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1  |  INTRODUC TION

The Internal Ligurian (IL) units (Figure 1a) represent fragments of the 
Ligure–Piemontese oceanic basin that opened in the Middle to Late 
Jurassic between the European and Adria continental margins and 
closed by subduction and subsequent continental collision from Late 
Cretaceous to Middle-Late Eocene (Marroni et al., 2017 and refer-
ences therein). In the IL units, the record of the subduction part of 
this geodynamic evolution is represented by a pre-Oligocene poly-
phase deformation history (Meneghini et al., 2007 and references 

therein). Due to their relevance in understanding the geodynamic 
history of the Ligure–Piemontese basin, the IL units have been stud-
ied in detail, both from a stratigraphic and structural point of view.

Despite all these contributions (see Meneghini et al., 2007 for 
a review), specific published data on the metamorphic conditions 
of the IL units are scarce, dated, and mainly concern thermal peak 
quantification (Ellero et al., 2001; Leoni et al., 1996; Malavieille 
et al., 2016; Reutter et al., 1980; Venturelli & Frey, 1977), while 
pressure conditions have remained largely undetermined. In the 
literature, the deformation of the IL units has been related to an 
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Abstract
The Internal Ligurian units (Northern Apennine) represent deformed and metamor-
phosed fragments of the oceanic lithosphere of the Ligure–Piemontese oceanic basin. 
Different tectonic models have been proposed for the geodynamic setting in which 
the deformation and metamorphism have been acquired. However, the lack of up-
dated, clear, thermo-barometric data has made it hard to unambiguously discriminate 
between these different proposed models. In this article, we provide evidence for the 
deformation of the Palombini Shale, i.e., pelagic deposits belonging to the Internal 
Ligurian units, under P and T peak conditions of 230–300°C. and 0.6–0.9 GPa, re-
spectively. These data indicate that the Internal Ligurian units were affected by a 
blueschist facies metamorphism achieved during the underplating within the accre-
tionary wedge developed during the Late Cretaceous—Early Tertiary Alpine subduc-
tion. These data support the hypothesis of a unique, pre-Oligocene orogenic system 
for the Alpine belt and the westernmost sector of the Northern Apennines belt.
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2  |    MENEGHINI et al.

involvement of these units in the Alpine subduction, with the 
model of accretion spanning from coherent underplating (Marroni 
et al., 2004; Meneghini et al., 2007), to frontal accretion (Principi 
& Treves, 1984; Treves, 1984). Other authors have proposed an 
evolution in an intraoceanic transpressional setting during the clo-
sure of the Ligure–Piemontese basin (Nirta et al., 2005) or achieved 
during an incipient continental collision of an oceanic trapped 
crust (Hoogerduijn Strating, 1994; Hoogerduijn Strating & Van 
Wamel, 1989; Principi & Treves, 1984). The lack of updated, clear, 
thermo-barometric data have made it hard to unambiguously dis-
criminate between these different tectonic models.

As the Ligurian sector of the Northern Apennine represents the 
junction with the Ligurian sector of the Alpine chain, a clear inter-
pretation of the tectonic setting of deformation of the IL units is 
also crucial to depict the bigger geodynamic picture of the Alps–
Apennine system. The Western Alps, located west of the IL units, 
include ocean-derived units with a clear, undoubted subduction-re-
lated metamorphic imprint and are classically interpreted as formed 
through subduction, accretion at different structural levels, and sub-
sequent exhumation into the Alpine wedge (Federico et al., 2015; 
Sanità et al., 2022a; Seno et al., 2005). Deciphering whether the 

IL units show a subduction signature is necessary to discriminate 
between a geodynamic picture that interprets these units as geo-
dynamically separated from the Western Alps of Liguria, or as part 
of the same Alpine accretionary wedge (Bortolotti et al., 2001; 
Castellarin & Cantelli, 2010; Schmid et al., 2017).

