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[11 We use morphologic, stratigraphic, and structural data to identify a set of diapirs just
southward (uphill} of the northern margin of the Northern Apennine Range. The diapirs
consist mainly of Ligurid chaotic shaley units that reach a maximum thickness of over
3 km. We also reconstruct marnine sedimentation/abrasion surfaces that record a 1 em/a
differential uplift induced by diapirism. On the basis of this data we use the lubrication
approximation of the Navier-Stokes equations and analogue experiments to show that
thrusting of the Epiligurid units can be generated by diapirism of the underlying Ligurid
units in addition to regional compression. Owing to a gravity component parallel to the
strata, the structures formed by diapinsm are similar to those generated by compressive
tectonics, differing in that thrusting is lubricated by diapiric rise. Using the analogue
experments, we show that deformation begins with folding eventually evolving to
thrusting, and we derive an empircal relation to infer the time remaining to the end of
deformation. In our area, diapiric deformation is still in the folding regime, but it should
evenmally evolve to the thrusting regime and terminate in about 107 a. We suggest that
the whole northeastem slope of the Northern Apennine is controlled by diapiric
tectonics. Our interpretation contrasts with the more traditional one, which views regional
tectonic compression as the only responsible for the structures observed in the field. Since
our model is based on first principles, it could be applied to other areas with similar
eeology and topography.
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1. Introduction 10°
space (10°-1
10°" Pa s).
[3] Im thls paper we describe the gravitational “skin-
tectomics™ evolution of a sector of the northeastemn slope
of the Morthem Apennme Range (NAR), close to Bologna
City, that falls mto the space. time. and viscosity ranges
mdicated above. We show that gravity-mduced flow and
diapirism in clayey and shaley formations are so extensively
distributed that they substantially overpnnt and in many
cases erase the signature of regional tectonic compression.
We base our thesis on a detailed stratigraphic, morphologic,
and tectomic study. From these field data we develop a model
based on the lubrication approximation of the Navier-5tokes
equations and on scaled analogue experiments of the
gravitational deformation that charactenzes the area. The

a ! md(‘%‘w intervals of ahout 4 orders of magnitude in

: 4107 e 17_
[2] Gravity tectonics requires two conditions to leave an m), time (10°-10"a), and viscosity (10

imprint m the geological record. The first 15 a honzontal
density gradient, which (by generatmg aenally heteroge-
neous vertical pressure gradients) induces flow from high-
density to low-density volumes. The second condition
depends on rock viscosity. This must be sufficiently small
to allow an adequate amount of deformation to be detectable
in the geologic record before other processes, such as
erosion, may reduce the density gradient, inhibiting further
deformation. At the same time, the wiscosity must be
sufficiently high to avoid fast evolving process such as soil
creep or landsliding. Therefore gravity tectonics appedrs fo
be characterized by strain rates ranging between 10~ and
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expenmental results show an empincal equation that can
describe the evolution of the northeastern slope of the MAR.
Since our work 1s based on fundamental principles, it could
be applied to similar geological setfings.

2. Regional Geology and Stratigraphy

[49] The NAR is a fold-and-thrust belt of Tertiary age,
which developed from an accretionary prism along the
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Conglomerue, sandstone, clay and marl of the intraappenninic Pliocene, mainly with rigid behaviour
(Coanglomerati di Monte Rumicl, RUM; Arenarie di Monte Adone, ADO; Marne di Riolo Terme, RILL

Evaparite interbedded with clay-marl, with ductile behaviowr (Gessoso-Saolfifern, GES).

Mlarl and sandstonc, with brittle behoviour characterized by random rotation of adjocent tectonic blocks, includes
allthe epiligund units except for the ductile units of Marie del Teemina and Mame di Monte Fiano { MMEF).

Chaatic unit, with dustile bebaviour and rough lopograply, composed generally oDmards, lmestons and sandstone
hlocks of different sizes floating in & shaly matrix. This unit includes all the Ligurids in addition to the Epiligurid
duectilo units of Lotano (RO, Antogmoda (AN, MMante Piamoe, Comtignaca (CTG).

Arennceus Flyseh found below the Lipurid units, with rigid hehaviour,

Figure la. Geology of the northem slope of the Northern Apennine (NAR) south of Bologna City
between the Savena and Idice rivers. Schematic map of ductile and brittle units [after RER, 1998]. See
mset for location of the study area m the NAR. Note that the ductile chaotic-shaley Ligund units crop out
all around the brittle sandy Epiligurid units, which form diapiric structures.

Adfrican and European plates margin [Treves, 1984]. During
the northeastward displacement of this belt, from Eocene to
Lower Pliocene, a set of pigeyback basins formed along the
northeastern slope of the belt [ Piert, 1961 Lipparini, 1966;
Ori and Friend, 1984; Ricci Lucchi, 1987, Bettelli and
Panini, 1987; Bocealenti et al, 19904, 1990b; Farabegoli et
al, 2006; Panini ef al , 2002]. The basins floors are mainly
composed of a vanably thick succession (ranging from 100
to 1000 m) of chaotic ophiolitic-rich shaley complexes,

olistostromes and marls, known as the Ligurid units
[Papani, 1964; Abbate et al, 198]; Bettelli and Panini,
1984, 1987; Fai and Castellarin, 1992]. In tum, the Ligurd
units were emplaced, at least since Middle Miocene, on the
Marnoso Arenacea Formation [Bocoaletti et al, 1990b].
Compared to the Marnoso-Arenacea Formation, which
tends to show ngid behavior, the Ligurid units have a
ductile theology [Carena et al., 2000].
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Figure 1b. Detail geology of the study area shown in Figure la (after RER [2001]; filled boxes with
numbers are elevation of summats).

[5] The Epiligurid units (Figures la—1d) were deposited  deform into brachisynclines separated by narrow and elon-
above the Ligunds. The lower Epiligund units are mainly  gated uplifted areas of chaotic shaley units of Ligurids and
clays and shales and change vpward to marls and sand-  lower Epiligunds (Figures la—1d) [Borgia er al, 1997;
stomes. After their deposition the arenaceous units began to Carena er all, 2000].
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Figure le. Geologic cross-section of the study area (modified after RER [1998]).
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Adluvial deposits, silt, sand and gravel,

Poorly cemented sands (Sabbie di Imola, 1MO).

Clay and marl with ductile behavicur, involved in plastic deformation, characterized by smnoth
morfology. (Marne di Kiolo Terme, RIL).

Sandsiones and shales, with brifilesduciile bebaviour Marme 0 Riolo Terme, R1L

Sandstone with brttle bebwviour, mvolved mbrittle deformation, assocated with rough topegraphy
{Arenarie di Moate Adone, AT, eccasionally rich in conglomerates {Arenarie e conglomerat di Maonte
Mario, ALY ]

Conglomerate with brittle behaviour, invalved in brittle deformation, associated with rough topography
and extensive clith: (Conglomerati di Monte Bumsct, RUM, ¥; fine conglomerte wnd send with mimor silt
{RUM..

Clay and marly clay, with ductile behaviour {Argille a Colombacci, COLY.

Evaporite interbedded with elav-mar, with ductile behavicwr (Gessoso-Solfifera, GES),

Clay with ductile behaviour, involved in plastic detormation, associated with smooth morphelogy {Marne

el Termina, TER ).

