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IL DIRETTORE DELLA SEZIONE DI RICERCA SCIENTIFICA GEOFISICA 

 
 
Richiamata la deliberazione CdA n. 86 dd. 08/10/2020 “Procedura comparativa per l’individuazione 

dei Direttori delle Sezioni e/o Centri di Ricerca Scientifica e/o tecnologica: Sezione di 
Ricerca Scientifica “Geofisica” – GEO: nomina del candidato vincitore” con la quale si è 
disposto la nomina a Direttore della Sezione di Ricerca Scientifica “Geofisica” – GEO, del 
dr. Fausto Ferraccioli, con decorrenza 01/11/2020 e termine al 31/10/2024; 

vista                  la determinazione della Direttrice Generale n. 363 ADW dd. 02/08/2023 avente ad 
oggetto: “Delega temporanea in materia di contratti pubblici di lavori, servizi e forniture ai 
Direttori delle Sezioni di ricerca/Centri di ricerca e delle Strutture Tecniche di servizio e ai 
Dirigenti Amministrativi dell’OGS”; 

esaminata la richiesta di fornitura, completa di copia dell’articolo, predisposta dal dott. Giacomo 
Mangano, della Sezione GEO (Allegati n. 1 e n. 2), per la sottomissione e pubblicazione 
dell’articolo scientifico dal titolo: "A new large-scale gravitational complex discovered in 
the Gulf of Squillace (central Mediterranean): tectonic implications” - Manuscript ID: 
7C9CDB0F-8C85-470F-8218-7579BD9650D, sulla rivista Scientific Reports; 

tenuto conto che la scelta di pubblicare sulla rivista Scientific Reports, è motivata dall’alto profilo 
scientifico dal suo rilevante impact factor, ed inoltre l'argomento trattato risulta molto 
pertinente agli scopi e obiettivi della rivista; 

ricevuta  e ritenuta congrua, la nota di debito n. 2939192962 di data 07/09/2023, inviata dalla 
società Springer Nature Customer Service Center GmbH, di Heidelberg (Germania), 
contenente il corrispettivo per il servizio richiesto, al costo complessivo di € 2.245,00, IVA 
esclusa (Allegato n. 3); 
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considerato l’art. 50, comma 1, lettera b), del D.Lgs. n. 36/2023 e s.m.i. (di seguito “Codice”), laddove 
si dispone che le stazioni appaltanti possano procedere, per importi inferiori a € 
140.000,00, ad affidamenti diretti anche senza previa consultazione di due o più operatori 
economici; 

ritenuto applicabile, nella fattispecie, quanto previsto dall’art. 49, comma 6, del Codice, laddove si 
consente di derogare al principio di rotazione per affidamenti diretti di importo inferiore 
ad € 5.000,00, IVA esclusa; 

tenuto conto inoltre delle disposizioni contenute nella c.d. Legge di Stabilità 2016 (L. 28/12/2015, n. 
208), modificate con la c.d. Legge di Stabilità 2019, laddove è possibile effettuare acquisti 
di beni e servizi di valore inferiore ad € 5.000,00 (IVA esclusa) al di fuori del MePA Consip; 

verificato infine che risultano applicabili le disposizioni di cui all’art. 10, comma 3, del D.Lgs 
25/11/2016, n. 218 (Semplificazione delle attività degli Enti Pubblici di ricerca ai sensi 
dell’art. 13 della L. 7/8/2015, n. 124), in quanto il servizio in oggetto è funzionalmente 
collegata e destinata ad attività di ricerca, non sussistendo quindi l’obbligo di ricorso al 
mercato elettronico della Pubblica Amministrazione (MePA); 

preso atto comunque che per quanto previsto dall’art. 52, comma 2, del Codice, qualora in 
conseguenza della verifica non sia confermato il possesso dei requisiti generali o speciali 
dichiarati, si procederà alla risoluzione del contratto, all’escussione dell’eventuale 
garanzia definitiva, alla comunicazione all’ANAC ed alla sospensione dell’operatore 
economico dalla partecipazione alle procedure di affidamento indette dall’OGS, per un 
periodo da uno a dodici mesi, decorrenti dall’adozione del provvedimento; 

considerato  che per l'importo dell'affidamento in oggetto, la richiesta di prestazione della garanzia 
definitiva sarebbe antieconomica rispetto al valore del contratto; 