We have performed a detailed study to quantify the P–T con-
ditions of the deep-sea pelagic deposits covering the ophiolite 

Statement of significance

We have quantified the P–T conditions recorded in the 
Loco subunit (Internal Ligurian units) cropping out in an 
area East of Passo della Forcella (GE, Northern Apennine, 
Italy). This unit was buried at depth corresponding to blue-
schists facies conditions during the Alpine orogeny. The re-
construction of the P–T path of the Loco subunit permitted 
to better constrain the tectonic evolution of this sector of 
the Northern Apennine

F I G U R E  1  Regional setting of the Northern Apennines belt. (a) Tectonic setting of the Northern Apennine and Alps. OL, Ottone–Levanto 
line; SV, Sestri Voltaggio line; VM, Voltri Massif. Location of (b) is also shown; (b) sketch map of Northern Apennine in the area between 
Piacenza, Genova and La Spezia. The study area (Figure 2a) is indicated by the black square; (c) stratigraphic log of IL units.
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    |  3MENEGHINI et al.

sequence. The P–T conditions of the samples were estimated by 
combining different methods based on the dependency of mineral 
composition on pressure and temperature. The results are discussed 
to discriminate the different interpretations proposed for the tec-
tonic setting of the IL units during the subduction event.

2  |  GEOLOGIC AL OVERVIE W OF THE IL 
UNITS

The IL units crop out extensively in the Ligurian–Emilian sector of 
the Northern Apennines between two main, north–south trending 
strike-slip fault systems: the Sestri–Voltaggio line to the west and 
Ottone–Levanto line to the east (Figure 1b). The Sestri–Voltaggio 
line juxtaposes the IL units with the Voltri Massif, a stack of eclogite-
facies metamorphic ophiolite-bearing units belonging to the Alpine 
belt (e.g., Capponi et al., 2016). The Ottone–Levanto line represents 
the boundary with the External Ligurian units (Marroni et al., 2019), 
representative of the ocean–continent transition to the Adria margin 
of the Ligure–Piemontese basin (e.g., Elter et al., 1991).

The IL units are characterized by all or part of the same oceanic 
sequence (Principi et al., 2004 and quoted references), whose re-
constructed stratigraphy (Figure 1c) includes at its base a 800–900 
m-thick ophiolitic section that formed in the Middle to Late Jurassic 
in an ultra-slow spreading ridge (Sanfilippo & Tribuzio, 2011 and 
quoted references). The ophiolite shows a transition to deep-sea 
pelagic deposits represented by Monte Alpe cherts (Callovian–
Tithonian), Calpionella Limestone (Berriasian–Valanginian) and 
Palombini Shale (Valanginian–Santonian). The Palombini Shale is the 
most represented deposit of the IL units, cropping out ubiquitously 
in all the different IL units. It consists of CaCO3-free shales alternat-
ing with layers of metalimestones and metasilstones. The Palombini 
Shale grades upward into a turbidite complex that includes the Early 
Campanian Manganesiferi Shale, the Early to Late Campanian Monte 
Verzi Marl, the Late Campanian-Early Maastrichtian Zonati Shale and 
the Early Maastrichtian-Early Palaeocene Monte Gottero Sandstone 
(Marroni & Perilli, 1990). The turbidite formations are all interpreted 
as belonging to a complex turbidite fan system that includes mixed 
siliciclastic–carbonatic and siliciclastic turbidites supplied by the 
European continental margin (Fonnesu et al., 2018 and quoted refer-
ences). The youngest deposits of the succession are represented by 
Early Palaeocene debris flow deposits (Festa et al., 2021 and quoted 
references). The transition from pelagic deposits to turbidites up to 
debris flow deposits reflects the trenchward motion of a portion of 
the oceanic lithosphere (Marroni & Pandolfi, 2001).

The most complete sedimentary succession is preserved in the 
Gottero unit. Its complex and long-lived tectono-metamorphic his-
tory achieved during the closure of the Ligure–Piemontese oceanic 
basin have been described in detail by Marroni and Pandolfi (1996), 
Marroni et al. (2004) and Meneghini et al. (2007). This deforma-
tion path includes two folding phases, respectively referred to as 
D1 and D2 phases, each subdivided into several sub-phases. The 
same deformation history has been identified in all the other IL 

units (e.g., Hoogerduijn Strating & Van Wamel, 1989; Marroni & 
Meccheri, 1993; Molli, 1996). In this context, the D2 phase has been 
interpreted as exhumation up to the surface of the IL units, and the 
D1 phase is regarded as the main deformation event that affected 
these units during the development of the metamorphic peak.