Marl and sandstone, with beittle behaviour characterized by randem rotation of adjacent tectonic blocks,
inaludes all the epiligunid unats except for the ductile units of Mame del Termina und Marme di Monte
Piang (MMIP).

Cliaestic uiit, with ductile belaviowr aind moaugh topography, composed geneially of marls, lmestone
and sandstonc blocks of different sizes floating in a shaly matrix. This unit includes all the Ligurids in
addition te the Epalpurid ductile unats of Ledane (LOy, Antogmola CANTE, Monte Plane, Contignazcs
(CTG).

Arenaceus Flysch found below the Ligund units, with ngid behaviour.

Figure 1d. Geologic kegend common to all figures, unless otherwise indicated.
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Figure 2. Photo of planar surfaces occurring between the northem and southem ridges. Looking
northeast. Two well-preserved surfaces are clearly visible in the top-center of the photo (indicated by the
arrows). These surfaces are located at the eastern end of cross-section D (see Figure 3 and 5). The surface
on the right 15 downthrown by about 50 m relative to the left one.

[¢] Smce Miocene the compressive orogenic deforma-
tioms of the foreland (vergmg NNE) were associated with
WHNW stnkmg extensional features occumng at the back of
the orogenic belt [Castellarin et al., 1986; Castellarin and
Fai, 1986]. Subsequently, both compressional and exten-
sional tectomics migrated toward NNE, with the extension
overprinting the carlier compressional structures. This re-
gional extension, though, has not affected the piggyback
hasins.

[?] By means of field observations and scaled analytic
and analogue modeling, we show that some superficial
compressive structures of the piggvback basins appear to
have formed by active gravity tectonic as opposed to
regional compression; this gravity tectonic has influenced
the evolution of the sediments mfilling the basins at least
since the Oligocene. After emergence from the sea in the
Lower-Middle Pleistocene [Fai and Castellarin, 1992)
gravitational tectonics lead to the formation of brachisyn-
clines bordered by shale diapirs [cf. Carena et al., 2000].
Bombicei [1882], Ogniben [1953], Bertocei and Casagli
[1992], and Cazzeli et al [1988] also give evidence of
diapirie deformation i the chaotic clayey complexes of the
Ligurid units. This gravity tectonic imprints our study area
and has formed the Zena syncline and its sumroundmg
prominent shale diapirs, which are focused on in the
following sections.

3. Morphology of the Zena-Syncline Area

[¢] The youngest sequences of the Epiligurid umits are
folded in a gentle syncline called the Zena syncline

{(Figures 1b and 1) This syncline 15 cut by the N-S-trendmg
nvers ldice m the east, Zena in the center, and Savena m the
west. The syncline 1s bounded in the north and south by two
ridges trending WNW-ESE. The southern ridge is formed by
a monocline of conglomeratic and aremaceous rocks that
stands above more-erodible clavey rocks. The northem ridge
15 mainly composed of chaotic clays and reaches more than
300 m above the Po Valley plam.

[¢4] Generally, the valley morphology 1s at a younger
stage of evolution closer to the two ndges than far away
from them. This is justified in the area of the southemn ridge
because the ridge 15 made of less-crodible arenaceous
lithologies. It 15 at odd, however, at the northern ridge
where rivers cut steep rectilinear cafions i highly erodible
shaley rocks and thus they are found Inoa highly active
erosional phase. Similar morphology 1s repeated at a smaller
scale also at the “*Scanno™ ridge, a ndge located midway of
the two major ones along the Zena River. The second-order
hydrologic network does not cut the ndges; in fact, to the
south of them streams flow southward, opposite to the
regional slope.

[1w] This younger morphology 18 charactenstic of the
rdges only: the clayey units croppimg out southward of
both ridges have gentle slopes that uniformly degrade
toward the Zena River and its tributanes. In addiion, south
of the ndges, the major rivers (Savena, Zena, and Idice)
display a well-developed set of active meanders and fluvial
terraces (Figure 1h).

[11] Between the northern and southem ridges the mor-
phology s characterized by a number of planar surfaces
{called simply “surfaces” in this paper), which degrade in
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Figure 3
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Figure 3. {continued)

elevation away from the two ridges (Figure 2). Such
surfaces, which are also found to the north of the northem
ndge all the way down to the Po Valley plain [Parea, 1987],
are very important m understainding the Zena structure and
will be described in detail in the following section 6.

4. Strocture of the Zena Syncline

[12] The geological maps [Regione Emilia Romanga
(RER), 1997] as well as our detailed geological and struc-
tural survey (Figure 3) show that the Plio-Pleistocene
terrigenous formations are folded m a gentle syncline with
ESE striking major axis and limbs that nse toward the
rnidges desenbed above. In proximity of the ndges the strata
become steeply dipping and occasionally overturned on the
middle and northern ridges (Figure 1b, Figures 3b and 3c).
The syncline has wavelength of tenths of kilometers and
amplitude of about 2 km. The syncline tends to close toward
both axial directions forming a brachisynclme (Figure 3a).

[13] Sets of normal faults cut the syncline o adjacent
blocks. In general, faults strike parallel or perpendicular to
the ridges and are charactenzed by vertical displacements
ranging from 10 to 50 m. Fanlts parallel to these ndges tend
to be listric, downthrowing away from the core of the
syncline (Figures 3a and 3b); faults perpendicular to them
tend to identify radial horst-and-graben structures
{(Fizures 3a and 3d). The faults are recent and coeval to
the folding. In fact, the amplitude of the synclmal foldng
appears to be falsely enhanced by the listric faulting.

[14] As it has already been noted in the morphology
section, a structural anomaly occurs at the middle ndge,
the “Scanno™ rdge (Figure 3a and 3c¢). The gentle syncline
is pierced by steeply dipping to overtumed Epiligurid strata
and Ligurid chaotic shales (Figure 4). The contacts between
these shales and the surrounding units are tectonic and box-
shaped with the shorter side smaller than 500 m in length on
outcrop. On the hasis of the thickness of the stratigraphic
units, we mfer a vertical displacement of up t© 2 km

Figure 3.

Detail geology and structure of the southern part of the study area where the manne sedimentation/abrasion

surfaces can still be recognized. After RER [1997] and this work, legend in Figures 1a—1d. Traces of the four cross-sections
in Figures 3h, 3¢, 3d, and 3¢ are indicated; note the **Scanno™ ndge (at the northeast comer) and the unit TER (on the
south) shale diapirs. Yellow arrows mdicate the displacement direction of major slumps. Figures 3b, 3¢, 3d. and 3e show
cross-section through the study area (see Figure 1a for location). (b) NNE western cross-section. Note the displacement of
units along normal faults above the ductile marl units { TER). (c) NNE eastemn cross-section. Note the *Scamnno™ ndge diapir
rising close to the northem end of the section through the Epiligund units. {d) ESE southem cross-section. MNote the horst-
and-graben structure along the axis of the southern ndge. (¢) ESE northern cross-section. Note the shallow shamp structures

of the sandstone (ADO) above the clayey units {(RIL).
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Figure 4. Photo of the shale diapir at “Scanno”™ ndge
looking east. Observe the chaotic assemblage of hetero-
metric blocks in a shaley mamx and the subvertical psendo-

layering.

