. 4 shows a geological cross-section, oriented

SW–NE across the structural culmination of a northeastward

verging box-fold (Mt. Petrano anticline). This fold involves the

entire carbonates succession and is décolled along the

underlying evaporites. Both the backlimb and the forelimb of
the anticline are overturned and are cut by high angle thrusts.

The Mt. Petrano anticline overthrusts towards NE a structurally

low-elevated region, in the Cagli area. The geological section

(Fig. 4b) shows that the major thrust that generates the Mt.

Petrano anticline is décolled in the Triassic evaporites
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and propagates eastward and upward in the stratigraphy into a

flat trajectory in the marly horizons (Marne a Fucoidi Fm. and

marly Group). It eventually splays out into a set of small,

narrow, shallow-seated embricates. These embricates generate

at their hanging-wall a complex pattern of asymmetric, NE

verging, small-wavelength folds (Fig. 4b). This structural

setting, the geometric and genetic relationships between deep-

seated and shallow folds in particular, strictly resembles the Po

Plain section, described in Section 3.1.

Using the geological maps, we constructed a set of 20, SW–

NE oriented, closely spaced geological sections, orthogonal to

the fold axes, parallel to the section of Fig. 4. The wavelengths

of the larger and smaller folds were measured along the whole

set of geological cross-sections. The results of this analysis

show mean values of about 5 and 1.4 km for the larger

(‘Umbria-Marche folds’) and smaller (‘shallow embricates’)

structures, respectively (Fig. 5).

It is evident that these values are significantly lower than

those obtained for the corresponding structures, buried below

the Po Plain region (25 and 6 km, respectively). The

stratigraphic position and lithology of the major décollement

levels is the same in the UMA and below the PP. Therefore, the

different wavelengths of the corresponding structures, which

are about 4–5 times larger in the PP than in the UMA, is

attributed to the presence of the thick clastic wedge, covering

the compressional structures of the PP, inducing a greater

décollement depth and a significantly greater thickness of the

layers involved in the deformation. This is particularly evident
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for the shallow structures, since the Tertiary turbidites are

almost completely missing in the UMA, where the shallow

structures involve only the relatively thin (up to 500 m),

Paleogene Marly Group.
4. Analogue models

4.1. Model setup

In the previous paragraph, we have seen how both PP and

UMA are characterised by the presence of two major

décollements, generating two different sets of structures. In

order to better understand the geometrical and kinematic

implications of this setting in the evolution of a thrust belt, we

produced a set of seven sand-box models, scaled to the NA

stratigraphy. Each model consisted of two horizontal weak

horizons, at two different stratigraphic levels: one of the weak

horizons was located at the base of the model, and the other in

the middle of the model. The weak horizons, simulating

décollements, consisted of glass micro-beads, whereas the

competent rocks (carbonates and turbidites) were simulated by

quartz sand (Fig. 2b).

Several parameters such as: dimensions, thickness and total

bulk shortening were changed in the models. The width of the

box in which the models were deformed was fixed to a constant

30 cm, the length of the box changed from 45 to 60 cm, while

the model thickness ranged between 1.95 and 3.3 cm (Table 1).

In order to obtain a comparable deformation in all the models,
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Table 1

Parameters of the Po Plain (PPm) and Umbria–Marche (UMm) models

Parameter PPm UMm

Model width 30 cm 30 cm

Model length 60 cm 45 cm

Model thickness 3.3 cm 1.95 cm

Length ratio (lm/ln) 4!10K6 4!10K6

Shortening rate 2 mm/h 2 mm/h

Total shortening 45% 40%

Total time of shortening 14h250 9h250
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the final bulk shortening was changed between 22.7 and 45%.

The models were shortened above a planar, horizontal rigid

basement at a constant velocity of 2 mm/h.