The IL units tectonic stack is unconformably topped by Early 
Oligocene conglomerates (Di Biase et al., 1997) bearing deformed 
clasts derived from the IL units, whose deformation structures and mi-
crostructures can be related to the above-described deformation his-
tory. This allows to date the deformation path as pre-Early Oligocene.

3  |  METHODS

We have estimated the P–T conditions of samples from the Palombini 
Shale Fm. collected in the more deformed portion of the Gottero 
unit, i.e., the Loco subunit, in an area located East of Passo della 
Forcella (Figure 2a,b; Marroni et al., 2019).

Microstructural analyses were performed on ten samples of 
Palombini Shales Fm., to select those in which the dynamic recrys-
tallization of chlorite and white mica during the D1 phase is better 
expressed. P and T conditions of the D1 phase were estimated on the 
base of the local equilibrium of these two mineral phases through 
multi-equilibrium approach (i.e., Chlorite-quartz–water, Phengite-
quartz–water and Chlorite-Phengite-quartz–water methods). The 
different thermobarometric methods were applied on chlorite and 
phengite sampled within the S1 foliation of the two samples from Loco 
subunit (ULI13 and ULI14) after their standardization (see De Andrade 
et al., 2006). The calculations were performed fixing variables such as 
Fe3+, water activity and structural water in phengite (see Data S1). The 
different methods were performed independently and then the results 
were merged to obtain a best fit of P and T estimates. Results were 
then compared with classical geobarometer and geothermometers.

Raman Spectroscopy of Carbonaceous Material (RSCM) were 
also performed on selected samples of Palombini Shales Fm. to 
quantitatively estimate the peak metamorphic temperatures (see 
Data S1).

4  |  MATERIAL S AND RESULTS

We have estimated the P–T conditions of samples from the Palombini 
Shale Fm. focusing on the paragenesis grown along the S1 axial-plane 
foliation developed during the D1 phase, that is the most pervasive 
in the field and is associated to the metamorphic peak reached in 
each IL unit (Marroni et al., 2004; Meneghini et al., 2007). The S1 
foliation represent the axial plane foliation of strongly non-cylindri-
cal, isoclinal F1 folds with thickened hinges, boudinaged limbs, and 
northwestward facing. In the shales, the S1 axial-plane foliation is 
a continuous and penetrative slaty cleavage characterized by syn-
kinematic recrystallization.

Three samples (ULI12, ULI13, and ULI14) were selected from 
coarse to medium silt-sized layers in the Palombini Shale Fm. 
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4  |    MENEGHINI et al.

(Figure 2c). They consist of flakes of detrital muscovite (up to 
70 μm in diameter), chlorite (30–50 μm), quartz (20–30 μm), albite 
(10–20 μm), and minor titanite (5–10 μm), all packed in a phyllosili-
cate-bearing matrix (<10 μm, Figures 2b,c). A metamorphic paragen-
esis of Chl + Phg + Qz + Ab ± KFsp ± Cal grown along the S1 foliation 
has been recognized in all samples, with recrystallized domains not 

exceeding 5–10 μm thickness (Figures 2c,d). Carbonaceous material 
occurs in neoblastic agglomerates and veins (Figure 2c).

Chlorites grown along the S1 foliation are Al-rich and Si-poor, 
with Al content ranging from 2.70 to 3.90 atoms per formula unit 
(a.p.f.u.) and Si content never exceeding 2.75 a.p.f.u. (Figure 3). 
The composition of chlorite crystals in the microdomains in which 

F I G U R E  2  Map- to micro-scale features of the Palombini Shale studied in this work. (a) Geological map of the area east of Passo della 
Forcella (redrawn from Marroni et al., 2019). The map highlights the complicate structural setting where the Ramaceto and Loco subunits are 
associated during the last stage of the D1 phase and folded together during the D2 phase. The sampled areas are indicated by violet stars; 
(b) an example of the Palombini Shale outcrop from the study area. The main deformation structures that characterize the D1 phase are 
emphasized; (c) S1 foliation observed at the optical microscope (sample ULI14, cross-polarized light). The microdomain sampling for EPMA 
analyses of (c) is provided in the box; (d) Back-scattered images obtained with the microprobe showing chlorite and phengite distribution on 
the sample ULI13. Rendering and schematization were done with XMapTools (Lanari et al., 2014) re-elaborating the WDS intensity maps: 
the sketched portions of chlorite and phengite Al-maps consist in masks, where the six mineral phases occurring in the microareas are 
represented by different colours (the relative legend is provided in the bar between the two maps).
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    |  5MENEGHINI et al.

chlorite is grown together with phengite varies very little along the 
amesite-sudoite solid solution (Figure 3).