{(Fizures 1b and 1c). Such fault shape and throw, along with
the fact that the mucleus of the structure 15 composed of
chaotic clays mdicate that the “Scanno™ ndge 15 a diapir,
piercing the overlying Epiligurid formations. The topology
of the structure of the northern ndge 1s identical to the one
of the “Scanno™ ndge. In fact, both diapirs are connected
along the eastern margin of the study area (Figures 1a—1d).

[15] Slump structures occur in the southeastern part of
the study area. The first of them 15 a large sakungen
occurring just southward (Figure 3a) of the cliff<forming
conglomerates (RUM) and sandstones (ADO), which
slumps on chaotic silt and clay unit (TER). The second
slump structure occurs toward the center of the synclne
and appears to be related to basal erosion of sandstone
layers (ADO) near the Zena River (Figure 3e). The erosion
makes the sandstones laterally unsupported and allows
slipping on the underlying siltstones (RIL). This shamp
ends at the base in a small thrust-related fold that has
displaced the Zena River westward.

5. Analysis of Surfaces

[1s] Usmg 1:10 000 geologic maps [RER, 19971, 1:10 000
topographic maps, and 1:40 000 aerial photographs, we
mapped i detail a 25 km™ portion of the Zena syncling,
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where the surfaces identified in the morphologic study are
most evident (Figure 5). We also mapped the hillerests
subdividmg them i stretches of similar slopes.

[17] Our survey shows that the surfaces have formed due
to a number of processes, which include marine and
subaenal sedimentation and erosion. We have classified
the surfaces based om the process that led to their formation
{Fizure 5), these are river terraces, erosional surfaces along
fackes transitions, erosional surfaces along disconformities,
erosional surfaces along fault planes, and surfaces generated
by marne sedimentation and abrasion. Given their signifi-
cance for understanding the geodynamic evolution of the
area, we briefly describe them below.

[1#] 1. Surfaces generated by nver sedimentation (terra-
ces) are further subdivided mto “present-day.” “recent,”
and “old™ nver terraces (Figures la—1d, and 3). Most of the
course of the Zena River occurs im a relatively narrow valley
{about 200 —400 m wide) in which the meandenng nver has
formed an almost continuous set of “present-day™ terraces,
where deposition still occurs durning major flooding events.
“Recent” terraces, on the contrary, have just been suffi-
ciently uplifted above the nver to become abandoned. Both
types of terraces are practically absent where the Zena River
cuts the three ndges (the northemn, the “Scanno,”™ and the
southern one) and it s in active erosion, “0ld™ terraces are
found only on or close to the “*Scanno™ ndge (Figure 5).
They have been significantly uplifted by tectonie activity
associated with diapinism; their topographic position, rela-
tive to the river, topologic relation, relative to the other
terraces, and degree of erosion suggest that they were
formed during the Olocene. All these abovementioned facts
mdicate that the three ndges have been and still are actively
uplifting.

[19] 2. Differential erosion along the facies transiion
{(Figures la—1d, and 3) between the sandstones (ADO) to
the south and the clays (RIL) to the north has generated a
cliff a few tens of meters high. This cliff is fairly continuous
and it occurs throughout the study area from ESE to WNW.

[2¢] 3. Differential erosion along the disconformity
{(Figures la—1d, and 3) existing between the conglomerates
(RUM) and sandstones { ADO) with the dismembered clays
(TER), in the south of the study area, has generated a most
promment cliff: the clays @ the south have been more
rapidly eroded than the conglomerates and sandstones to the
north. This cliff s up to a few hundred meters high and has
a regional extent with ESE stnke (Figure 6).

[21] 4. Surfaces, which are erosional remnants of fault
planes, are common o our area, particularly where the
faults cut conglomerates and sandstones. Frequently, the
stratigraphy on either side of the faults allows the recon-
struction of fault’s displacement. These surfaces are less
evident mn silty and clayey lithologies. The identification of
this kind of surfaces that should not be confused with the
surfaces related to point 2 above, allows the detailed
reconstruction of the set of normal faults that dissect the
Zema Synclme.

[22] 5. Surfaces generated by marme sedimentation now
form broad, uplifted, tilted, and faulted areas. In the Zena
Valley we have recognized a large number of these surfaces
(Figure 5). They are composed of poorly consolidated
terrigenous sediments and they are parallel o the bedding.
These surfaces are not associated with any kind of conti-
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LEGEND
Sadimantary surfacas Erosional sufaces
Prezant river-bead - Erosional surfaces on siratigraphic
wncanfarmilies
B Fresent fuvial teraces - Ercesinnal surfacos on etherogic confacts
B Recentalluvial terracas - Ercalonal eurfacas on faule

Ol alluwisd berraces Fast-erosion surfaces

Sedimantary-erosional sea surfacas, slightly
reworked by subaarial arosion

. Sedimantary-eroslonal ses surfacaes, strangly Mormral fault
reworked by subaarial arosion _,I/

y
:"/]0/ Ritge idots are ridga fops with alevation) /( Thrust foid
/ Sieep slope ridge /" Diapiric thrust

B =rooth small-skops surfaces on shales

Figure 5. Map of sedimentary, tectonic and erosional surfaces present in the study area. Black stars
show surfaces of Figure 2. Major ridges and faults are also indicated.
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Figure 6. Photograph of the southern ridge. The sandstone and conglomerate (RUM and ADO) form
the cliffs, while the clay and marls (TER) form the smooth morphology on the center-left of the photo.

nental deposit, with the exception of restitic soil. The
stratigraphic and structural framework indicates that these
surfaces are portions of an onginally continuous surface,
which formed at the end of marine sedimentation. This
surface was subsequently uplifted above sea kevel and then
deformed in a synform and dismembered by tectonic
activity (Figure 2). In many cases, subaeral erosion has
modeled the ongmal planar surface into mild hills cut by
clefts of creeks that are still actively eroding.

[23] 6. Manne sedimentation surfaces are totally absent in
the northern part of the area northward of the sandstone-clay
facies transition, where the clayey Ithology has not allowed
their preservation from erosion. In this part of the area
(Figure 5) the hills slope mildly toward the creeks. How-
ever, the ndzes maintam almost constant elevation for their
whole extent (Figure 53). Only toward the northern and the
“Seanno™ ndges they tend again to nse to higher elevations
bemg uplifted by the nsmg diapirs. We imterpret these ndges
at constant elevation as the remains of a marine abrasion
plane formed i front of a chiff, (see pomt 2 above)
gencrated by differential erosion of the clays (RIL) with
respect to the sandstones (ADO).

[24] Figure 7 is a reconstruction of the onginal surface
formed by the final sedimentation and marme abrasion (see
points 5 and 6, respectively, above), as it would be today
after removal of subaerial ersion. This reconstruction
shows the folding and faultmg of this surface (and of the
underlving rock units) due to gravity tectonic. The surface
must have been deformed after the emergence from the sea,
which oceurred later than the Middke Pleistocene [Di Dio ef
al, 1997a, 1997h], because 1t must have been honzontal at
the end of s formation, just before the emergence.

