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SEQUENCE STRATIGRAPHY, KINEMATICS AND DYNAMIC GEOHISTORY
OF THE CROTONE BASIN (CALABRIAN ARC, CENTRAL MEDITERRANEAN):
AN INTEGRATED APPROACH

J.P. van Dk (%)

ABSTRACT

A comprehensive study on the Late Neogene tec-
lonostratigraphic development of the Crotone Basin is
presented. The basin is silvated on the accretionary
wedge along the external side of the Calabrian Arc
(Central Mediterranean). The results of our analysis
provide a detailed insight into the relative role of local
tectonic activity of the thrust wedge and regional rela-
tive sea level fluctuations in the creation of unconfor-
mity bound depositional sequences,

The teclonostratgraphic significances of the
sequence boundaries of the Early-Late Miocene and
Late Pliocene-middle Pleistocene sequences are
remarkably similar. They reflect a «composite tectonic
event» comprising an uplift/regression pulse, followed
by a rapid subsidence/onlap. Fach composite tectonic
event, in turn, represents.one pulse in the progressive
evolution of the accretionary wedge system. We regard
the middle Messinian-Early Pliocenc phases of basin
fill and tectonic inversion, and the Late Plcistocenc-
Recent uplift phase as reflections of the increase of
regional stress in the Central Mediterranean

Key worps: Central Mediterranean, foreland
basins, strike-slip, sequence stratigraphy,
Neogene

RIASSUNTO

Il presente lavoro riguarda l'evoluzionc tettono-
stratigrafica tardo Neogenica del Bacino di Crotone, si-
tuato al di sopra del prisma di accrezione del margine
esterno dellArco Calabro (Mediterraneo Centrale). Es-
so comprende una dettagliata visione interpretativa del
ruolo relativo dell’attivita tettonica locale del prisma di
sovrascorrimento, rispetto alle fluttuazioni regionali
del livello marino, nella creazione di sequenze deposi-
zionali limitate da superfici di discordanza. Levoluzio-
ne lettostratiprafica pud cssere divisa in quattro stadi:
1) Stadio tardo Serravalliano/co-Messiniano, caratte-
rizzato da una progressiva espansione del bacino; 2)
stadio Messiniano medio/eo-Pliocene, caratterizzato da
intenso fagliamento e sequenze complesse, sovrappo-
sto alla crisi di salinith Messiniana; 3) stadio tardo

(*) Department of Geology, Institute of Earth
Scicnces, State University of Utrecht; Budapestlaan 4,
3508 TA Utrecht, The Netherlands.

Pliocene/eo-Pleistocene, caratterizzato da un onlap
pulsante; 4) stadio tardo Pleistocene/Recente, caratte-
rizzato da forti movimenti verticali collegati al solleva-
mento del basamento della Sila. Alla fine dello stadio
2 la tettonica compressiva regionale della fase medio-
Pleistocene & responsabile dell'inversione del bacino e
del sovrascorrimento della copertura verso i margini.
Levoluzione del bacino & controllata da movimentj si-
nistrali lungo due zone di taglio crostali convergenti
dirette NW-SE. Secondo questa visione I'evoluzione
medio Miocenica/eo-Pliocenica (stadi 1 e 2) riflette un
ciclo di strike-slip, nel senso di MITCHELL & READING
(1978). 1l significato tcttostratigrafico dei limiti delle
sequenye opposte negli stadi 1 e 3 & marcatamente si-
mile: esso rillette un «evento tettonico composito» che
comprende una pulsazione di sollevamento/regressio-
ne, scguita da rapida subsidenza/onlap. Ogni evento
composito a sua volta rappresenta una pulsazione
nell’evoluzione progressiva del sistema costituito dal
prisma di accrezione. Le fasi di deposizione e inversio-
ne tettonica (stadio 2) medio-Messiniano/ eo-Plioceni-
che ¢ la fase di sollevamento tardo Pliocenica ad At-
tuale (stadio 4) sono qui interpretate come un riflesso
dell'aumento dello stress regionale nel Mediterraneo
Centrale.