preso atto che, in conformità a quanto disposto dal D. Lgs. n. 81/2008, art. 26, comma 3bis, il servizio 
di cui trattasi non comporta rischi da interferenza, per cui non è stato redatto il DUVRI e 
non vi sono oneri per la sicurezza per rischi da interferenza; 

considerato      che la spesa pari a complessivi € 2.245,00 IVA esclusa, per il servizio di cui trattasi, trova 
idonea copertura sul capitolo 41912, art. 12, commessa 1311 (RETURN), del Bilancio di 
previsione 2023; 

dato atto che, ai sensi di quanto disposto dall’art. 15 del D.Lgs. n. 36/2023 e s.m.i., il sottoscritto è il 
Responsabile Unico del Progetto (RUP) della procedura di cui trattasi; 

preso atto che non ricorrono nel caso di specie motivi di incompatibilità o di conflitto di interesse, 
nei confronti dello scrivente, ai sensi della vigente normativa in materia di contrasto alla 
corruzione; 

ritenuto di nominare la sig.ra Simona Cassaro, collaboratore amministrativo dell’Ufficio 
Centralizzato per gli Acquisti (UCA), responsabile dell’istruttoria della procedura di cui 
trattasi; 

visto il Regolamento di amministrazione, finanza e contabilità dell’OGS; 

pertanto sulla base delle premesse di cui sopra 

 
 

D E T E R M I N A  
 
 

1. di procedere, per i motivi esposti in premessa, all’affidamento diretto alla società Springer Nature 
Customer Service Center GmbH, di Heidelberg (Germania), VAT no. DE209719094, del servizio di 
sottomissione e pubblicazione, in open access, dell’articolo scientifico dal titolo: "A new large-scale 
gravitational complex discovered in the Gulf of Squillace (central Mediterranean): tectonic 
implications”-Manuscript ID: 7C9CDB0F-8C85-470F-8218-7579BD9650D, sulla rivista Scientific 
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Reports, ai sensi dell’art. 50, comma 1, lettera b), del Codice, al prezzo complessivo di € 2.245,00 
IVA esclusa; 

2. di stipulare il contratto nelle more dell’effettuazione di successivi eventuali ulteriori controlli a 
campione delle verifiche della veridicità delle dichiarazioni rilasciate dall’operatore economico, 
inserendo la clausola di risoluzione dello stesso qualora, in conseguenza della verifica non sia 
confermato il possesso dei requisiti generali o speciali dichiarati; 

3. per le ragioni sopra descritte, di non richiedere all'affidatario la prestazione della garanzia definitiva 
per le motivazioni di cui all'art. 53, comma 4, del Codice; 

4. che la spesa pari a complessivi € 2.738,90, IVA compresa, per il servizo di cui trattasi, trovano 
idonea copertura sul capitolo 41912, art. 12, commessa 1311 (RETURN), del Bilancio di previsione 
2023; 

5. di dare atto che, ai sensi di quanto disposto dall’art. 15 del Codice, il Responsabile Unico del 
Progetto in oggetto è il sottoscritto mentre la sig.ra Simona Cassaro funge da Responsabile 
dell’Istruttoria; 

6. di dare atto che il presente procedimento sarà oggetto ad avviso di post-informazione mediante 
pubblicazione sul profilo istituzionale del committente, nella Sezione Gare e appalti; 

7. di impegnare la spesa complessiva di € 2.738,90 sui capitoli di seguito elencati: 

 
Eser. EPF Cap. Art. CIG Cod 

Bilancio 
Importo Soggetto 

2023 2023 41912 12 Z973CC821B 41912 2.738,90 SPRINGER NATURE 
CUSTOMER SERVICE 
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p.i. DE 209719094 

 
       
 
  
 
 IL DIRETTORE 
  Fausto Ferraccioli 
 



 Atto n. 746 del 10/10/2023

Questo documento è stato firmato da:

Elenco firmatari
ATTO SOTTOSCRITTO DIGITALMENTE AI SENSI DEL D.P.R. 445/2000 E DEL D.LGS. 82/2005 E SUCCESSIVE MODIFICHE E
INTEGRAZIONI

NOME: FERRACCIOLI FAUSTO
CODICE FISCALE: FRRFST70A29D969K
DATA FIRMA: 10/10/2023 23:48:07
IMPRONTA: 264FB7BBB3A88B79E096999126BAD9D2CAB47D0C507A7D3345CC44A2FC680A81
          CAB47D0C507A7D3345CC44A2FC680A81F18F0A458C40F377D15F67705F4792D3
          F18F0A458C40F377D15F67705F4792D34D48BF165DD819D8698348D6872CD5ED
          4D48BF165DD819D8698348D6872CD5ED33A162EB7A63D886F48E0A5A57FFDB5F





Journal : SREP 41598 Article No : 40947 Pages : 1 MS Code : 40947 Dispatch : 19-8-2023

Query Form
SREP

Journal: 41598 [Art. ID:  40947]

Journal: SREP
Author: The following queries have arisen during the editing of your manuscript. Please answer queries by making the 
requisite corrections at the appropriate positions in the text.