[25] Our reconstruction of the marine surface allows us
the entification of two units, m addition to the Ligund,
which, due to their ductile behavior, induced gravitational
tectonics. The first of them are the TER chaotic clayey
marls. We deduce that the conglomerates (RUM) and sand-

stomes (ADO) found above sank into the TER gving nise to
the southern flank of the Zena brachisynclme. Similar
structures are found farther west on the NAR [Borgia et
al, 1997; Carena et al., 2000]. The second {uppermost)
ductile layers in the stratigraphy are the RIL clays and
marls. They are responsible for the second slump described
previously in section 5 (see Figures 3a and 3e).

[25] Im the followmg analysis, we will attempt to model
the gravity deformation related to the Ligund units, which
form the lowermost ductile layer. This deformation influ-
ences all the overlaying rock wunits, mchiding those that
form the Zena syncline, as well as of the slumps described
above. The syncline and the slumps, though, are further
deformed by a gravity deformation that 1s rooted at higher
stratigrafic levels than the ligurids.

6. Analysis of Gravity Tectonics

[27] To analyze the effect of diapinsm on the tectomics
observed in our study area, specifically Figure 1a, we made
a simple model composed of a box with a ngid hasement
{(Figure 8), which corresponds to the arenaceous Tuscan and
Romagna units (that are found below the Lizunds), overlaid
by a ductile layer. which represents the chaotic clayey
Ligunid units. Effectively, as deseribed abowve and observed
in other areas of the Apennine [Carena et al, 2000], the
Ligurid units display a clear ductile behavior since they
form conspicuous diapirs; their ductile behavior 15 due to
the large clay fraction, perhaps combined with overpressure
and sufficiently low straim rates. In tum, the ductile layer 15
overlaid by a brttle layer, which represents the arenaceous
Epiligurid units.

[2%] As observed m our area the layers have a dip of
an angle o and, whereas the upper brttle layer tends to
maintam a constant thickness, the ductile layer pmches out
northward. The lateral boundaries of the experimental
box are rigid and fixed, while the upper boundary of
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Figure 7. Reconstruction of the manne sedimentation/abrasion surface as it 15 today after removal of
subaerial erosion. MNote the horst-and-graben structures and brachisyncline i the south, and the set of
normal faults that deform the swface. This reconstruction is obtained using the morphologic and
topographic data on surfaces and ndges (cf. Figure 5), and the structural data on strata attitude and faults
{cf. Figure 3). The surface follows the topography and strata attitude of the least eroded parts of the
yvoungest units (ADO), being cut and displaced by normal faults.
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L

v

mL <L

Figure 8.

Sketch of the analytic and analogue modeling. In orange, pink, and gray are the brnttle layer,

the ductile layer and the ngid basement, respectively. See text for explanation.

the model 15 unconstramed and at constant atmosphenc
pressure.

6.1. Stationary Case

[29] First, we analyze the stationary case (Figure 8a). In
this case, as there must be hydrostatic pressure in the ductile
layer, the downhill section of the brttle layer is being
pushed upward by the hydrostatic pressure (o,) given by

ay = Lypggsino, (i}

where L. g and g are the distance from the ongin along
the x axis in the ductike layer, the density of the ductile
layer, and the gravity acceleration, respectively. It should be
noted that o, mcreases with L. In the downhill section of
the model, the pressure (o) opposing the hydrostatic uphift
15 the weight of the brttle layer, given by

ap = AH e C08 G, i2)

where AHy, and py, are the difference in thickness between
the lower and upper sections of the bnttle layer and its
density, respectively. It 1s noteworthy that this pressure is
zern when the bnrttle layer has constant thickness (that is
AH = 0). Once the hydrostatic pressure overcomes the load
of the brttle layer, the ductile layver will uplift the brittle
layer and form a diapic. The distance L;; at which this occurs
15 obtamed by equating the pressures of equations (1) and
{2) and by solving for L,

. [T [
Ly=sl,=1— s 3
" o (;:-J) Lo e 3)

that is, this length 15 zero when the brittle layver has constant
thickness. The component of the weight of the brittle layer
m the x-direction {7} 15 balinced by the elastic forces
within the brittle layer itself and 15 given by

1
=_H.IJ

2]

J.'I'
f P it el = pogr sinad,. (4}
q

where L. 15 the distance m the x-direction where o, s
estimated. The distance at which o, becomes larger than the
compressive resistance of the brittle layer{s,), giving nsetoa
thrust, may be estimated using the Coulomb fracture cnteria,

1 4 sit1ds 20584
= &

o, =a

(5)

— 03 - .
I = sitidy I = situy
where o, 15 the maximum stress, @3 15 the mmimum stress,
and 4 and ¢ are the angle of intemnal friction and the cohesion
of the bnttle layer, respectrvely. Observing that o = o,
{equation (4)) and o3 = o, (equation { 2)) and solving for the
distance (L,) at which the thrust forms, we find

I 4 sindsy My, 2008
L= — f - —, (&)
| = sind ) tance  puesino | = sind)

which is always greater than zero. Companng equations (3)
and (6) for amy reasonable value of the angle of internal
friction for a brittle material (that is & = 107), even for rocks
with no cohesion, and with AH, = H, we deduce

i 1+ sinde
B oclde o LiLs, (7)

12 of 25



BO8406

Therefore the length of brittle layer necessary for diapirism
(L ;)15 always smaller than the length needed for gravitational
thrusting (L,). Therefore in the case of the NAR, diapirism
should prevail over gravitational thrusting, and may
significantly overprint the signature of regional tectomics.
This component has never been taken into adequate
consideration in evaluating the tectomic evolution of the
Range, which 15 generally assumed to result from regional
tectonics only [ef. Picotti ef al, 1997].

[30] Cleardy, once the diapirism in the ductile layer
uplifis the brittle layer, the x-component of the pressure
in the brttle layer (o) 15 no longer compensated by the
elastic forces withim it. As a consequence, the brittle layer
will begin to shde downward stretching the nsmg diapic
Although we have not investigated m detail the transitions
from simple diapirism to diapine thrusting, from the
experimental work presented below (see Figures 10, 11,
and 12) we deduce that the brittle layer goes through an
early stage of folding, eventually forming a thrust. We call
these structures diapmric fold and diapine thrust to stress
the role of diapinsm i their formation. In fact, the fold
and thrust are actually mitiated and lubrcated by diapirism
and are not the direct result of “regional tectonic shorten-
ing” within the experimental box, although “regional
tectomics”
our box.