INTRODUCTION

The Calabrian Arc in the Central Mediter-
ranean Area is situated in between three
important orogenic belts: the Western Medi-
terranean E-W trending North African belt,
the NW-SE trending Apennine belt and the
Eastern Mediterranean NW-$E trending Hel-
lenide-Dinaride belt (for general descriptions,
we refer to MANTOVANI er alii, 1985: FINETTI &
DEl BEN, 1986; Patacca & ScaNDONE, 1989).
Related to its position in the central part of
the young orogenic Mediterranean system, the
Calabrian Arc appears to be highly interesting
for the analyses of the interaction between sea
level fluctuations and tectonics on various sca-
les and the formation of unconformity-bound
depositional sequences (see discussions in
ValL et qlii, 1977, BURTON et alii, 1987; HaQ et
alii, 1987; SLoss, 1988; CLOETINGH, 1988). Both
have been proved to be important: during the
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Messinian a sea level-drop and the subsequent
sudden rise arc thought to be of global impor-
tance (BENsoN, 1984; MULLER, 1986) while the
large-scale tectonic activity of the arca casily
can be appreciated. In this paper we will focus
on the tectonostratigraphic aspects of the
Neogene cvolution of the Crotone Basin,
which is situated al the northeastern, external
side of the Calabrian Arc (figs. 1 and 2).
Previous studies on the Crotone Basin
mainly deal with the stratigraphy but gave lit-
tle information as to the tectonic setting and
development of the basin (OcgnIBEN, 1955:
Ropa, 1964, 1965b; BurToN, 1971; MEU-
LENKAMP et alii, 1986; see for historical refe-
rences OGNIBEN, 1973). Basin models for the
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Calabrian Arc arc generally discussed within
kinematic frameworks for the whole area
(GuiseTT & VEzZzani, 1981; Moussar, 1983;
BOCCALETTI et alii, 1984). VAN Duk & OKKES
(1988, 1990 and in press.) and VAN Duk (1991)
reviewed the various existing models and pro-
posed a new tectonic model for the Crotone
Basin as an oblique (transpressive) piggy-back
basin, locked between two intra-arc shear
zones. The present contribution shows how
the reconstruction of sequence stratigraphy
from conventional siratigraphy provides insi-
ght into the evolution of the foreland basin,
Some examples of geohistory analyses illustra-
te the phases in basin development as reco-
gnized.
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Fig. 1 - Geological map of the Crotone Basin. Basemnent structure was compiled and modified after BUrRTON
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Fig. 2 - Geological structure of the Crotone Basin. a) Simplified geological sketch-map of the area. &) Composite
cross-seclion of the Crotone Basin. Note that the section can be read in a N-S, as well as in an E-W or NW-SE
sense. Modified from: Van Duk (1991). The letters A, B and C refer to fault patterns.
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METHODS

We gathered our data during a number of
ficld campaigns between 1983 and 1989 in the
internal area of the Crotone Basin (fig. 3). The
results were compared and appended with
previously published field studies, seismic sec-
tions, borehole data and satellite photography
studies (fig. 3). This resulted in 1:25.000 and
1:10.000 geological maps and stratigraphic
correlation charts which are supported by bio-
stratigraphic assignments to about 100 sam-

J.P. VAN DDK

ples taken from key locations. Fig. 4 illustrates
the methods we used to reconstruct the
unconformity-bound depositional sequences
from the field sections. This exercise resulted
in detailed «composite tectonostratigraphic
schemes» (i.e. composite columns with indi-
cations of existing relations along unconfor-
mities; see fig. 6) which are each representa-
tive for one specific, tectonically defined area
(fig. 3). This concept shows affinity with the
concepl of «suspect allochtonous tectonosira-
tigraphic terranes» (terminology of IRwIN,
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Fig. 3 - Locations of the areas which were mapped and the additional information from literature which was

used in this study.

Fig. 4 - Flow chart illustrating the method of reconstructing unconformity-bound depositional sequences from

field sections. Note that both from field sections as well

as from composite stratigraphy geohistory diagrams

can be processed. In this paper, the second approach was followed. The reason for this, is that separate field

sections each display only a condenced part of the total
record results in an image which does not show the verti

tectonostratigraphic record. Processing the composite
cal movements of one specific point in the basin, but

shows a subsidence/uplift path which is representative for a tectonically defined arca. The elements presented

in this paper are of the 3rd and 4th abstraction level.
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Fig. 5 - Subdivision of the Crotone Basin based on the tectonostratigraphic schemes of fig. 6. Separate land

sections are indicated and numbered as in fig. 6.

1972; CoNEY et alii, 1980; SCHERMER et alii,
1984; proposed to apply to the Calabrian Arc
by Van Duk & Okxkes, 1988, 1990), Finally a
general basin development scheme has been
constructed (tig. 8). The composite tectono-
stratigraphic schemes were processed to con-
struct geohistory diagrams of different set-
tings, using available information on biostra-
tigraphy (age) and lithofacies (depth of depo-
sition). Our soltware is based on the procedu-
res for decompaction and loading correction
as proposed and discussed by Horowirz
(1976) and VAN HINTE (1978) and reviewed by
GuUIDISH et alii (1985). We used the algorithms
as presented by Stam et alii (1987). Further-
more, the available data were combined and
elaborated by means of newly designed
methods (see for a full discussion VAN DUK, in

press.) into three-dimensional representations
of calculated topography, the so-called Time-
Snapshot Plots, or «synthetic landscapes».