Phengite grown along the S1 foliation is Si-rich and Na-poor (i.e., 
<0.01 a.p.f.u.). In all studied samples, Si-content ranges between 
3.00 and 3.50 a.p.f.u. with a modal value of 3.20 a.p.f.u. (Figure 3), 

whereas the K in phengite mainly ranges from 0.65 to 0.85 a.p.f.u. 
(Figure 3). Despite different trends shown by the samples, all of 
them show an affinity with the muscovite end-member (Figure 3). 
ULI14 shows a symmetric distribution around the muscovite vertex 
and ULI13 is characterized by a great dispersion between muscovite 

F I G U R E  3  Binary and ternary 
diagrams showing the compositions of 
the chlorite and phengite of the samples 
ULI13 and ULI14. The position of each 
colored ellipse in the diagrams is that 
of the average value calculated on 15 
spot analysis. Rainbow spots in the small 
ternary diagrams indicate the distribution 
of all the spot analysis acquired from the 
compositional map. Yellow triangles and 
di/triochtaedral (DT) and Tschermak (TK) 
substitutions reported in the ternary 
diagrams are taken from Vidal and 
Parra (2000, see Data S1).

TA B L E  1  Examples of mineral chemistry of Chl–Ph couples selected along the S1 foliation of metapelites of the Loco subunit.

Sample ULI13 ULI14

Couple 1 Couple 2 Couple 3 Couple 1 Couple 2 Couple 3

Analyse Chl37 Ph5 Chl51 Ph10 Chl86 Ph96 Chl22 Ph22 Chl77 Ph54 Chl98 Ph11

Wt%

SiO2 25.68 48.76 26.90 47.63 25.60 48.70 30.43 52.66 26.62 56.61 26.62 52.66

TiO2 - 0.85 - - 0.06 0.28 - - - 0.22 - -

Al2O3 30.47 35.12 26.11 35.12 22.17 31.33 36.35 33.00 27.96 28.74 25.16 33.00

FeO 20.60 4.73 35.02 4.73 29.35 5.58 3.98 1.70 27.86 3.40 23.88 1.70

MnO - - - - 0.07 0.04 - - - - - -

MgO 8.37 1.94 3.35 1.94 11.13 2.32 17.97 2.26 4.49 - 13.48 1.51

CaO 0.09 - 0.17 0.13 0.04 0.04 - - - - - 0.07

Na2O - - - - - 0.35 - 0.75 - - - 0.75

K2O 0.85 8.40 0.12 9.73 0.02 7.44 1.54 8.07 - 10.55 0.47 8.69

Tot. 86.06 99.80 91.67 99.28 88.44 96.08 90.27 98.44 86.95 99.52 89.61 98.38

Cations

Si 2.65 3.10 2.80 3.07 2.72 3.22 2.73 3.32 2.81 3.58 2.70 3.34

Ti - 0,04 - - 0.01 0.01 - - - 0.0.1 - -

Al 3.70 2.63 3.20 2,67 2.78 2.44 3.84 2.45 3.48 2.14 3.01 2.46

Fe2+ 1.78 3.05 2.61 0.30 2.50 2.03

Fetot 0.25 0.26 0.31 0.09 0.18 0.09

Mn - - - - 0.01 - - - - - - -

Mg 1.29 0.18 0.52 0.19 1.76 0.23 2.40 0.21 0.71 - 2.04 0.14

Ca 0.01 - 0.02 0.01 0.01 - - - - - - -

Na - - - - - 0.04 - 0.09 - - - 0.09

K 0.11 0.68 0.02 0.80 - 0.63 0.18 0.65 - 0.85 0.06 0.70

sum ox 14 11 14 11 14 11 14 11 14 11 14 11

Note: - = below detection limit.
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6  |    MENEGHINI et al.

and celadonite end-members derived from the strong variability in 
Al content of this sample (see map of Figure 3).