[31] It is also mmportant to observe that in a throst, one
can usually identify a relatively thin layer (surface) across
which most of the deformation occurs. In a diapine thrust,
on the contrary, the deformation mvolves the whole volume
of the diapir and not just the contact between the encasing
units,

[32] As the diapme thrust develops, extensional stresses
will build up in the uphill section of the bnttle layer. These
stresses are halanced by elastic stresses until they overcome
the Coulomb extensional fracture limit. This limit 5 essen-
tially established by the strength of the brittle layer. The
maximmum value of the extensional stress (o), equivalent to
the minimum principal stress, that the brittle layer is able to
balance before rupture, 15 estimated solving equation (5) for

i3
I = sindg 208
O, = 03 = - ay - c= . (8
I + sifids I + sifids

In this equation, o) = o, 15 given by equation (2). The value
of the cohesion may be approximated by the height of the
subvertical cliffs (H,) occurring in the rocks that form the
brittle layer [Philipponat and Hubert, 1997, Merle et al,
2001]

P
{1 = 5ifids
Ill. I +sitdy

I
iy il i)

Combmmg equations {8), (2), and (9), we obtam

1 111 1 COS | i
Al i Xl S
o= |prosn——— | My == hE - | - H,
1+ sinds 201+ sind IIL.'I b Sl

(1o}
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remains essential in generatmg the tilting of
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In the study area, we may assume for the britde layer H, =
1000 m, p, = 2500 kg m™ ., & = 30°, and v = 3°. Since, for

the highest scarps H, < ]{]{] m, using g =98 m s :, we
calculate

o, >B.16%10° — 408 10° > 7.75*10° (Pa). (1)

or, observing that the second (cohesion) term is negligible
with respect to the first,

(12)

O. = —ip.

To sum up, we conclude that a relatively small reduction in
3, without ever becoming negative, is sufficient to initiate
extensional tectomics in the uphill part of the bnttle layer
Therefore followmg the hypothesis used in our model, the
necessary and sufficient condition for tnggering of
compressive and extensional diapinc tectonics s that given
by equation (3],

6.2. Dynamic Case

[3] The parameters we adopt for the analysis of the
deformation of the ductile layer m the dynamic case are
mdicated in Figure 8b. We use the lubrication approxima-
tion of the MNavier-Stokes equations, which includes the
pressure and gravity stresses as deforming terms, may be

written for the ductile layer as [Bird ef al, 1960]:
(v, @
oIy L P 5
— == conservation ol mass i 13a)
iy iz
ip P
e by A fpgrsine = 0 conservation of x-momentum
(13}
i . .
oz P cosee =0 conservation of -momentum
| (A2

(13¢)

To derve this approximation, we use the standard viscous-
scaling analysis with the following dimensionless vanables,
which are defined using educated guesses of the maximum
values that the dimensional variables can reach i our model
{see Figure 8h),

x z h ! Vi
= = = == =
Ly Hy H T Fe |:|4:.
=gt pt = ;."i
- ] d

Our approxmation implies the followmng conditioms:

B _ 1
I = fan e <

(15a)

H“l _ X .
That 15, for the gravity term to be significant m both x and z,
Hy'Ly should be of the same order of magnitude as tanc.
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Table 1. Dimensionless Numbers Used in the Scaling Analysis

BORGIA ET AL.: SHALE DIAPIRISM IN THE KORTHERK APENNIKE

Meaning of Number

Dimension kess Mumber Equation Number

Ratio between regional slope and angle of internal friction,

Ratio between brittle and ductile densities.

Ratio between sysiem geometry and regional slope.

Ratio between sysiem goomeiry and densitics, buoyancy fonce.

Ratio between cohesion and internal Fiction forces,

Ratio between ineria and viscous forees, Reinolds number.

Ratio between pressure and viscous forces.

Ratio between gravity and viscous forces.

Batio from mass halance.

Ratio between process and system evo lution times.

i 2la)
I =— =1
i
m ="t bl
S
H e
Iy = —t =1
Ltanc
{21d)
N P R
Hapy
2ecosd 2l
II; =
* T = sind) Hyp g 008 o
H V. {210)
Il :w,:-_ 1
(%]
PJHE (21g)
1= - =
g VLo
1 H};:Jgslnu I (21h)
3 =—r —_—
H-JF"J.'
Lol ¥ {21
My=rts ==
HyV,  tanol)
0
EYWE: (
M =_“°’#nI 1
HyTp e oos o

and both much smaller than 1. In other words, equation (13)
is applicable for a thin viscous layer on a small slope.
[34] The boundary conditions for equation (13a) are

¥o|zmp =0 i 1aa)

LA oh
"':l:—J.l =jr 'H\': ==-r
¥ |=n dr

The first of these boundary conditions implies mass
contmuity across the lower boundary, between the ngid
basement and the ductike layer; the second condition is
charactenstic of a free boundary and implies that the vertical
velocity of the top of the ductile layer 1s equal to the time
change in ductile layer thickness fix, r).

(16b)

[35] A reasonable condiion for both lower and upper
boundaries o equation (13b) 5 no ship. For the lower
boundary this implies

""J.'l_'—ﬂ =0 (Iﬁc.:'
For the upper boundary we must impose a constant stress
condition. In fact, because of the diapine nse m the bower
section of owr model (see concluisions derived from
equation (7)), the x-component of weight in the brttle
layer 15 not balanced by the elastic forces within 1t and must
be balanced by the viscous forces of the deforming ductile
layer. That s,

v ppEsinoddy

| = l6d)
| _, [T (164]
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Photos of a charactenstic analogue experiment
{experment 3, Table 3). (a) Top view. (b) Side view of the
same experiment shown in Figure 93 at the end of
deformation (after tilting the model hack to honzontal and
slicing the model). The blue sand 1s added at the end of each
experiment to prevent further deformation.

Figure 9.

Finally, the boundary condition for equation (13c) is

Plzp = Palx.8) = prgoos offy + Py. (16}
The condition for the pressure Pylx, 1) given by equation
{16e) 15 a function of the thickness and density of the brittle
layer and of the pressure (Pg) at the upper surface. This
condition satisfies the boundary condition for the pressure
also m equation (13b) because equations {13b) and (1 3¢) are
coupled through pressure in addition to gravity.

[34] Imtegrating equation {13} with the boundary condi-
tioms grven by equation (16) and combming the results, we
find

h pggeosoe O e i
ar Jpy  d i

3 [y 1
ZH tan e | =2 — || .
e () [ () )

[ xian o + A

(17}
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Using the scaled dimensionless variables in equation (14) in
addition to the conditions imposed by equation (15), we
may write equation {17) as

- e e
E(H—”"”) f L o] }
2\ Hapy e ]

If our scaling 15 correct, all terms in this equation, except the
first fraction and the fraction before the mtegral, for which
we still have imposed no constraints, tend to vary between 0
and 1; that 15, they are of order unit. Therefore the
differentials on either side of the egual sign are both
significant only if the first fraction 15 of order unit as well.
Thus simce the time T needed to complete the process
remains unconstrained, we may obtam an order-of-magni-
tude estimate of it by setting:

T :‘.i'.ﬁ:_ i { sy O { 4R,
;:-JgonﬁuTHj o

(18)

ELLJLi

I Ll
3 =01 —
pagoos alHy

> I=——.
) pﬂ,ga)ﬁlzh"j

(19a)

The same argument can be applied to the fraction before the
mtcgral sign, obtaining

Hypy,
e o). (19b)
That 15, in the order of magnitude, if the bnttle layver 1s much
thinner than the ductile layer, the deformation dynamics of
the second is not influenced by the first. Conversely, if the
brittle layer 1s much thicker than the ductile layer, the
ductile layer behaves as decollement, as opposed to a diapir,
relative to the bttle layver

[37] These approximations reduce equation (1 8) to

e D (e D 3 (Hip,y [ 1

= B | xr ke - () [ e L (20
o :‘.FJ."{ ;‘.FJ."[ e E(HmJ e 02| g 20)
6.3. Scaled Experiments

[22] We find approximmate solitions to equation (20) using
analogue experiments. In order to scale the experniments
using the Buckinghamell theorem [Bird e al, 1960], we