Horizontal layers of loose sand and glass beads were built

by scraping. Coloured loose sand was put between different

layers to act as strain markers. After constructing the layers, a

square grid of loose sand was sieved onto the surface of the

models to monitor the surface evolution. At fixed time

intervals, measurements of: wedge taper angle, wedge

elevation, distance of deformation front from the movable

platen, thrust trajectory and distance between fixed points on

top of the model were made and the model surface was

photographed. At the end of the experiments, the models were

covered with a layer of white loose sand to preserve the final

configuration of the wedge, and wetted to make the sand

cohesive for sectioning and photographing.

Below we discuss in detail the results of two of the seven

models. One of the models is representative of the PP (labelled

PPm) and the other one of the UMA (labelled UMm). These

two models, present some similarities as well as differences

(Table 1). They both simulate the effect of multiple

décollements, are composed of similar materials and are

subjected to a similar kinematic. However, they are scaled to

two different regions of the NA, i.e. the PP and the UMA. In the

PPm, syntectonic sediments (w0.5 cm) were added by sieving

loose sand on the top of the model, at fixed intervals of

shortening.

Although erosion and possible irregularities at basal

boundaries have not been taken into account, the models

simulate the evolution of a fold-thrust belt containing multiple

décollements.
4.2. Scaling

The geometrical similarity between our models and nature

was achieved by applying a precise length ratio to all model

dimensions, where the length ratio was equal to 4!10K6,

implying that 4 mm in the model simulated 1 km in nature.

Kinematic similarity was approached by making the

deformation sequence in the models similar to that in the

NA. That is testified by the analogies between the structures

detected on the seismic reflection profiles and geological data

and those obtained in the models. In model PPm, kinematic
similarity was reached by adding syntectonic sediments during

the shortening.

Dynamic similarity was achieved using materials that

enabled scaling intrinsic proprieties, such as the cohesion

(to) and the coefficient of internal friction (m), between model

and nature (see Cotton and Koyi, 2000 and references therein).

Loose dry quartz sand and glass micro-beads were used to

construct the models, because they represent appropriate

materials to simulate the deformation occurring in the upper

crustal rocks dominated by frictional behaviour (Mulugeta and

Koyi, 1987; Gutscher et al., 1996). The loose sand utilised

consists essentially of sub-angular quartz grains, with an angle

of internal friction of fZ378. Due to its nearly perfect Mohr–

Coulomb behaviour, this loose sand was used as an analogue of

carbonatic and turbiditic rocks. To simulate the Marne a

Fucoidi and the Triassic evaporites décollements glass micro-

beads were used. This material consists of almost perfect

spherical grains, and has an angle of internal friction of fZ258,

consistently lower than the quartz sand.

4.3. Model results and comparison with NA

The most striking observation from the models is the

presence of two sets of compressional structures, related to

these two décollements: (1) large structures, detached above

the deeper décollement and showing long wavelengths; (2)

small structures, detached above the shallower décollement

and characterised by short wavelengths.

During shortening, the layers were deformed and formed an

imbricate wedge, whose main characteristic features were

essentially governed by the larger structures. This wedge is

composed mainly of foreland-vergent structures accreted in a

piggy-back style. With progressive shortening, the early

imbricate sheets steepened during the forward migration of

the area of active deformation. As a consequence of the

formation and the growth of a new imbricate, the pre-existing

imbricates are back-rotated (i.e. their dip increased) and locked

(Koyi and Schott, 2001).

Initial spacing between adjacent imbricates is small and

increases with progressive build-up of the critical taper. The

nucleation rate of new imbricates is high at the beginning of the

deformation and decreases after the build-up of the critical

taper. Progressive deformation of the models results in growth

of the wedge, both in height and length, as new imbricates are

accreted at its toe. The wedge grows faster at the beginning of

the deformation, but its growth slows down as the critical taper

is approached (Fig. 6). Such model behaviour is widely

documented in the literature (Davis et al., 1983; Malavielle,

1984; Mulugeta and Koyi, 1987; Mulugeta, 1988; Colletta

et al., 1991; Dixon and Liu, 1992; Marshak and Wilkerson,

1992).