Query Details Required Author’s Response
AQ1 Reference [28] is given in list but not cited in text. Please cite in text or delete from list.



UNCORRECTED PROOF

Journal : SREP 41598 Article No : 40947 Pages : 12 MS Code : 40947 Dispatch : 19-8-2023

1

Vol.:(0123456789)

Scientific Reports | _#####################_ | https://doi.org/10.1038/s41598-023-40947-3

www.nature.com/scientificreports

A new large‑scale gravitational 
complex discovered 
in the Gulf of Squillace (central 
Mediterranean): tectonic 
implications
Giacomo Mangano 1,2*, Silvia Ceramicola 2, Tiago M. Alves 3, Massimo Zecchin 2, Dario Civile 2, 
Anna Del Ben 4 & Salvatore Critelli 1

Seismic reflection (2D/3D), borehole and bathymetric data are used to recognize a new gravitational 
complex in the Gulf of Squillace, Southern Italy, named the Squillace Complex. The complex has a 
NE‑striking headwall connected to a basal detachment formed between Messinian evaporites and 
Tortonian shales. Its sense of movement changes to a W–E direction in the toe region. In plan view, 
the Squillace Complex is marked by the presence of sinuous and continuous seafloor scarps, just a few 
kilometers offshore, over an elongated morphological high. Seismic‑well ties reveal that the complex 
was initiated in the Zanclean (~ 4 Ma) and continued its movement into the Gelasian (~ 2.1 Ma) at 
an average rate of 1.9 mm/year. Movement slowed down in the Calabrian (middle Pleistocene) and 
continued until the present day at a lower rate of 0.1 mm/year. Gravitational collapse of the Squillace 
Complex correlates with discrete contractional/transpressional events affecting the Calabrian region, 
which caused basin shortening and the temporary arrest of Calabrian Arc migration. These episodes 
resulted in tectonic uplift in the study area after 0.45 Ma (Late Pleistocene). Conversely, the complex’s 
slower movement recorded since the Calabrian (middle Pleistocene) is associated with slab rollback of 
the Ionian plate under the Calabrian Arc.

Sediment remobilization on continental margins varies in scale and importance, from discrete instability events 
(mass transport deposits or MTDs), to recurrent mass-wasting capable of producing stacked successions of 
chaotic, disturbed sediment, which are named mass transport complexes (MTCs)1. Gravitational complexes 
are an order of magnitude larger than MTCs, and form kilometer-scale features resulting from gravity-induced 
deformation of strata on continental slopes. They may involve the remobilization of up to 4 km of strata over 
a basal detachment, usually an overpressured shale interval as offshore Nigeria and Namibia, or an evaporitic 
unit as in SE Brazil and West  Africa2–4. Overlapping with the largest of MTCs in nature, gravitational complexes 
reveal an up-dip extensional headwall domain and a downdip contractional toe region, both linked via a basal 
detachment that accommodates the bulk of movement in the complex per  se5–9. They reflect large-scale collapse 
in different geological environments such as passive, convergent and strike-slip continental margins, as well as 
volcanic regions. Gravitational complexes are thus associated with the generation of a significant gravitational 
potential along a continental margin, or basin shoulders. This gravitational potential is enhanced during phases 
of active tectonism and uplift, via gradual slope oversteepening, as well as during episodes of high sediment 
supply and related delta front  propagation10–13.