TECTONIC STRUCTURE OF THE BASIN

The present-day configuration of the Cro-
tone Basin can be characterized as follows
(figs. 2a and b; after Van Dux, 1991): The rem-
nants of Miocene to recent terrains are present
in a quadrangular area confined to the west
by a N-$ and to the north by an E-W trending
normal fault zone (resp. Cropani-Savelli Fault
Zone and Strongoli Fault Zone). Three zones
or areas can be recognized from the internal
to the external side, both in an E-W, as well
as in a N-8 direction: A) Along the fault-boun-
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ded margins of the Sila Massif (N-S and E-W
fault zones), Middle to Upper Miocene sequen-
ces are present which overlie basement and
show a monoclinal dip towards the basin cen-
tre. B) The central zone (Marchesato area)
comprises Upper Miocene to Lower Pliocene
terrains, which are folded and thrusted
towards the basin margins in the Nand W.
This tectonization can be linked to a middle
Pliocene tectonic phase. C) The external area
(Crotone Peninsula) in the SE comprises rela-
tively undisturbed Upper Pliocene-Pleistocene
sediments. Areas B and C are separated by
post-Middle Pleistocene N-8§, NNE-SSW and
NE-SW trending normal faults with vertical
displaccments of several hundred metres
which dominate the present geomorphology.
Externally, thrusts have been documented in
seismic profiles which show overthrusting and
decollement of Upper Miocene and Lower
Pliocene sequences.

SEQUENCE STRATIGRAPHY

The detailed tectonostratigraphic records
of various areas (fig. 5) of the Crotone Basin
are presented in fig, 6. These areas have pri-
marily not been distinghuished solely on the
basis of jumps in stratigraphic successions
(MEULENKAMP et alii, 1986), but have been defi-
ned following tectonic criteria using the struc-
tural elements as have been recognized in the
area (VAN DuK, 1991; see the above described
terrane concept). Fig. 6 shows how sequences
have been reconstructed through conventional
lithostratigraphy correlation. Along unconfor-
mitics, these lithostratigraphic correlations
coincide with biostratigraphic/chronostrati-
graphic levels which evidences the existence
of specific lime-synchronous sequence boun-
daries. In that way, a number of unconfor-
mity-bound depositional sequences can be
distinghuished, which are comparable in
magnitude with the third-order cycles of VaiL
et alii (1977) and Hao et alii (1987) as used in
seismostratigraphy. In order 1o be able to
detect which sequence boundaries are associa-
ted with tectonic pulses, we set up a series of
criteria for syn-sedimentary tectonic activity
along the basin margin which we used for this
purpose (fig. 10; see also KRUMBEIN, 1942,
SHanmuGaMm, 1988 and EMBry, 1990 for this
type of approach). These criteria are exclusi-
vely based on field observations, which will
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not be discussed in detail; fig. 10 summarizes
the total amount of data, indicating which
phenomena can be observed. By means of
combinations of these criteria, we could esta-
blish the amount of certainty with which the
sequence boundaries can be linked to tectonic
pulses or relative sea level fluctuations (or
both). The latter can than still be due to tec-
tonic activity, but on a larger scale than the
studied basin, or to glacio-eustatic activity.

The unconformities which separate the
Serravallian/Tortonian and Pliocene/Pleistoce-
ne sequences seem Lo record a standard tec-
tonic signal (fig. 9): Each unconformity can be
interpreted as the reflection of a small chain
of tectonic events which we choose to call a
«composite tectonic event», comprising a
short phase of uplift and erosion of the basin
margin, accompanied by the outgrowth of a
submarine fan body (comparable to a Low
Stand Systems Tract); this phase is followed
by a rapid subsidence and back stepping of
the basin margin resulting in a regional onlap
(Transgressive Surface followed by a High
Stand Systems Tract).

We distinguish the following sequences:

?0ligocene - Lower Miocene deposits:
Remnants of ?Oligocene-Lower Miocene cla-
stic deposits are present in the central area in
small rhombic blocks delimited by N120 and
N140 normal or reverse faults (Petilia-Polica-
stro, Caccuri and San Nicola; sec fig. 2), and
in the south in the Sila Piccola area (SW-part
of fig. 2; west of Cropani and Sersale). The
deposits are strongly tectonized; they often
show low angle thrust contacts with basement
(Scrsale, Zagarise) and are sometimes overth-
rusted by crystalline units (M. Raga and
Pagliarelle; M.S. Barbara). We tentatively cor-
relate the sequences in the Sila Piccola area
and the remnants in the central area with the
Paludi Fm (Zurra & Dg Rosa, 1978) further
north in the Ciro-Rossano Areca, and with the
Upper Oligocene-Lower Miocene Complex
(sensu VaN DDk & OxxkEes; 1988; 1990; Stilo-
Capo d’'Orlando Fm of BONARDI ¢t alii, 1984; see
also MEULENKAMP et alii, 1986) of southern
Calabria. This corrclation is based on simila-
rities in lithofacics and tectofacies. Given the
fact that biostratigraphic studies have up to
datc not resulted in any clear solutions these
records can, alternatively, also be assigned to
the Langhian-Serravallian (following the assi-
gnments of BURTON, 1971 and MEULENKAMP et
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alii, 1986 for the Sersale Fm and Zagarise Fm
in the Sila Piccola). Both options have been
indicated in fig. 6.