Analysis of the models shows that deformation is mainly

accommodated by the thrust sheets detached above the deeper

décollement, whereas the small structures, decolling to the

upper décollement, do not record a significant amount of

shortening. A similar scenario occurs in the UMA, as shown in

the balanced profile along the CROP03 section (Barchi et al.,



Fig. 6. Ratio of length (L) vs. height (H) of thrust wedge plotted against shortening (%). The plot indicates that a rapid increase of wedge length occurs at the

nucleation of each new thrust sheet.
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1998), and in many other studies on the UMA (e.g. Barchi,

1991; Ghisetti et al., 1993).

In the PP, the situation is quite different because the lack of

information about the deeper geological setting prevents

construction of balanced sections, including the Mesozoic

units. This means that only the shortening due to the small

structures can be actually evaluated, whilst the amount of

shortening in the deeper part of the section cannot effectively

be constrained (Castellarin et al., 1985; Perotti, 1991).

At the end of the deformation, in both PPm and UMm

experiments, the layer of glass micro-beads, which acts as a

weak horizon, accumulates in the core of the wedge. This is a

common feature of all the models due to the mobility of the

weaker material that tend to thicken in the anticline cores. A

similar thickening is observed along the deep seismic profiles

(e.g. Barchi et al., 1998) and documented by the anomalously

high thickness of the Triassic evaporites (up to 3000 m)

encountered in the deep wells drilled through the anticline

cores (e.g. Burano well; Martinis and Pieri, 1964).

4.3.1. Structures development

In all the models, the presence of a shallower décollement

level is responsible for the formation of a set of smaller

structures. Below, we illustrate how these large and small

structures are developed by describing in detail four

longitudinal cross-sections of the PPm taken at different stages

of deformation (through the glass sidewalls) of the models

(Fig. 7). All these profiles were taken after the deposition of

five layers of synkinematic sediments, added to the model by

sieving sand on its top.

At bulk shortening of 23%, four closely spaced foreland-

verging thrusts developed a wedge near the moveable platen

followed by a box-fold representing the deformation front

away from the platen (Fig. 7a). The older imbricates show
similar geometry; their thrust surfaces are back-rotated

(relative to the shortening direction) towards the hinterland

and are characterised by a stratigraphic succession even more

dislocated towards the bottom of the model.

With progressive shortening (32%) of the model (Fig. 7b),

the forelimb of the box-fold develops a foreland verging thrust

that propagates forward and upward until it over-thrusts the

syntectonic sediments. The back-limb intensifies to form a

back-thrust with a limited amount of displacement. The

activation of the shallower décollement at this stage decouples

the shallower layers from the deeper parts of the model. This

shallow décollement is also responsible for the dislocation of

the back-thrust in the back-limb of the most external anticline.

At this stage, the upper part of the back-thrust is roughly

subhorizontal, whereas its deeper part is dipping about 258

(Fig. 7b). The deformation is accommodated principally along

the planar forward thrust. In the more external part of the model

a new, smaller box-fold forms, above the shallower

décollement.

At 35% of bulk shortening (Fig. 7c), the external box-fold,

detached above the shallower décollement, amplifies. The fore-

thrust of the large structure starts developing a homoclinal

ramp trajectory (Fig. 7b), producing a ramp–flat–ramp

geometry. The small structure forms in response to this

displacement along the upper flat of the larger thrust. This flat

is in fact both a hanging wall and footwall at the same time.

The presence of this small structure testifies that the shallower

and the deeper parts of the model accommodate the shortening

in a disharmonic way. It is also possible to observe that during

the shortening extensional structures form in the crest of the

anticline: these extensional structures form due to fold crest

collapse, producing characteristic crest grabens.