Pressure and temperature conditions were estimated combin-
ing different methods, starting from a compositional analysis and 
mineral chemistry definition. Spot analyses and quantitative maps 
of compositions were acquired with the electron probe micro-anal-
yser (EPMA), following the procedure of De Andrade et al. (2006); 
Table 1.

A range of temperature were calculated for all the samples with 
the chlorite-quartz–water method (Vidal et al., 2006) fixing water 
activity and a starting pressure value (see Data S1). The starting 
pressure was chosen by selecting the value that gives the largest 
convergence of single analyses having the same XFe3+ (=Fe3+/Fetot), 
which is a pressure dependent parameter (e.g., Munoz et al., 2006). 
Temperature ranges obtained for the chlorites growing along the S1 
foliation are 180–310 (± 30)°C for ULI13 and 240–310 (± 30)°C for 
ULI14 (Figure 4).

The pressure conditions were estimated by the phengite-quartz–
water method (Dubacq et al., 2010). The equilibrium conditions are 
represented with a line in the P–T diagram (Figure 5) along which 
the interlayer water content (XH2O) varies (see Data S1). The op-
timized range of temperature used were those obtained with the 
chlorite-quartz–water method for each sample (see above). Pressure 
ranges calculated for the phengites grown along the S1 foliation 
are 0.5–0.8 (±0.2) GPa for ULI13 and 0.6–1.1 (±0.2) GPa for ULI14. 
The equilibrium conditions of chlorite–phengite pairs in the S1 foli-
ation of the samples were estimated with the Vidal and Parra (2000) 
multi-equilibrium approach (see Data S1). Equilibrium P–T ranges 

estimated for the analysed samples are 230–300°C and 0.6–0.7 GPa 
for ULI13 and 260–280°C and 0.8–0.9 GPa for ULI14.

Peak metamorphic temperatures were quantitatively estimated 
also using Raman Spectroscopy of Carbonaceous Material on two of 
the selected samples (RSCM, Lahfid et al., 2010). To perform RSCM 
geothermometry analyses (Figure 4, see also Data S1), transparent 
crystals of calcite and, occasionally, other calcsilicates were selected 
in the metasiltites of two of the selected samples. For each sample, 
ca. 15 to 20 spectra were routinely recorded to smooth out the inner 
structural heterogeneity of carbonaceous material within samples, 
and then processed and converted into temperature. The spectra 
were deconvoluted following the method of Lahfid et al. (2010). 
Estimated average Tmax is 250 (± 26)°C for ULI12 and 255 (± 16)°C 
for ULI13.

5  |  DISCUSSION & CONCLUSION

The T conditions of the metamorphic peak estimated in this study 
with different methods are coherent with those reported in previ-
ous studies where the T is regarded as ranging from 230 to 300°C 
(Ellero et al., 2001; Leoni et al., 1996; Reinhardt, 1991; Venturelli & 
Frey, 1977). The P conditions in the range from 0.6 to 0.9 GPa are the 
first quantitative geobaric estimates for the IL units, and are crucial 
to reconstruct a P–T gradient. The data indicate that the metamor-
phic peak has been acquired at about 20–30 km in a setting charac-
terized by a geothermal gradient of about 10–12°C/km.

The resulting geothermal gradient is not coherent with the inter-
pretation of the IL units as remnants of a trapped crust lying above 
the subduction zone, as in this case the ophiolites escape subduc-
tion-related metamorphism and are deformed only during conti-
nental collision (e.g., Brown, 2007 and quoted references), thus in 
a geothermal gradient warmer than what is estimated in this study. 
Similarly, a deformation of the IL units in a transpressional zone is 
also unlikely.

The estimated “cold” geothermal gradient instead supports the 
hypothesis of a deformation of the IL units in a subduction zone. 
Particularly, these metamorphic conditions and the structural fea-
tures of the D1 phase, i.e., the isoclinal folds and the foliation, are 
coherent with a transfer of a fragment of oceanic lithosphere at 
the base of an accretionary wedge by a process of coherent un-
derplating (sensu Moore & Sample, 1986) as proposed by Marroni 
and Pandolfi (1996) Marroni et al. (2004, 2017) and Meneghini 
et al. (2007).