Upper Serravallian-Tortonian sequen-
ces (Mi-1 to Mi-3): This group of thick, shal-
low marine arkosic deposits can be subdivided
into three depositional sequences, each of
which apparently comprises a standard suc-

cession (fig. 9), and which are separated by
unconformities of the standard type as descri-
bed above. The total image reflects the conti-
nuous growth of the basin to the NW with a
pulsating back stepping basin margin; each
pulse comprises an initial uplift phase fol-
lowed by rapid subsidence («composite tecto-
nic event»). The N-S trending Cropani-Savelli
fault zone constitutes the basin margin for the
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Tortonian sequences. Subtle facies changes in
the shallow marine deposits were confined by
small parasitic faults trending E-W and N120.
The sedimentation area was confined by two
NW-SE trending fault zones (fig. 2a), as is sug-
gested by: 1) the startling difference in overall

stratigraphy with the areas north and south of
these fault zones (see fig. 6), and 2) the very
rapid facies changes and unconformities along
N120 trending fault-bounded blockst as we
documented in the Mesoraca-Petilia area (fig.
6).
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Lower-middle Messinian «Lower Eva-
porites» sequence (Mes-1 and Mes-2): The
basc of the first sequence resembles the base
of the previously described sequences; the out-
growth of a fan-body in the basin (Scala Coeli
Fm in the Ciro-Rossano Area in the north),
transgressive sands and marine clays along
the margin (Cropani and Loggia Mbs in the
central and southern areas). The top of the
sequence, however, shows a deviating picture:
Along the basin margin, the deposits grade
into diatomites followed by dolomitic limesto-
ne-rudites («Calcare di Base»; Scavino Fm),
whereas in the centre intercalations of sapro-
pelites and diatomites are followed by clastic

gypsum, varying from [ine-grained balatino-
type to coarse grained gypsum arenites (Trab-
bese Fm). The evaporites locally directly over-
lie basement, representing the base of the
second Messinian sequence. This development
reflects the local onset of the Messinian sali-
nity crisis (see for a discussion of comparable
facies in Sicily OGNIBEN, 1957 and DEciMa et
alii, 1988). The top of the second sequence
shows an upwards fining into carbonate-mar-
gin turbidites or carbonate sands with increa-
sing influx of debris-flow material along the
margins («lower fines facies» of the Teodore
Fm in the Petilia-Mesoraca area; see for facies
models McILrREATH & JAMES, 1979). Upwards
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MIOCENE SEQUENCES
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Fig. 9 - Sequence models for the Miocene and Pliocene of the Crotone Basin.

grading into silts and clays with intercalated
gypsum turbidite layers occurs in the central
area (Coste del Sale Fm).

Middle-upper Messinian «Upper Evapo-
rites» sequence (Mes-3): The base of this
sequence locally shows growth faults with a
N140 and N090 trend and slide blocks contai-
ning lower Messinian deposits, associated
with very coarse clastics comprising olisto-
stromes and alluvial fan deposits («middle
megabreccia facies» of the Teodoro Fm in the
Petilia-Mesoraca area). These deposits arc
followed by silts and sands with thin limesto-
ne-sand intercalations («upper sands/silts
facies»), resembling the Colombacci-type
lacustrine deposits of the Northern Apennines
(SeLLi, 1973). In the central area, a thick
sequence of clastic gypsum and salts was for-
med (Coste del Sale Fm; see for facies models
the review of basinal evaporites of KENDALL,
1979). In the area north of the Crotone Basin,

this sequence is represented by a turbidite suc-
cession, resembling the Upper Messinian
sequences of the Central Apcnnines such as
the Laga Flysch Fm (SeLLi, 1973). This can
(also) in the Calabrian case be interpreted as
the representation of a depositional system
along the active margin of the evaporite basin,
The top part of the sequence shows a shal-
lowing with increasing influx of sandy mate-
rial, followed by a distinct level of gypsum silt-
stones (Salinella Mb and Cutuchiusa Fm)
which is recognizable over a large area (from
Belvedere di Spinello in the central area up to
Catanzaro in the south). These gypsum silts
probably reflect the erosion of older gypsum
deposits due to a regional relative sea level
lowering, precluding the «Lago Mare» stage.

Upper Messinian «Lago-Mare» sequen-
ce (Mes-4 to Mes-6): In the upper Messinian
continental deposits we distinguish the fol-
lowing three sequences:
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«Lago-Mare sequence 1» (Mes-4): These
deposits consist of fluviatile sandstones and
hyposaline/brackish laminated fines with des-
sication cracks (Cortisa Fm; Paternise Fm),
directly overlying the uppermost gypsum
deposits. Locally continenital breccias are pre-
sent with an unconformity at the base. Of this
sequence, we found only remnants with a
thickness of at most 15 metres.

«Lago-Mare sequence 2» (Mes-5): This
sequence consists of large sheets of conglome-
rates and sandstones (Carvane Fm) which
once probably covered the whole area from
Strongoli in the north up to Cropani in the
south, although now only remnants are pre-
sent along major NW-SE trending fault zones.
The base shows channel structures which cut
into older Messinian sequences down to the
lower Messinian «Calcare di Base». We inter-
pret the deposits as braid plain to braid delta
deposits  (sensu McPHERSON et alii, 1987)
reflecting a strong lowering of the base level
of erosion and a (partly) dessicated basin.