Table 2. Geometry of Experimental Box and Physical Properties
of Material Used

Parmmeler Linits Walue
Experimental box
L m 0585
W m 0395
Sand—tritle layer
Mt kg m~? L4100
c Pa L]
i D in
Silicon —viscous layer
Iy kg m™ L350
M Pa=s Lot
Giravity acceleration, g ma 9.8
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Table 3d. Experimenial Results for Experiments 6 Lefl, 6 Center, & Right, and Regular Structurs

Pammeicr Units Exp. 6 Left Exp. 6 Center Exp. & Right Regular Struciure
A lower slope of silicon deg f f f 59
Brittle Layer
Hy, m 0.0075 0055 0000 1 500
i kg m™ LADE-D3 1 ADEHD3 LADE+D3 250E+03
[ Pa LODE=+OL 1 DDE+IL LODE+0L 1 DOE-DE
2 deg g kL g kL
Duectite Layer
Ly m 0.2400 022400 02400 52,000
Hy m 00150 00150 0.0150 JR00
fra kg m L.ISEH3 1 35EHI3 1.3SE+03 2300
[1%] Pa = LODE=D4 L ODE=D4 LODE+D4 LODE+LE
Resus
Diefomuation bolean TRUE TRUE TRUE TRUE
Structure Type e diapiric fold. Two diapiric ks, Ome diapine thrust 1 -3 diapric thrusis,
ohtained by erosion with ercsion. 1-4
of fold. grabens on the hack.
Time
Time 1o start of deformation ] T.2000E+03 T.DNE+D3 T20DDEHDS 1 ODDDE=13
Time to end of deformation ] BAIDOE+D4 BAIDOE+{4 B A4 300 E+D4 1 ODDDE=13
Time to end of cxperiment g BAIDOE+D4 B AIDDE+{4 B4 300 E-D4 1 ODDDE=13
Sirnciwre
L, m [IR1ES] [ D026 10, D000
AH, m [ERETReS nnls 0007 3000
L m 0007 LR Ve 0.0 o0
_"lLEIE m 0.0075 00055 0006 100
L, m 0022 023 .03 3000
WV ms L ESE-D6 2 RSE-DG L RSEAG 5.0E-R
WV, ms L. TRE-O7 1 TRE-OT L.TREAT 3 ROE-10
W thrusting ms LADE-TT 4. T4E-OT JOREAT 1 DDE-F
Il Numbers
Iy regional slope/internal friction LODE-O1 2ODE-DL ZO0E-D1 1 HTE-01
11z demsity ratio L0 E=DD L0 E=DD L D4E+DD 1 D9E-OD
I3 ductile thicknes=/length ratio 5.95E-01 S95E-D1 SA5E4 TOTE-OL
Il brittle’ductile thickness mtio S 19E-01 J.RDE-DL 4.15E-01 4 29E-01
Il cobesivelithostiatic mtio 339E-01 46T E-D1 423E401 9 ARE-2
Il mnertial/viscous matio 5.7TE-(R 5.TTE-IR 5TTEAR 4 54E-1
I1; pressure'y isoous ratio 6. SOE-DD 6. SO EDD 6. S0E+DD 4 55E+00
Il; gravity/viscous ratio LOAE=DL LIME+IL LOYE=DL 6. A3EA0D
Il; velocities ratio LODEDD LODEDD L ODE+DD 1 DOE-DD
Iy, process rake ratio 462 E-111 462 E-D11 462ZEAL G S9E-11

observe that our natural system has the fnllnwina
varahles wnh four dimensions: H, (m). p, (kg m
O clkgm™' ), L, (m), Hy(m). p (kg m ). iy 2
h, &{ X g{m\ %), Tis), Pd{kgm s7), ¥y {ms ) and
V: {m s~ ). Therefore there are 10 dimensionless ratios (11)
that need to be equal to make scaled down expermment of
our system. Considening the former lubrication approxima-
tiom, from which we derive equation (20), we may define a
set of dimensionless rmatios (Il-numbers, equation (21))
which we list in Table 1.

[39] The expenmental setup {Figure 9) is composed of a
0.54 = 029 m plexiglass box that has a rigid bottom (the
basement). A thin, wide, and wedge-shaped layer of silicon
(sce Figure §) 15 laid on the bottom forming the ductile
layer. In tumn, the silicon 1s covered by one or more layers of
fine white sand (the brittle layver) that are covered by a
veneer of black sand as marker. The values of parameters
and ll-numbers for the natural system and the experiments
are listed in Tables 2 and 3a—3d.

[#0] During each experiment the box s tilted merement-
mg its slope m time steps. At each step, before increasing
the inclination of the box to the next dip value, the
experiment 15 left evolving for sufficient time (ranging from
many hours to days) to venfy whether deformation takes
place or not. This procedure 1s repeated up to the slope at
which deformation begms. At this slope the experiment s
left for a sufficiently long time (ranging from one to many
days) to ensure that it has reached a new static equilibrium.
During the expenment we photograph the evolution and
typology of deformation from the top in order to obtain the
time at which deformation begms and terminates. When
deformation 1s complete, the expenment s terminated by
pouring a thick layer of blue sand on top of the model to
avold any further deformation even when the box s tilted
back to honzontal. Finally, the sand 15 wetted and a set of
sections are cut and photographed to quantify the type and
amount of deformation {Figure 9b). In many expenments,
because of small vanations m thicknesses of the bnttle and
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Figure 10. Cross-sections (shices) of the same expen-
mental model (Expenment 4, Table 3) at the end of
deformation (after tilting the model back to honzomtal).
Mote the diapirs rising in the back grabens and the different
stiles of deformation at the frontal diapirie structures. For
small increases i the atio Hop/H o, the frontal structures
changes from diapinc folding (a) to thrusting (b) through an
intermediate behavior ().

ductile layers within the same sand box, the type of
deformation may vary from one side of the box to the other
(Figure 10).

[41] Im general, deformatiom begins with the formation of
a graben at the upper edge of the model along the contact
with the plexiglass box, as the silicon starts flowing
downhill. In a relatively short time, a compressional ndge
develops toward the lower edge of the model close to where
the silicon terminates (Figure 9). As the deformation pro-
ceeds, the brittle layer moves downhill floatmg on the
ductile layer which flows downhill underneath, uplifimg
the thrust fromt. Therefore at the front the brttle layer is
folded into a broad syncline. At the back, mstead, extension
allows the silicon to rise forming a diapir, giving nse to a
sand'silicon detachment structure. In the case m which the
bnttle layer is sufficiently thin and long, a set of * plates and
diapirs™ develops toward the rear of the britle layver
{(Figure 10). The plates between the diapirs tend to form
gentle synclines bounded by listric faults dipping away from
their muclel. These synclines are similar to those occurring
in the many isolated sandstonme plates, like the Scurano-
Vetto gravity synchine [Carena er al, 2000], found on the
northeastern slope of the NAR.