Located in the central Mediterranean region, the study area is part of the Gulf of Squillace and its Neogene to 
Quaternary forearc depocenter—the Crotone Basin—located on the Ionian sector of the Calabrian Arc, Southern 
 Italy14–24. The stratigraphy of the Crotone Basin is closely related to Calabrian Arc kinematics, which has been 
dominated by alternating phases of forward migration and associated basin subsidence, and collision between 
the Arc itself and adjacent tectonic plates. Episodes of tectonic collision are associated with the formation of 
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regional stratigraphic  unconformities19 (Figs. 1, 2 and Table 1). The Crotone Basin is also known by its ~ 1500 
 km2 landslide, the so-called Crotone Mega-landslide. This mega-landslide has been controlled, since the Pliocene 
(Zanclean), by the development of a set of NW-trending strike-slip faults crossing the Calabrian  Arc14,18,20,21. The 
Petilia-Sosti and the Lamezia-Soverato Fault Zones are two of such NW-striking faults and cross the SW and 
NE boundaries of the Gulf of Squillace, whose development has been itself controlled by a E-W-oriented flower 
structure since the  Messinian25. In seismic data, all these fault zones show signs of neotectonic activity and nearby 
gravity-driven  instability18,20–26. However, while the Crotone mega-landslide has been largely documented in the 
literature, there is still scarce information about similar large-scale deposits in the Gulf of Squillace. In the pub-
lished literature, the recognition of potential areas of gravitational collapse has been only attained by Ceramicola 
et al.27 based on bathymetric and sub-seabed data, which allowed for the recognition of fault-bounded sediment 

Figure 1.  (A) Simplified structural map of the Calabrian Arc, which is located between the Neogene mountain 
chains of the Southern Apennines to the north and the Maghrebides of Sicily to the southwest (modified from 
Civile et al.52). (B) Digital Terrain Model (DTM) in a UTM 33 (WGS84) projection highlighting the onshore 
and offshore parts of the Gulf of Squillace. This gulf is bounded by the two NW-trending Soverato-Lamezia and 
Petilia-Sosti fault zones, and the eastern sector of the Sila Massif. The locations of seismic profiles and wells are 
also shown. The DTM map was compiled using: (i) land data derived from SRTM (Shuttle Radar Topography 
Mission), worldwide digital elevation data with a 30 m (1 arc-second) resolution released by NASA (SRTM 
PLUS Version 3.0) and made available by the U.S. Geological Survey (https:// lpdaac. usgs. gov/ search/), and (ii) 
the TinItaly DEM, a digital elevation model of the whole Italian territory that is available as a 10 m cell size grid 
(http:// tinit aly. pi. ingv. it/ Downl oad_ Area2. html)53,54. The data shown were acquired by OGS in 2009 during the 
MAGIC (MArine Geohazards along the Italian Coasts) Project funded by the Italian Civil Protection.

https://lpdaac.usgs.gov/search/
http://tinitaly.pi.ingv.it/Download_Area2.html
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blocks and slope-parallel sediment undulations deforming the seabed and strata below. Following the pioneer 
work of Ceramicola et al.27, the aims of this work are:

Figure 2.  Simplified stratigraphy of the Crotone Basin and its onshore sector (modified from Zecchin et al.19). 
Formations and unconformities are shown in the figure. SU Basal Unconformity, EPSU Early Pleistocene 
Unconformity, IMU Intra-Messinian Unconformity, MPCU Mid-Pliocene Unconformity, TU Tortonian 
Unconformity, UMU Upper Messinian Unconformity.
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(1) To describe the full extension and geometry of slope instability features in the Gulf of Squillace, south of 
the city of Crotone;

(2) To estimate the ages of any slope instability features recognized in seismic and borehole data;
(3) To clarify the mechanisms triggering the interpreted slope instability features, correlating them with the 

geodynamic evolution of the central Mediterranean region.

These aims are accomplished by integrating offshore 3D seismic reflection data, borehole and morpho-
bathymetric data. These new results not only provide new information on potential geohazards affecting Southern 
Italy, but will be also helpful in the recognition of similar slope instability features worldwide.

Structural analysis of gravitational collapse features in the Gulf of Squillace
Detailed interpretation of 3D data in the Gulf of Squillace allowed us to divide a geobody, named in this work as 
Squillace Complex, into three structural domains based on the recognition of across-strike variations in structural 
style; the headwall, translational and toe domains also observed on mass-transport  deposits26,29. These three 
domains are linked via a basal detachment consisting of a high-amplitude reflector with a listric shape, which 
displaces Plio-Pleistocene strata and propagates from the base of the Messinian Unit.