The material, in literature referred to as «Sicilide»
(e.g. OGNIBEN, 1973) is polymictic with a high abun-
dance of pebbles of Mesozoic rock provenance. Some
authors concluded that its origin is more external (5,
SE or NE) in a formerly uplifted area (OGniBEN, 1973).
This conclusion was based on 1) Source rocks do not
outcrop in the Sila, 2) The upper Messinian conglome-
rates show a sequence of polymict to crystalline mate-
rial (Burron, 1971) reflecting a switch from external
1o internal source-arca (Messinian-Early Pliocene), 3)
The Cariatidi thrust mass (BonFIGLIO, 1964; RoDA, 1965
a) in the North wich comprises Messinian terrains, is
transported from NE to SW; if gravitational sliding is
the operative emplacement mechanism, the external
arca is consequently the uplifted section. We do not
support any of the listed arguments; 1) Our data indi-
cate a much more complicated stratigraphy of the
upper Messinian coarse clastics than the one proposed
by the mentioned authors and we even place the cla-
stics with crystalline material, used by Burron (1971)
to support his idea, in a position below and not above
the Carvane conglomerates, 2) Mesozoic sequences do
outcrop in the Sila and furthermore the rest of the
source-area may simply be present in subsided terranes
in the ‘Iyrrhenian Basin, and 3. We presented a ditferent
tectonic model for the transportation of the thrust mas-
ses (VAN Duik & Qkkes, 1988, 1990) implying that they
are back-thrusts to the SW, and were furthermore not
displaced in the Messinian but in middle Pliocene
times.

Discussions related to this issue regard the inter-
calations of Argille Scagliose in the Messinian deposits
in the central and northern marginal areas which were
interpreted by OGNIBEN (1935), Ropa (1964) and MEU-
LENKAMP el alii (1986) as being sedimentary in origin
(Late Tortonian-Early Pliocene olistostromes). We have
established that the phenomena related to these chao-
tic units can be separated into middle Messinian gra-
vitational slides (Costa del Sale Fm; comparable to the

275

middle megabreccia facies of the Teodoro Fmn in the
southern marginal arca) and middle Pliocene thrusts
which cut upwards through the stratigraphy (fig. 6).

The top of the sequence shows upward
grading into lagoonal fines (Gigli Fm). We
interprete this as the reflection of a decrease
in the supply of clastic material (by a flatte-
ning of the relicf). «Lago-Marc sequence 3»
(Mes-6): The top of the Messinian comprises
a distinct level of fluviatile sandstones and
conglomerates (Arvano Fm). In the studied
area, the sequence rcaches a maximum thick-
ness of 10 metres. To the south of the area,
however, much greater thicknesses (up to 50
metres) have been documented, e.g. in the
Soverato area in Central Calabria. Along the
basin margin (e.g. near Cropani) the deposits
overlie basement rocks (Calamo Fm). We con-
cluded that this level reflects a tectonic pulsc
responsible for the uplift of the source area
and increase in supply of clastic material: This
tectonic pulse is followed by the regional tran-
sgression at the beginning of the Pliocene,
which indicates that the events al the Mioce-
ne-Pliocene boundary show a picture which is
similar to the composite tectonic event descri-
bed above. Following this concept, the Mes-6
and the Pli-1 sequences can be taken together
as onc.

Lower Pliocene sequence (P1-1): The
Lower Pliocene sequence consists of fine grai-
ned clastics unconformably overlying older
deposits (Russomanno Fm, Farago Fm, Teso-
rerato Fm). It comprises both brackish, lagoo-
nal fines, as well as shallow marine clays
(«Cavalicre Fm» of Robpa, 1964), silts and
sandstones. The lowermost (marine) Pliocene
(Farago Fm) is only locally present along the
southern margin in upthrusted blocks, It must
be stressed that the Pliocene clastic deposits
which overlie older terrains along the margin
in the central arca cannot always be placed
with certainty at their correct stratigraphic
position, The reconstruction is strongly ham-
pered by tectonic complications and by the
fact that biostratigraphic assignments cannot
always be performed. We named the total
package «Baretta Fm»; only in cases of clear
stratigraphic position (large sand bodies, bio-
stratigraphic assignments, clear facies rela-
tions), specific formation names have been
used. The top of the sequence consists of a
thick series of sandstones and conglomerates
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(Belvedere Fm). The sequence as a whole fits
in a general model which we constructed for
the successons of the Pliocene-Plcistocene
sequences (fig. 9; see below). It reflects a
migrating regressive lagoonal-barrier-open
marine depositional system.

Upper Pliocene-Lower Pleistocene
sequences (Pl-2 to Pl-4): These three open
marine sequences (Cutro Group) show, like
the Miocene sequences, a standard succession
(fig. 9). Each sequence comprises lagoonal,
brackish fines («Spartizzo Fm» of Roba,
1964), barrier-island sands (e.g. the Strongoli
Fm) and open marine fines (Cutro Fm),
showing complex interfingering relations. Dif-
ferences between the sequences include rela-
tive thickness of the various facies and in
some cases absence of certain parts due to
erosion. The base of each sequence shows
fines and sands overlying previous successions
(Tortonian, Messinian, Lower Pliocene) and
indicating rapid onlap. The top of the sequen-
ces consist of relatively thick, littoral sandsto-
nes showing a rapid regressive trend (Scanda-
le Fm, San Mauro Fm).