[42] Although, to wamant similanty, all dimensionless
ratios must be equal m nature and in the experimental setup,
only some of them are really relevant for analyzing the
experimental results. To choose among them, we make the
following considerations. 11, 15 nrelevant because the re-
gional slope (and the slope of the expenmental box) remains
abways much smaller than the angle of mtemal friction of
the brttle layer (the angle of repose of the sand), without
ever reaching critical conditions. Also, 11; 5 not relevant
because it never changes in our experiments. Regarding the
ratios of forces and mass flow, they are erther very small
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like 115 and the Reynolds number or must be equal to one
{and therefore constant for all expenments) as a conse-
quence of the scaling analysis, developed in obtamming
equation (200, like 11, 11, and 11, Therefore only three
dimensionless numbers appear to be significant i our
experiments: 15, 114, and 1. We remark that this simpli-
fication can be dome because we transfer the constraints
obtamed from the analytic mto the analogue model. There-
fore also the results of the analogue model are valid only for
4 thin ductile layer on a small slope.

[#] Accordingly, the dynamics of our system may be
simply described by a set of three Cartesian axis; one for
each of these 11 numbers (Figure 11). Whereas 11; and 11,
are almost constant dunng an expenment, 11, decreases in
time. Thus each expermment 15 represented in this 3-D space
by an almost straight Ime that s parallel to 11,

[#a] Within this space, a projection on the 11;-11; plane
15 Independent of time (Figure 1la). Thus the three
contiguous fields of stability, thrusting, and foldmg, iden-
tified by the experimental data, ndicate the type of
deformation reached at the end of each expenment. For
amy given length, thickness, and slope of the ductile layer,
the decrease of the thickness of the bnttle laver will first
make the system unstable and then produce deformation
with structures that range from digpinc thrusts o digpinc
folds. The same sequemce s obtammed if one keeps the
thicknesses of both layers constant and increases the length
of the ductile layer or its slope. One other way to look at
this result is that a thicker bnttle layer will make an
experiment stable, or favor thrusts relative to folds. On
this projection our field structure falls i the field of
diapiric thrusting.

[45] Om the 11,11, projection (Figure 11b) there are no
stability fields because 11, decreases n time. We see that a
single expenment may evolve from diapine foldng to
diapirie thrusting., This means that the deformation tends,
in any case, to begin with folding eventually evolving to
thrusting. On this projection the structure of the NAR
studied m the field falls in the area of foldmg. Smce the
former projection ndicates that deformation should end
with diapiric thrusting, we may suggest that the diapine
deformation s still active.

[#] Also, inthe 11;-11,4 projection (Figure | 1c) there is
no stability field. At the end of deformation (before the
expenments are termmated) the expenmental points align
with 11; followmg an inverse power function of 11,
Because the projection 5 made parallel to 11y, this function
15 mdependent of 11y, On this projection as well as in the
former one, the NAR structure studied in this paper falls in
the area to the nght of the fimetion, which indicates that
deformation s not yet terminated.

[47] Least square interpolation of the experimental pomts
to a power function gives:

I1; = 0.356611, %47, (22)
which has a correlation coefficient R = 0,966, and can be
approximated by

I = 0356611, . (23)
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@ M. Eocene - Oligocene - deposition of epiligurian series
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@ Oligocene - L. Miocene - beginning of diapirism
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@ M. Miocene - emplacement of clay glacier

Figure 12. SW-NE time-sequence sketches of the geolo-
gical evolution of the northeastern slope of the NAR m
the study area. See text for explanation. Color legend
Figures la—1d

From equation (23} i1t 15 possible to infer the time still
needed to reach the end of deformation in the studied
structure. Substituting in this equation the valie of 13 {see
Tahles 3a—3d). we obtam a fmal value 11,5 of about 0.36.
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Given that today’s value of 11, is 0.66, we deduce that our
field structure has overcome the first half of the deformation
not long ago. Therefore i the hypothesis that the tectonic
conditions will remain the same, about 107 more years are
needed before the rate of deformation will become
negligible.

[#] Also the diapiric uplift of the regiomal structure may
be estimated from equation (211) usmg the expenmental
values (Tables 3a—3d):

H H
Vo=— ¥, =—=3.8*10 “m/s~ 1.2*10 2 m/a,
Ly T

(24}
This is a significant vertical velocity and is consistent with
the fact that all major draimages are m active erosion only
where they cross the chaotic clays dapers and are in
adepositional phase elsewhere (Figures la—1d). This rapid
uplift may also explain the apparent morphologic contra-
diction seen along the northem ridge where all the highest
clevations are composed of easily erodible chaotic clays
with roots up to 3 km deep. If we make the hypothesis that
the topography of the ndges 15 m steady state equilibriom,
being feed by the diapinc rise from below and being eroded
by landsliding from the top, considenng an average width of
the diapir of 3 = 1P m, we estimate that there are 30 m* of
clay per meter of digpir length (parallel o the range)
available for landsliding each year or more than a 1 km” a™'
only for the section of diapir m our study area. On the other
hand, if the ridge top is uplifting, only a fraction of this
material 15 available each vear for landsliding. In a longer
term, though, we argue that the balance between diapine
feeding and landslide erosion should be maintamed.

7. Neogene Evolution
[#] On the hasis of the published data and our detailed

field study we attempt a reconstruction, from Eocene to the
present day, of the tectomic evolution of the piggyvback hasin
successions, which are found on the northeastern slope of
the NAR. Qur tectonic reconstruction shows how diapine
tectomics deeply modifies and overprints regional tectonic
structures. Indeed, through compression and shortening,
regional tectonics creates the necessary mitial topographic
gradient that triggered the diapiric tectonics. Our model s
similar o forelandward fold propagation [Bowrini, 2001],
with gravity playing a fundamental role, a role that was
previously neglected in studies of this area, except for the
mtuitions of Bombicei m 1882, In our model we identify the
following eight phases of evolution:

[0] 1. During the first phase. the Epiligund units are
deposited (Figure 12a) and begin to form a brittle layer on
top of the ductile clayey Ligurnd units. These units begin to
be tilted to the northeast because of differential uphift along
the front of the Apennine chain mduced by regional
compression [Cibin ef al, 2001; Cibin et al, 2003].

[51] 2. During the second phase (Figure 12b), between
the Oligocene and the Lower Miocene, diapiric tectonics
begins leading to downhill flow of the Ligurid units and
contemporancous sinking of the Epiligund sandstones into
the Ligurids. The brittle Epiligund units break up in
variably tilted blocks, while downhill the Ligunds thicken,
uplifting the Epiligurid units and perching them as a diapir
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As a consequence of ductile shear flow during millions of
years over many kilometers, some Ligund units will loose
their “olistostrome™ sedimentary structures becomimng “tec-
tonosomes™ [Pini, 1999].

[52] 3. The third phase (Figure 12¢) occurs during the
Middle-Upper Miocene. The formation and uplift of the
diapir leads to erosion, which is associated with flow and
resedimentation of the chaotic clays also m the form of
“clay glaciers,”” similar to the salt glaciers of the Gulf of
Mexico [Diesel et al., 1995; Fletcher et al, 1995].

[53] 4. The fourth phase (Figure 12d) occurs during the
Messinian regression that in the Mediterranean area, 15
characterized by the deposition of evaporitic rock sequen-
ces. In the study area, these sequences are found only
northward of the mam diapine ndge, indicating that south-
ward of the ndge the area was emerged.

[54] 5. The fifth phase (Figure 12¢) begins in the Lower
Pliocene with a new transgression, during which the Intra-
Apenning terrigenous marine rock units begin to be depos-
ited. These units have complex time-equivalent geometric
relatiomships with each other.