Headwall domain. The headwall domain of the Squillace Complex extends from 1.5 to ~ 10 km from the 
coastline, along its strike, and forms a ~ 1.3 s two-way time (TWT) tall bathymetric feature. It essentially com-
prises a steep headwall fault (~ 60°) dipping to the SSW (Figs. 3 and 4). Based on stratigraphic data from wells 
Lola 1 and Floriana 1 (Fig. 5), one can verify that this headwall fault is rooted in the Messinian-age Evaporite 
Formation, propagating through the Cutro Clay up until it reaches the seafloor (Fig. 3c). Undeformed Torto-
nian-Quaternary strata are juxtaposed against the headwall fault, downslope from which rotated tilt blocks are 
observed (Figs. 3, 4). Here, tilt blocks with a thickness of approximately 1.0 s TWT (1000 m) show character-
istic syntectonic growth within Zanclean (Cavalieri Marl) and Piacenzian-Gelasian strata, the latter of which 
are interpreted to be part of the Cutro Clay based on data from Lola 1 and Floriana 1 (Figs. 3c,d, 5). While the 
Calabrian (middle Pleistocene) to recent strata show nearly parallel reflector in Profiles 1 and 2 (Fig. 3), this same 
interval is marked by a fan-like geometry in Profile 3 (Fig. 4). Strata with a fan geometry are characterized by 
their low- to medium-amplitude internal reflections.

The available 3D seismic data do not permit a complete definition of the headwall domain of the Squillace 
Complex to the W, where its remains unconstrained. Nevertheless, the presence of a headwall to the west of the 
interpreted 3D seismic volume is supported by the line drawing F75-072F from Capozzi et al.30, where a series of 
S-dipping listric faults, with associated growth strata, is shown to sole out within a sub-horizontal basal detach-
ment (Fig. 6). One of the headwalls, developing for ~ 25 km, coincides with an arcuate NE-trending shelf edge 
that was sculpted by slope instability  processes27. In fact, the swath bathymetry in Fig. 1 documents the presence 
on the seafloor of multiple branches of the Squillace Canyon cutting through the continental shelf. It should be 
noted the presence of narrow vertical zones of disruption and dimmed amplitudes at the top of the Messinian 
and Piacenzian successions near the headwall domain. The downslope displacement of the Squillace Complex 
reaches 3.6 km in the strata overlying the Messinian unconformity (Figs. 2 and 3d).

Table 1.  Illustration of the main geological events occurred during the evolution of the Gulf of Squillace, and 
constituting Crotone Basin. Also described are the main geological events that led to the formation of main 
stratigraphic unconformities.

Main geological event

Stage

 Gelasian–Holocene Marsili sub-basin oceanization in the Tyrrhenian at 2.1 Ma

 Piacenzian Vavilov sub-basin spreading phase in the Tyrrhenian

 Zanclean Vavilov sub-basin first spreading in the Tyrrhenian area

 Messinian Messinian Salinity Crisis

 Tortonian Subsiding and transgressive conditions

 Serravallian Crotone Basin opening

Unconformity (Age in Ma)

 MPSU—Mid-Pleistocene unconformity (1.1) Differential motion between
the Calabrian Arc and the southern Appennines

 EPSU—Early Pleistocene unconformity (2.4) Final collision between the NE part of the Calabrian Arc and the Apulian margin

 MPCU—Mid-Pliocene unconformity (3.6) Convergence between the Calabrian Arc and the continental crust of the Apulian margin

 ZS—Zanclean unconformity Transgressive conditions

 UMU—Upper Messinian unconformity (5.33) Collision and temporary coupling of the NE part of the Calabrian Arc with the Apulian 
margin

 IMU—Intra-Messinian unconformity (5.6) Sea-level drop

 TU—Tortonian unconformity (11.63) Basin shoulder tilting

 SU—Serravallian unconformity (13.82) Basin shoulder tilting
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Translational domain. The translational domain is roughly 5 km long and strata are detached above a 
high-amplitude zone coincident with the base of the gypsum- and anhydrite-rich Messinian sequence, as con-
strained by wells Lola 1 and Floriana 1 (Figs. 3c,d, 4b, 6). The basal detachment is undulated and forms local 
ramps that locally erode the older, mud-dominated Ponda Formation (Tortonian) (Fig. 3d). It is overlain by 
rotated and translated blocks, which retained their internal coherence and continuity (Fig.  3d). In addition, 
Profile 4 in Fig. 7a and c—a section roughly oriented in a direction parallel to the NE-striking gravity-driven 
extensional structures—reveals lateral scarps that clearly delimit the translational domain of the Squillace Com-
plex. These lateral scarps form linear, continuous features that separate an undeformed region to the NE, and an 
E-W-oriented flower structure to the SW, from the Squillace Complex (Fig. 6). Bathymetric data reveal the lateral 
scarp to the north as corresponding to the northern flank of a NE- to N-striking high, or spur, inferred to be the 
seafloor expression of the Squillace Complex (Fig. 1). To the S, the lateral scarp is buried under lower Pleistocene 
(Gelasian) to Holocene strata, as shown in Fig. 3d. On the upper continental slope, this lateral scarp strikes to 
the NW, changing basinward to a WNW trend, a character suggesting a gross transport direction of the complex 
towards the ESE (Fig. 1). The lateral scarp is perpendicular to the headwall scarp in the areas where both are 
observed, and mapped, in seismic data (Figs. 1, 7c and 8b). It is worth noting that this lateral scarp terminates 
against a contractional feature that is part of the E-W-oriented negative flower structure located in the S sector 
of the Gulf of Squillace (Figs. 1, 6, 7c and 8a,b). The latter structure is inferred to be the offshore prolongation of 
the Soverato-Lamezia Fault Zone towards the SW (Fig. 1), where growth strata are observed near the top of the 
Messinian Unit, along its right-hand fault branch (Fig. 6).