Like in the Miocene sequences, the total
repetitive patterns in the Pliocene and Lower
Pleistocene seem to reflect the continuing
enlargement of the basin with a pulsating
onlap. We therefore propose a comparable
model as for the Miocene sequences (fig. 9)
i.e. the sequences are separated by a compo-
site tectonic event comprising an uplift phase
followed by rapid subsidence, although in the
Pliocene case the basin evolution scems to be
more gradual.

Upper Pleistocene deposits: Along the
southern coast (Botricello), masscs of debris-
flow material comprising Messinian and Plio-
cene deposits and slide blocks are present,
associated with rotational antithetic faulting
(Magliacane Fm). Wec can only tentatively
place these phenomena in the middle Pleisto-
cene, as they are overlain by Upper Pleistoce-
ne clastics. The Upper Pleistocene continental
(braid-plain/lacusirine) and shallow marine
(shoreline) deposits (Scllia Fm, Tacina Fm)
are present as various terraces and have been
well described in the literature (sec for a
review QGNIBEN, 1973).

The variations in height above sea level
been linked to relative sea level fluctuations as
well as to small-scale faulting (see also COSEN-
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TING et alii, 1989). Near Le Castella, we obser-
ved synsedimentary monoclinal folding (also
reported by BRONZINI, 1959 in scismic studies
nearby) and tapering indicating opening to the
NE along NNW-SSE trending faults.

Sub-) Recent deposits: These are recent
deposits in river braid-plains, along the sandy
coast and as cones and landslides along the
margins of the Sila Massif.

BASIN EVOLUTION AND KINEMATICS

Combining the available information on
sequence stratigraphy and tectonics, a general
basin development scheme can be constructed
(fig. 8). The evolution of the basin can be divi-
ded into four stages, which are separated by
the main tectonic phases. These phases are
distinghuished on the basis of the occurrence
of features which indicate compressional tec-
tonics and/or the occurence of angular
unconformities. 1) Serravallian-early Messi-
nian stage, 2) middle Messinian-Early Plioce-
ne stage with a late Early («middle») Pliocenc
Basin inversion phase, 3) Late Pliocene-Early
Pleistocene opening stage, and 4) Late Pleisto-
cene-Recent uplift stage.

Van DK (1991) proposed the following
kinematic model for the evolution of the Cro-
tone Basin (fig. 11); The basin is situated at
the intersection of the NW-SE trending thrust
system «A» (which is dominant in the area N
of the Crotone Basin) and the NE-SW trending
thrust system «B» (which is dominant in the
area SW of the Crotone Basin). It is bordered
in the NE and SW by two major NW-SE tren-
ding sinistral oblique crustal shear zones. The
Middle Miocene to middle Pliocene develop-
ment is characterized by a shearing of the area
resulting in an evolution from the initial de-
velopment of small strike-slip basins along
wrench-faults to the final inversion of the
whole arca in the middle Pliocene. Following
this kinematic model the first two stages can
be linked to the Strike Slip Cycle of MITCHELL
& ReADING (1978): 1) Late Serravallian-early
Messinian «Basin Opening Stage», and 2)
middle Messinian-Early Pliocene «Basin Fill
Stage» with a late Early Pliocene «Basin Clo-
sure Stagen»,

The geohistory diagrams which we proces-
sed (figs. 12a and 12b), illustrate the patterns
of vertical movements in respectively basin
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Fig. 10 - Table indicating criteria used in the relativistic analvses of tectonics and sea level tluctuations, The
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of sea level fluctuations (Messinian salinity crisis. Plejstocene glaciations). The indication «relative sca level» in
based on the absence of clear conclusive arguments of teclonic activity (negative proof).

margin and basinal settings. The diagrams
show a continuous subsidence from the Scr-
ravallian to the Early Pleistocene, interrupted
by short phases of high tectonic activity. The
characteristic pattern of accelerating subsi-
dence as shown by the diagram of the basin
inward setting occurs [requently but not
exclusively in foreland basins (compare with
diagrams of AULEN er alii, 1986; ARMAGNAC et
alii, 1988: PIERI & MATTAVELLI, 1986). Notable
is the difference in magnitude of vertical
movements between the two settings, which
illustrates how tectonic mechanisms control
the system.

We furthermore present two examples of
so-called Time-Snapshot Plots (fig. 13) which
display the calculated topography for resp.
10.0 and 3.0 Ma. The two time moments
which we choose are interesting because they
show two distinct characteristic moments in
the evolution of the basin: the first initial

development of small strike-slip basins along
the Petilia-Sosti fault zone in the south (Late
Serravallian-Early Tortonian), and the final
stage just after the mid-Pliocene compression
phase, when, in the same area, tectonic inver-
sion can be seen, which represents the thrust-
ing of the Miocene-Lower Pliocene deposits
towards the southwestern basin margin,

The Mecssinian regional relative sea level
fluctnations seem to overprint the general tec-
tonic evolution. Both the onset as well as the
¢nd of the salinity crisis and dessication stages
however display the same composite tectonic
event as is present in the rest of the tectono-
stratigraphic rccord. This argues for a regional
control of this composite tectonic event (sce
further).