At 40% of bulk shortening (Fig. 7d) the small structure is

not active any longer, and it is tilted and passively transported



Fig. 7. Sequential line drawings of PPm at: (a) 23%, (b) 32%, (c) 35%, (d) 40% and (e) 45% shortening, respectively. The shortening was applied by moving a

vertical rigid wall rightward. See text for description and discussion.
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on the hanging wall of the new outermost structure, which is

now the only active thrust.
5. Discussion

The models presented here show that vertical anisotropy

(competence contrasts) generates structures with different

characteristics that ultimately determine the deformation

style of the entire thrust system.

Seismic data and results of analogue models are used to

calculate the wavelength ratio between the different structures,

in order to estimate the initial wavelength of the natural

structures (otherwise unknown). Model results show that fold

geometry evolves during the shortening in such a way that

initial wavelength (when the thrust is active) is larger than the

final wavelength (when the thrust is not active anymore). Initial

and final wavelengths can be measured in the models, whilst in

the natural systems only the final structural setting can be

observed.

Using the results of the models, we estimate the initial

wavelength (li) of the large and small structures, (li)l and (li)s,

in nature, respectively. The final wavelength of the structures,

both in nature and in models, (lf)l and (lf)s, are known. The

wavelengths referring to the large structures are marked with

the letter l and those referring to the small structures with the

letter s, whilst the wavelengths referring to nature are labelled

with the letter N and those referring to the models with the

letter M. If we assume that models are scaled to nature, the

following equalities should hold:

† R1: [(lf)s/(lf)l]MZ[(lf)s/(lf)l]N;

† (R2)l: [(li/lf)l]MZ[(li/lf)l]N for the large structures

† (R2)s: [(li/lf)s]MZ[(li/lf)s]N for the small structures.

These conditions are called R1, (R2)l and (R2)s, respectively.

Checking to what extent the first condition is satisfied gives

an idea about the degree of similarity between our models and

their prototypes, while the conditions (R2)l and (R2)s can be

used to calculate the unknown parameters [(li)l]N and [(li)s]N,

which represent the initial wavelength of the large and small

natural structures, respectively.

In order to test condition R1, we use model values,

geological data and seismic reflection profiles. The results

give the following numbers (Table 2):

† (R1)M: [(lf)s/(lf)l]MZ0.36;
Table 2

Summary of geometrical characters of small and large folds. Wavelength values fo

centimetres. The numbers in italics represent the estimated values for the initial w

numbers between brackets refer to the number of data utilised for the computation

PP UMA

Small Large Small

li 6.95 30.85 1.50

lf 6.26 (6) 24.88 (10) 1.35 (25)

R1Z[(lf)s/(lf)l] 0.25 0.27

R2Z[(li/lf)]

KZlf/D 1.2 2.4 1.3
† (R1)N: [(lf)s/(lf)l]NZ0.25 for the PP;

† (R1)N: [(lf)s/(lf)l]NZ0.27 for the UMA.

The quite similar values of the ratio between the

wavelengths of small and large structures [(lf)s/(lf)l]N of

both PP and UMA (i.e. 0.25 and 0.27, respectively) suggest a

similar mode of structural evolution for the entire NA.

Taking into account that some parameters, like erosion and

lateral heterogeneity, are not included in our models, the

difference between the model ratio value (0.36) and the nature

average ratio value (0.26) is relatively small and we conclude

that there is a good fit between our models and the PP and

UMA.

For R2, by substituting the opportune values to the

parameters, we were able to determine the initial wavelength

of the different structures in PP and UMA (Table 2):

1. [(li/lf)l]MZ1.24. Given that [(li/lf)l]Mw[(li/lf)l]N, by

substituting the average value of [(lf)l]N we obtain:

† [(li)l]NZ30.85 km for the PP structures;

† [(li)l]NZ6.10 km for the UMA structures

2. [(li/lf)s]MZ1.11. Given [(li/lf)s]MZ[(li/lf)s]N, consider-

ing the average value of [(lf)s]N we calculate:

† [(li)s]NZ6.95 km for the PP structures;

† [(li)s]NZ1.50 km for the UMA structures.