Toe domain. The toe domain of the Squillace Complex is approximately 20 km long and, based on an aver-
age p-wave velocity of 2000 m/s, comprises 1 s TWT (approximately 1000 m) high thrusts and associated anti-
clines cutting through the basal detachment (Figs. 4b, 7d). Thrusts are curved WNW-dipping faults, dipping ~ 3° 
to ~ 60°, soling out in Messinian to Gelasian strata (Figs. 4b, 5 and 7b,d). The toe domain is thus dominated by 
the presence of ESE-verging thrusts and associated anticlines (Figs. 4b and 7d). The span of the interpreted 3D 
seismic data prevents a complete mapping of the toe domain; however, bathymetric data show this toe domain to 
extend ~ 20 km seawards as a N-striking morphological high (Fig. 1). Such a long toe domain correlates with the 
displacement observed along its headwall and translation domains. In addition, bathymetric data reveal distinc-
tive slope-parallel sediment undulations, with lengths up to 12 km and a spacing of 0.6–1.4 km. Undulations are 
up to 100 m tall and asymmetric in their profiles, with steeper upslope-facing  flanks27.

Figure 3.  (a) Uninterpreted seismic Profile 1; (b) Uninterpreted seismic Profile 2; (c) the SW-NE-oriented 
seismic Profile 1 documenting the headwall region and the translational domain of the MTC recognized in 
the Gulf of Squillace. Black-colored segments indicate fault lineaments. (d) Seismic Profile 2 is composed of 
four sections with different orientations. The headwall region and the translational domain, as also shown in 
Profile 1, are imaged and interpreted in this figure. The profiles also highlight the presence of rotated blocks and 
deformed, gently folded strata above a prominent basal detachment.
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Discussion
Recognition of a new, modern phase of slope instability at the Gulf of Squillace. In the Gulf 
of Squillace, evidence of large-scale gravitational collapse of the continental slope is demonstrated at a dis-
tance ~ 1.5 km offshore from the modern coastline—its geometry is akin to gravitational complexes observed 
on passive continental margins such as SE  Brazil4, Equatorial  Brazil31 and around the Gulf of  Mexico32. In the 
study area, the Squillace Complex reveals a SE-ward movement that changes to the E towards the deeper parts of 
the margin (Figs. 1 and 9). The complex is ~ 12 km wide and ~ 50 km long, spanning the edge of the continental 
shelf, the upper and lower continental slope, and thus remobilizing a 600  km2 wide area (Figs. 1 and 9). In this 
work, the full extension of the Squillace Complex was inferred in seismic data, allowing for the identification of a 
basal detachment surface connecting the extensional headwall region to the complex’s contractional toe region.

Based on the identification and dating of growth strata in the Squillace Complex, the main phase of gravity 
sliding started in the Zanclean (early Pliocene) and continued until the Gelasian (early Pleistocene), following 
an initial SE gross general direction of transport, as evidenced by the NE-SW orientation of the headwall scarps 
(Figs. 1 and 9). Gravitational gliding slowed down during the Calabrian (middle Pleistocene), as documented 
by the presence of minor growth strata in Calabrian to Holocene strata in Profiles 3 (Fig. 4), while near-parallel 
reflectors are observed in correlative strata when interpreting Profiles 1 and 2 (Fig. 3). Movement in the Squillace 
Complex continued toward the present day, as Holocene strata are offset by extensional faults that propagated 
to the modern seafloor (Fig. 3d). Toward the lower continental slope, a change in the complex’s direction of 
movement is recognized in both bathymetric and seismic data (Figs. 1, 3 and 9). This may have resulted from 
the presence of an E-W-oriented flower structure at depth, which forced the complex to move toward the ESE. 
Such a control is documented on the seismic profiles in Figs. 6, 7c and 8b, where the Squillace Complex ends 
against a transpressional structure (Figs. 6, 7c and 8b). This structure was active during the Late Messinian, 
as documented by the presence of syntectonic growth strata in the upper part of Messinian strata, and by the 
formation of a synchronous anticline on its northern flank (Fig. 6).