The middle Pliocene tectonic phase is
reflected by a large-scale teclonic inversion of
the basin. The sedimentary cover was folded
and thrusted against its margins, which can
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discussion of the structural data which were used o construct this model, and a differential analyses with
existing basin modecls for the Calabrian Arc, we refer to Van Dux & OKkES (1990) and VAN Dok (1991).

be interpreted as a result of on-going shearing  BOUSQUET & PHILIP, 1986) and seismic profiles
of the arca between the large shear zones. VAN (Ross! et alii, 1982), which support a regional
Dk (1991) compared the data from the Cro- character of this compression phase, linked to
tone Basin with regional data from structural NE-SW shortening, roughly perpendicular to the
analyses (see for reviews AUROUX et alii, 1985; NW-SE trending oblique sinistral shear zones.

Fig. 12 - Geohistory diagrams of the Crotone Basin. Note the differences in scale between the two diagrams.
The diagrams were processed {rom the composite tectonostratigraphic schemes (maximum thicknesses of for-
mations) of lig. 4. This means that they must be regarded as representative for a whole area, and not, as in the
case of a bore hole or land section, for one specific point. The paleobathymetry data are obtained by calibrating
the depositional systems as discussed in the text (from lithofacies analyses) to depth zones as available in lite-
rature (referred in the text) for these depostional systems. The isostatic loading as has been applied, although
it is probably not valid for forcland basins, gives an indication of the maximum influence of the sedimentary
loading effect on the tectonic subsidence. The legend (based on Shell, 1976) can be compared to fig. 7b. a) Dia-
gram of the central part of the Crotone Basin. Note that in the diagram the basal coarse clastic deposits have
been placed in the Langhian-Serravalian, following the second option (see text). b) Diagram of the Petilia-Poli-
castro-Mesoraca area, along the southwestern margin of the Crotone Basin.
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CROTONE BASIN
10 Ma B.P.

CROTONE BASIN
3.0 Ma B.P.

Fig. 13 a

Fig. 13b
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During the Upper Pliocene-Lower Pleisto-
cene stage, repetitive rapid shock-wise subsi-
dence and on-lap occurred, which strongly
resembles the Miocene evolution, though it
seems Lo be more gradual (fig. 9). In combi-
nation with the large amount of sediment
deposited this reflects an ongoing pulsating
subsidence (fig. 12a). From middle Pleistocene
onwards, the whole area was rapidly uplifted
(ca. 0.1-0.5 cm/yr; see fig. 12 and also BIroT,
1980). Tensional fault systems developed as a
response to rapid uplift of the Sila Massif.

DISCUSSION

The evolution of the Crotone Basin is clo-
scly related to its setting upon the Calabrian
accretionary wedge system, developed as a
response to the migration to the southeast of
the Calabrian Arc (see references in the intro-
duction). Van Dux (1991) discussed its deve-
lopment using the mechanism of DAHLEN
(1990) and general suggestions of CLOETINGH
(1988): The composite tectonic event can be
linked to the progressive pulsating growth of
‘the accretionary wedge during stages of
migration of the Calabrian Arc to the SE. One
such event represents a phasc of active thru-
sting, followed by a phase of restabilization of
the wedge morphology by means of prograda-
tion of the thrusting. The association of regio-
nal sea level fluctuations with local tectonic
signals (early Messinian relative lowering,
sudden rise at the Miocene/Pliocene boun-
dary) suggests that these fluctuations may be
controlled by regional teclonic mechanisms.
An important argument in favour of this
hypothesis is the fact that the tectonic events,
as have they been recognized (fig. 8) can be
calibrated with tectonic phases as described
for the entire Central Mediterrancan system
(MEULENKAMP, [982; Patacca & SCANDONE,
1989; see for also VaN DUK & OKKES, in press.
and Van Duk, 1991). As such, regional tecto-
nics may have triggerred the growth pulses of
the accretionary wedge system by temporarily
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blocking the subduction process or by trigge-
ring wedge restabilization.

This development was overprinted by the
increase in regional NE-SW stress in the
middle Messinian-middle Pliocene and in the
middle Pleistocenc-Recent phases, which led
to resp. basin inversion (middle Pliocene) and
rapid uplift of the area (Late Pleistocene-
Recent). This last phenomena may have resul-
ted from a process of restabilization of isosta-
tic equilibrium after the rupture of the sub-
ducted lithosphere slab in the middle Pleisto-
cene-Recent phase of regional stress (see VaN
Dux & OkKKEs, 1988, 1990 and in press. VAN
Duk, 1990 and references therein).