The IL units as part of a pre-Oligocene subduction system allows us 
to discuss their evolution in the bigger context of the Alps–Apennine 
system and geodynamic evolution. The Western Alps, located west 
of the IL units, feature several ophiolite-bearing units, from the 
westernmost Moglio–Testico unit (Sanità et al., 2022a), through the 
Montenotte unit (Federico et al., 2015; Seno et al., 2005) to the Voltri 
Massif west of the IL units, with a clear subduction-related meta-
morphic signature, proving their building during subduction, accre-
tion at different structural levels, and subsequent exhumation into 

F I G U R E  4  Representative Raman spectra of carbonaceous 
material from sample ULI13. The spectra were deconvoluted 
following the method of Lahfid et al. (2010). Observed data, the 
modeled spectrum after deconvolution and the five Lorentzian 
bands are shown. In the table below, the estimated final peak 
temperatures with error, and the RA1 ratio calculated from 
the area below the five Lorentzian bands (RA1 = [D1 + D4]/
[D1 + D2 + D3 + D4 + G]), are shown for the analysed samples (see 
Data S1 for details on the deconvolution method).
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F I G U R E  5  Results of the analytical methods employed (chlorite-quartz–water, phengite-quartz–water and chlorite-Phengite-quartz–
water multiequilibrium methods) for the study of the samples ULI13 and ULI14. The colored boxes in the main P/T space represent the P–T 
equilibrium stability of the chlorite–phengite couples, tracked using the results of the chlorite-quartz–water method (histograms) and of 
the phengite-quartz–water of Dubacq et al., 2010 (lines with circles). Black circles along the colored lines indicate the activity of the water 
(aH2O). Given the presence of calcite, water activity was set to 0.8 for all the samples (e.g., Di Rosa et al., 2020; Sanità et al., 2022b). Crosses 
indicate the P–T equilibria conditions of a single representative chlorite–phengite couple estimated with the Chlorite-Phengite-quartz–
water multiequilibrium approach (Vidal & Parra, 2000). The dimension of the crosses is proportional to the energy required to obtain the 
equilibrium (biggest crosses require higher energy). Equilibrium tolerance was set to 1000 J. Details about the reactions related to these 
chlorite-phengite couples are reported in the small P–T diagrams. In red the six equilibria used for modeling are marked. They are: (4) − 4 
Clinochlore +4 Daphnite − 5 Fe-Amesite +5 Mg-Amesite; (29) 14 alpha-Quartz − 4 Daphnite +5 Fe-Amesite +3 Mg-Amesite − 6 Sudoite +8 
water; (34) − 10 Mg-Celadonite +15 alpha-Quartz − 2 Daphnite +10 Fe-Celadonite +2 Mg-Amesite − 4 Pyrophyllite + Sudoite; (53) 75 alpha-
Quartz − 2 Clinochlore +2 Daphnite − 10 Fe-Celadonite +10 Muscovite − 20 Pyrophyllite +5 Sudoite; (7) − 5 Mg-Celadonite + Clinochlore 
+4 Daphnite − 5 Fe-Amesite +5 Muscovite; (64) 2 Fe-Amesite − 8 Fe-Celadonite +13 Mg-Amesite +8 Muscovite +14 Pyrophyllite − 26 
Sudoite +30 water.

F I G U R E  6  3D sketch illustrating the geodynamic setting of the Ligure–Piemontese oceanic basin during Late Cretaceous subduction 
based on the reconstruction of Bracciali et al., 2007 (see main text to compare this reconstruction with the different ones proposed in 
literature). Red box indicates the position of the Loco subunit during the D1 phase deformation within the Alpine wedge. The inferred 
position of the ophiolite-bearing units of Western Alps (e.g., Montenotte and Moglio-Testico units and Voltri Massif, see main text) in the 
same wedge is shown with the blue box.
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the Alpine wedge. The lack of a clear subduction imprint for the IL 
units has resulted in an interpretation of them as geodynamically sep-
arated from the Western Alps of Liguria, and considered instead as 
the westernmost sector of the Northern Apennine, not involved in 
the Alpine subduction evolution (Bortolotti et al., 2001; Castellarin & 
Cantelli, 2010; Schmid et al., 2017).