The Zanclean onset of slope instability followed Late Messinian contractional/transpressional tectonics, 
which was able to increase local slope  gradient33. At regional scale, the Late Messinian tectonic phase corre-
lates with incipient collision and temporary coupling of the NE sector of the Calabrian Arc with the Apulian 

Figure 4.  (a) Uninterpreted, and; (b) Interpreted seismic Profile 3 showing the headwall domain, the 
translational domain and the toe domain of the Squillace Complex. The profile highlights the changes in faulting 
and slope deformation styles from the complex’s headwall to the translational domains. Seismic data were 
provided by ENI Natural Resources (see Fig. 1 for their location on map).
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Figure 5.  Summary of lithological data from wells Floriana 1 and Lola 1 located in the Gulf of Squillace. Well 
Floriana 1 and its location are available at http:// www. videpi. com/ videpi/ videpi. asp. Well Lola 1 was provided by 
ENI National Resources.

Figure 6.  Interpreted seismic line F75-072F (modified from Capozzi et al.30). A gravitational complex can be 
identified in the Gulf of Squillace by the recognition of a south-dipping listric fault with associated growth strata 
linked via a sub-horizontal basal shear surface, to a N-dipping compressional structure. Note the presence of 
syntectonic growth strata in the upper part of the Messinian unit interpreted in this seismic profile.

http://www.videpi.com/videpi/videpi.asp
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margin, occurred during convergence of western Greece with the Apulian  platform33. Slope instability was also 
promoted by a similar contractional/transpressional tectonic event near the Zanclean-Piacenzian boundary. 
This tectonic event was linked to a temporary pause of the Calabrian Arc migration, due to convergence of 
the Calabrian accretionary system with continental crust on the Apulian  margin34–39. At this same time ocean 
spreading was interrupted, or slowed down, in the Tyrrhenyan back-arc  basin19,40. In the study area, Late Messin-
ian and Zanclean-Piacenzian contractional/transpresional tectonics resulted in generalized uplift, and associ-
ated slope oversteepening, triggering gravitational sliding. In contrast, the phase of slowdown recorded in the 
Calabrian (middle Pleistocene) can be correlated with important extension affecting the study area, occurring 
concomitantly with the spreading of the Tyrrhenian Sea and SE migration of the Calabrian  Arc19. Gravitational 
collapse of the continental slope during the Holocene was likely promoted by rapid regional uplift of the study 
area—occurring since the Middle Pleistocene at a rate of 1 mm/year—once again increasing the slope gradient 
towards the Ionian  Sea41,42. Middle Pleistocene-Holocene tectonic uplift has been related to: (a) isostatic rebound 
that followed the breaking of the subducted Ionian oceanic  slab42–44, and (b) convective removal of the deeper 
parts of Calabrian Arc and their subsequent delamination from the subducting  plate45.

Triggers of slope instability in Southern Italy. Gravitational complexes require the long-lasting pres-
ence of an efficient overpressured basal detachment, commonly shaly, acting as a rheologically weak  zone3. Fluid 
seepage in the Gulf of Squillace has occurred since the  Pliocene30,39,46, perfectly matching the onset of slope insta-
bility in the study area. A key postulate in this work is that ongoing fluid flow reduces the strength (and friction) 
of the basal detachment. In fact, our data shows a predominant contact between anhydrite/gypsum-dominated 
intervals and shaly detachment layers at well Lola 1, located upslope from the Squillace Complex headwall region 
(Fig. 5).

As for the rate of the movement of the Squillace Complex, assuming a minimum displacement of ~ 3.6 km 
observed in the headwall region (Fig. 3d), and taking into account that the complex was active between ca. 4 Ma 
(Zanclean) and 2.1 Ma (Gelasian), the failed strata moved towards the sea at a rate of ~ 1.9 mm/year. Conversely, 
considering a maximum offset along the seafloor of ~ 200 m (Fig. 3d) and the slower movement recorded since 
the Calabrian (middle Pleistocene), gravitational collapse followed a moderate rate of 0.1 mm/year after 1.8 Ma. 
We stress that the physiography of the study area during the emplacement of the Squillace Complex was similar 
to the present day’s. In addition, its emplacement led to the formation of a clear limit between the upper and 
lower continental slopes in the study area, as they both follow the trend of the Squillace Complex (Figs. 3b, 4).