As a final exercise, we compared the basin
development scheme for the Crotone Basin,
extended with information from the rest of the
Calabrian realm (fig. 14) with the cycle-cart
for global sea level fluctuations (Haq et alii,
1987). From this (preliminary) comparison it
can be concluded that the sequences as recon-
structed in the Calabrian Arc compare pretty
well in both magnitude and timing with third
order «eustatic» cycles. This strongly argues
for a global tectonic control through fluctua-
tions of intraplate stresses, on both regional
tectonics as well as global sea level fluctua-
tions, as put forward by CLOETING (1988 and
refercnces therein). Also, major alternating
phases of basin inversion and fragmentation
{(middle Oligocene, late Burdigalian, late Ser-
ravallian) separate periods with each a unique
general trend of rising or falling sea level (bui-
ling up or gradual release of intraplate stress
in terms of the «Cloetingh model») and coin-
cide with periods of high frequency and large
amplitudes of sca level fluctuations. The basin
development stages delimited by these phases
are comparable in size with the second order
cycles.

CONCLUSIONS

The Neogene tectonostratigraphy of the
Crotone Basin can be subdivided in a number

Fig. 13 - Preliminary Time-Snapshot Plots «synthetic landscapes») for the Crotone Basin with emphasis on its
southern margin. ‘The plots show calculated topography {or the indicated moment in time. The thick line repre-
sents the coast line. The view-direction is SW. The plots have been processed using the available stratigraphic,
lithofacial and biostratigraphic information within the concept of the geornetrical and kinematic model for the
basin we developped. They where calculated by means of extrapolation in space and time and related surface-
fitting between various geohistory diagrams of the composite tectonostratigraphic columns which each represent
the development of a part of the basin (see for methodology Van Dijk, in press.). a) Time-Snapshot Plot for 10.0

Ma. b) Time-Snapshot Plot for 3.0 Ma.



282

J.P. VAN DITK

SEQUENCE STRATIGRAPHY

2 Basin development Haq et al. (1986)
o ; 10} ® o
in the o . ) 0 5
o . - 2| Eustatic Curves 8 £ 8 8
o Calabrian Arc o c 518 >
Be) 2 — —— First Order g |t =
= 3 Envelopping o ala
n n m (drawn here) Q m £
Q G) wn o
- Major 8 8 Third order - 8 ke ®
o] — A R =t [ &
= tectonic phase & § rising falling g g 2 z =
© g T liso 100" 50 vz 17
%)
9p] n . \ /1_ LI Y
P — - = y 0.005
PLEISTOCENE Uplift = F.l 139 08 " 0
% Piacenzian Basin 1.6 2.0 B
& opening 29| ,,| 1
2| zanclean Basin 3.8 4'0 4
o Inversion 4.2 5‘0 5
@ - o, . —
e — Salinity erisis M| 5.5
Messinian 9 M| g3 |58 a
© g = > i
o Basi & 7.0
Tortonian al Opggmg g 8.2
@ < 9.2 i
= P - 10
ﬁ 10.5 i
ti 11.6 §
Fragmentation .g 125 ‘
Serravaliian . Q 13.4
w Basin _g 13.8 (' J
enin
& opening g 150 - 15
&) : ) | 155
o Langhian . m 16.0 ]
= Basin e —1 16.5 .
Inversion 17511701 7
185) |
Burdigalian Basin
opening ol @ o — 20
&1 9 Tiots| ]
~ 2l @ 22.0 -
L R
Acquitanian Fragmentations O g 4
= | 4
E ) ol 255 24.8 2
L Basin £ | 8 Floesi26.0]
Z | Chattian opening 3 © 26 =]
5} n . |
® 28.4
o fragmentation 29.0 7
= 30.0 -1 30
02-1991

Fig. 14 - Comparison between the basin development in the Calabrian Arc and the cycle-chart for sea level fluc-

tuations of Hao et alii (1987; chart of 1986). The basin development for Oligocene-Middle Miocene is modified
after MEULENKAMP et alii (1986). The envelopping curves we draw for the third order curve compare well with

the general stress curve of CLOETINGH (1988). Within that concept, a sea level drop reflects compressional stress
or (sudden) release of tensional stress, and visa versa.
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of unconformity-bound depositional sequen-
ces. The Late Serravallian-Tortonian and the
Pliocenc-Early Pleistocene sequences are
separated from one another by a composite
tectonic event, comprising a phase of uplift and
increase of supply of clastic material, shortly
afterwards followed by a phase of rapid sub-
sidence and onlap. Both phases are related to
tectonic activity along the basin margin.

The evolution of the Crotone Basin can be
divided in four stages: 1) Late Serravallian-
early Messinian basin opening stage, 2) middle
Messinian-Early Pliocene basin fill stage, which
ended with a middle Pliocene compression
phase with a tectonic inversion of the basin, 3)
Late Pliocene-Early Pleistocene opening stage
and 4) Late Pleistocene - Recent uplift stage
with uplift of the Sila Massif and intense
tensional faulting. The first two stages (Late
Miocene-Early Pliocene) together reflect the
Strike-Slip Cycle of MrtcrieLL & READING (1978).

The development of the basin was control-
led by the local tectonic activity of the accre-
tionary wedge system, overprinted by fluctua-
lions in regional stress. Both local tectonic
activity as well as regional relativc sea level
fluctuations are probably also controlled by
regional tectonic mechanisms,
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