This means, for instance, that a large structure in the PP with

an initial l of about 31 km, becomes about 25 km long, after

the tectonic activity occurred in the area. A small structure of

the UMA that is presently 2 km long may have started to form

with an initial l of 2.22 km.

Moreover, the similar value of the (R2)l and (R2)s conditions

([(li/lf)l]NZ1.24 and [(li/lf)s]NZ1.11, respectively) show that

there is uniformity on the deformation pattern between the

large and small structures of the NA.

The analysis of the wavelengths of the structures also

illustrates how they are influenced by the depth of the

décollement on which they are detached, confirming that the

deeper the décollement, the larger the structures. With regard

to this observation, we can also measure the ratio (K) between

the final wavelength of the structures (lf) and the depth of the

décollement (D) above which they are detached. Substituting

the opportune values, we obtain (Table 2):
r the PP and the UMA are expressed in kilometres, whereas for the models in

avelengths of the natural structures, calculated by using the R2 condition. The

(see Fig. 5)

Models

Large Small Large

6.10 1.67 (3) 5.07 (4)

4.92 (20) 1.50 (38) 4.1 (68)

0.36

1.11 1.24

1.2 2.3 2.1
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† (KPP)lZ2.4 and (KPP)sZ1.2 for the large and small

structures in PP, respectively;

† (KUMA)lZ1.2 and (KUMA)sZ1.3 for the large and small

structures in the UMA;

† (Kmdls)lZ2.1 and (Kmdls)sZ2.3 for the model structures.

Except in the case of the PP, where the values of the ratio K

for the two types of structures is quite different, in the other

cases these values could be considered very similar. The

difference between (KPP)l and (KPP)s is probably due to the lack

of information about the actual depth of the décollement above

which the PP large structures are detached, which can change

in a wide range. Besides the unknown décollement depth, this

can be due to mechanical proprieties of the rocks, thickness

variations, style of deformation and timing of deformation,

which are unknown.
6. Conclusions

We studied two different regions within the NA fold-and-

thrust belt, using both seismic reflection profiles and surface

geology data, to understand the effect of the presence of two

different décollements on the structural pattern in the belt. We

also built a set of sand-box models in the attempt to reproduce

the final geometry and reconstruct the kinematics of thrusting

in the NA fold-and-thrust belt.

Field and geophysical data and results of analogue models

indicate that multiple décollements play a major role in the

evolution of a thrust system, in response to the great

importance of mechanical stratigraphy:

1. Different décollements produce different sets of structures,

with different size, deformation history and importance. In

the Northern Apennines, the presence of two major

décollements induces the development of two sets of thrust

related folds, which we named shallow- and deep-seated

structures. These structures can easily be distinguished for

their dimensions and relationships: shallower structures are

generated by thrusts, splaying out from innermost, deep-

seated structures.

2. The dimension of the structures greatly depends on the

thickness of involved succession (i.e. depth of detachment);

† deep-seated structures are systematically larger than

shallow-seated structures;

† in the Po Plain, where the carbonates are covered by a

thick succession of Neogene turbidites (implying a

greater depth of detachment), both deep- and shallow-

seated structures are larger than in the Umbria–Marche

Apennines where this thick succession is not preserved;

† in the Po Plain, since the thickness of the Neogene

turbidites is highly variable, the dimension of the

structures is highly variable too, compared with the

Umbria–Marche.

3. Model results suggest that the evolution of a wedge,

containing multiple décollements, is essentially governed

by the larger structures, detached at the deeper décollement,
and that it follows the general rules of evolution of a

Coulomb wedge, widely discussed by other authors. Model

results confirm the geological and geophysical observations

in the Northern Apennines: the deep-seated structures

largely control syntectonic sedimentation (i.e. the location

of the larger and deeper turbiditic basins) in the Po Plain,

and accommodate most of the shortening of the Umbria–

Marche Apennines. Both model results and natural

examples indicate that the structure and evolution of a

thrust belt remain dominated by the deep-seated structures,

locally complicated by the shallow-seated structures.
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