[55] 6. The sixth phase (Figure 12f) starting in the Middle
Pliocene and ending in the Lower Pleistocene terminates the
depositional cycle of the Intra-Apennine units with a re-
gression. Both deposition and regression reactivate new
diapiric tectonics, which become dominant also in the
ductile rock units found at stratigraphic levels higher than
the Ligurid units (such as, for instance, in the clay glacier).
Consequently, the tectonic deformation becomes more come-
plex, ocourring at vanous stratigraphic levels.

[55] 7. The seventh, Middle-Upper Pleistocene phase, is
charactenized by emersion from the sea { subaenal exposure)
[Fai and Castellarin, 1992]. Because of the combined effect
of density gradients and subaenal erosion, diapinism reaches
the highest mtensity. All rock units above the Ligurids are
involved i deformation during this phase. Erosion of the
Intra-Apennine termigenous units leads to deposition of the
Imola sandstones north of the mam diapir (the northem
ndge).

[57] &. The eighth and the last phase (Figure 12h), from
Middle Pleistocene to Holocene, 15 characterized by the
formation of the most recent tectonic structures, such as the
faulted Zena syncline and the small diapir structure of
“Scamno™ ndge. The diapirs actively dam the nvers Idice,
Zena, and Savena allowmg the formation of river terraces
and meanders uphill of them. Deep-seated gravity deforma-
tion occurs during this time in the Intra-Apennine sandstone
cliffs, due to the presence of clayvey layers at their bottom
(Figure 3e). Accomding to the experimental results, this
phase of deformation 1s not yet concluded: it now shows
diapirie folding, while the deformation should terminate
with diapiric thrusting,

[53] On comparing the cross section of the study area
{(Figure 12h) and the expenmental results (Figures 9 and
1), there are some obvious differences in the detals of the
deformation pattern. We remark that our expermments can
give only order-of-magnitude qualitative results because the
model does not fully reflect the heterogeneity and complex-
ity of the natural structure and of s evolution. In fact, n
drawing the cross sections of Figure 12 we take into account
the deformation that occurred durning sedimentation of the
Epiligund units and the Messinian and Pleistocene erosional
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events, all of which are not modeled in our experiments.
Also the second ductile layer {TER), which is located at a
higher stratigraphic level and 15 not modeled in our expert-
ments, had an important ole in reducing the wavelength
and faulting of the Zena syncline. Finally, the deformation
of the natural strocture 18 not vet completed, while it s
completed in the experiments.

8. Conclusions

[#] 1. Taking imto account morphologic, stratigraphic,
and tectonic data, we recomstruct the marme sedimentation)
abrasion surface, which records the emergence from the sea
of the Intra-Apemnnime formations at the end of the Lower
Pleistocene. Subsequently, this surface was folded into a
brachisyncline associated to listric faulting and horst-and-
graben structures (Figure 7). The reconstruction of fault
displacements allows us to calculate the thickness of
the Intra- Apennine sedimentation rock cyele to be approx-
mately 13 of what was previously thought (that is about
200-300 m nstead of | km).

[#0] 2. Just southward (uphill) of the northem margin of
the Apennine Range, a long (a few tens of kilometers) and
narrow {a few kilometers) diapr occurs. The diapr began
its activity with the deposition of the Epiligund units from
Eocene up to present day (Figure 1a). The diapir consists of
Ligurid {and subordinate Epi-Ligund) chaotic shaley units
that reach a maximum thickness of 3.5 km [RER, 1998].
The diapir extends laterally around the brachisyncline along
the Sillaro Valley and forms a number of mmor diapirs
like the one at “*Scanno™ ridge in the Zena Valley
{(Figures b, 3a, and 3¢). The rock units that swround the
diapirs are vanably tilted, in a few cases overturned,
stretched, and disjointed. In quite a few cases they have
been directly involved in the diapiric deformation. The diapir
has a rate of uplift of approximately | cm/a and, even 1f made
of erndible rocks, actively dams the mam nivers.

[#1] 3. Two other clayey units may form ductile layers
within the Epiliguid units: the clay glacier, formed during
the Middle-Upper Miocene (TER), and the Pliocene-
Plestocene Marls of Riolo Terme. Both of these layers
are ductile and play a determmant roke m the development
of thin-skimmed gravitational tectonics in the sandy bnttle
units overlayimg them (Figures 1b, le, 3b, 3¢, and 3d).

[42] 4. Using an amalytical approximation of the Mavier-
Stokes equations and analogue scaled experiments, we have
shown that thrustimg of the Epiligurid units may be gener-
ated by diapmric tectonics and not only by regiomal com-
pressiom. Because of a gravity component parallel to the
strata, the final structures formed by diapirism are substan-
tially similar to those generated by compressive regional
tectonics. They differ, however, in the fact that thrusting is
abways accompanied and lubricated by diapiric rise. Our
expenments dentify the fields of stability, foldmg, and
thrusting (Figure 11a). Furthermore, they show that defor-
mation always begins with folding, eventually evolving to
thrusting (Figure 11b). Finally, we denve an empirical
relation that calculates the ime needed to reach the end of
deformation (Figure llc). These results indicate that the
diapirie deformation i the study area 15 still in the foldng
regime, but 1t should eventually evolve to the thrusting
regime and terminate in about 107 a.
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[#3] 5. The whole northeastern slope of the NAR appears
to be controlled by diapine tectomics (Figure la). As a
matter of fact, the clayey Ligurid units form a continuous
ductile layer below the sandy and calcareous Epiligund
units, which once formed an almost continuous brittle layver
{(Figure lc). Smee the time of sedimentation of the Epi-
ligurid units (but particularly after regional compression,
differential uplift, and emergence) the clayey ductile units
began to deform under the regional topographic gradient
and the differential load of the sandy bnttle units. This
gravitational tectonics induced the formation of a bong and
narrow diapir just uphill of the northeastern margin of the
MNAR. In tun, south of the diapir, the Epiligund became
folded imto brachisymclmes separated by rising clayey
diapirs composed of Ligurid units. The extention and
diapirism oceurring at the southern margin of the epiligund
units give nse to a detachment (Figure la). It appears that
diapirie tectonics 15 50 itense and widespread to over-
whelm and erase, in many cases, the regional tectonic
imprmt m the deformed Ligund and Epiligund units. This
interpretation of the Neogene evolution of the NAR differs
from the traditional mterpretation, which considers com-
pressive regional tectonics as the only controlling factor of
the tectomic evolution of the Ligund and Epiligund units
[cf. Bocecalerti and Coli, 1982]. It also differs from a more
recent interpretation in which the Apemnime superficial
layers gravitationally shide morthward on a decollement
identified by seismic reflection data [Argnari ef al, 2003]
because m our model there s a thick ductile layer that
flows downhill on a “rngd™ basement instead of a simple
decollement.

[s4] 6. Our model 15 developed for the northem slope of
the MAR takmg into consideration a highly detailed geo-
logical survey, which was mostly already available (RER
[1997, 1998, 2001] and this work). Our interpretations and
conclusions have been founded on mass and momentum
conservation equations, which are of general applicability.
Therefore we are confident that our model could be applied
to other areas where ductile units have undergone even
minor differential uplift.
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