Figure 7.  (a) Uninterpreted seismic Profile 4 (b) uninterpreted seismic Profile 5; (c) interpreted SW-NE-
oriented seismic Profile 4 imaging the translational domain of the gravitational complex recognized in the 
Gulf of Squillace. Black-colored segments indicate fault lineaments. (d) WNW-ESE-oriented seismic Profile 5 
showing the translational domain and the toe region of the Squillace Complex. Black-colored segments indicate 
fault lineaments. Seismic data were provided by ENI Natural Resources (see Fig. 1 for their location).
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In spite of the low rate of movement recorded at present in the Squillace Complex, the data in this work are 
helpful to geohazard assessments both in Gulf of Squillace and in similar areas around the world. In fact, just 
offshore the modern coastline the Squillace Complex is seen to be overprinted by a wide canyon system, which 
may be linked to slope instability and seafloor incision, both important geohazards in the marine  environment27.

Data and methods
This study is based on the analysis of a ~ 350  km2 3D seismic volume acquired from the continental shelf to the 
distal part of the Gulf of Squillace. In addition, a ~ 45 km long 2D profile extending from the onshore sector 
to the basin depocenter was also interpreted and tied to the 3D seismic volume. Multibeam bathymetric data 
(10 m of resolution) acquired during the MAGIC project (Marine Geohazard along the Italian Coasts), funded 

Figure 8.  (a) Uninterpreted and (b) interpreted seismic Profile SLFZ 1. Here, the translational domain of the 
gravitational complex terminates against an antiform, which is inferred as the offshore prolongation of the 
Soverato-Lamezia Fault Zone towards the SW. See Fig. 1 for location.

Figure 9.  Bathymetric data highlighting the scale of the Squillace Complex within the Gulf of Squillace. The 
Headwall (HD), translational (TSD) and toe (TED) domains of the complex are mapped in detail. See captions 
Fig. 1B in order to see where the DTM map was obtained from.



UNCORRECTED PROOF

Journal : SREP 41598 Article No : 40947 Pages : 12 MS Code : 40947 Dispatch : 19-8-2023

10

Vol:.(1234567890)

Scientific Reports | _#####################_ | https://doi.org/10.1038/s41598-023-40947-3

www.nature.com/scientificreports/

by Italian Department of Civil Protection and OGS, allowed us to constrain the geology and structure of regions 
with no 3D seismic data. Seismic reflection data and well Lola 1 were provided by ENI Natural Resources. The 
DTM in this paper was reconstructed by using freely available datasets: U.S. Geological Survey (https:// lpdaac. 
usgs. gov/ search/), TinItaly DEM (http:// tinit aly. pi. ingv. it/ Downl oad_ Area2. html), EMODnet Digital Terrain 
Model (https:// www. emodn et. bathy metry. eu/) and Copernicus, the latter of which is the European Union’s 
earth observation programme (https:// land. coper nicus. eu/ image ry- in- situ/ eu- hydro/ eu- hydro- river- netwo rk- 
datab ase). Well Floriana 1 was provided by the Ministry of the Economic Development in the framework of the 
project “Visibility of Petroleum Exploration Data in Italy” (http:// www. videpi. com/ videpi/ videpi. asp) (Table 2).

The interpretation of seismic and borehole data was completed in the time domain on Schlumberger’s  Petrel©. 
Central to the interpretation in this work was the identification of a basal detachment underneath the gravita-
tional complex of interest to this study. This detachment is generally parallel to underlying, undeformed seismic 
reflectors and overlain by disrupted, chaotic or deformed strata (Fig. 10). Upslope, the identification of the head-
wall region of gravitational complexes and mass-transport deposits occurs when the basal detachment ramps up 
and offsets increasingly shallower  strata47–50. Downslope, the toe region is interpreted near where compressional 
structures sole out in the basal detachment  surface51 (Fig. 10).

In order to reconstruct the evolution of slope instability features in the Gulf of Squillace, seismic interpre-
tation was completed based on the recognition of key seismic horizons, and truncation, downlap and onlap 
geometries in strata.

Data availability
All data generated or analysed during this study are included in this published article.
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