Following the evidence provided in this study of a blueschists 
facies metamorphism in the Palombini Shale of the easternmost 
IL units, coupled with a deformation style unambiguously in-
terpreted as coherent with a subduction setting (e.g., Shreve & 
Cloos, 1986) we then propose a geodynamic model where the IL 
units were subducted and accreted at much shallower depths at 
the base of the same pre-Oligocene Alpine accretionary wedge 
where the deeper, higher pressure oceanic units of the Western 
Ligurian Alps were developed their structures. The proposed 
model is shown in the 3D, not to scale reconstruction of Figure 6 
and it is worthy to compare it with the alternative models pro-
posed in literature, such as fig. 4 of Principi & Treves, 1984; fig. 9 
of Principi & Treves, 1984, fig. 8 of Hoogerduijn Strating, 1994, 
and fig. 15 of Nirta et al., 2005.

The proposed model supports then the hypothesis of a unique, 
pre-Early Oligocene orogenic system for the Alpine belt and the 
westernmost sector of the Northern Apennine belt.

ACKNO WLE DG E MENTS
We thank the reviewers and the Editor for their constructive 
comments. This study was supported by PRIN Project 2020 (M. 
Marroni coordinator) and by the PRA project of University of Pisa (F. 
Meneghini coordinator).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Maria Di Rosa  https://orcid.org/0000-0002-1154-7429 

R E FE R E N C E S
Bortolotti, V., Principi, G., & Treves, B. (2001). Ophiolites, Ligurides and 

the tectonic evolution from spreading to convergence of a Mesozoic 
Western Tethys segment (pp. 151–164). The Apennines and adjacent 
mediterranean basins, Springer Science & Business Media.

Bracciali, L., Marroni, M., Pandolfi, L., & Rocchi, S. (2007). Petrography 
and geochemistry of western Tethys Mesozoic sedimentary cov-
ers (Alpine Corsica and Northern Apennines): a valuable tool in 
constraining sediments provenance and margin configuration. 
In J. Arribas, S. Critelli, & M. J. Johnsson (Eds.), Sedimentary 
Provenence and Petrogenesis: Perspectives from Petrography and 
Geochemistry, Geological Society of American Special Papers, 420, 
73–93.

Brown, M. (2007). Metamorphic conditions in orogenic belts: A record of 
secular change. International Geology Review, 49, 193–234. https:// 
doi. org/ 10. 2747/ 0020- 6814. 49.3. 193

Capponi, G., Crispini, L., Federico, L., & Malatesta, C. (2016). Geology 
of the eastern Ligurian Alps: A review of the tectonic units. Italian 
Journal of Geosciences, 135(1), 157–169.

Castellarin, A., & Cantelli, L. (2010). Geology and evolution of the 
northern Adriatic structural triangle between Alps and Apennine. 
Rendiconti Lincei, 21, 3–14.

De Andrade, V., Vidal, O., Lewin, E., O'Brien, P., & Agard, P. (2006). 
Quantification of electron microprobe compositional maps of 
rock thin sections: An optimized method and examples. Journal of 
Metamorphic Geology, 24, 655–668.

Di Biase, D., Marroni, M., & Pandolfi, L. (1997). Age of the deforma-
tion phases in the Internal Liguride units: Evidences from lower 
Oligocene Val Borbera conglomerates of tertiary Piedmont Basin 
(northern Italy). Ofioliti, 22(2), 231–238.

Di Rosa, M., Meneghini, F., Marroni, M., Frassi, C., & Pandolfi, L. (2020). 
The coupling of high-pressure oceanic and continental units in 
Alpine Corsica: Evidence for syn-exhumation tectonic erosion at 
the roof of the plate interface. Lithos, 354-355, 105328.

Dubacq, B., Vidal, O., & De Andrade, V. (2010). Dehydration of diocta-
hedral aluminous phyllosilicates: Thermodynamic modelling and 
894 implications for thermobarometric estimates. Contributions 
Mineralogy and Petrology, 159, 159–174.

Ellero, A., Leoni, L., Marroni, M., & Sartori, F. (2001). Internal Liguride 
units from Central Liguria, Italy: New constraints to the tectonic 
setting from white mica and chlorite studies. Swiss Bulletin of 
Mineralogy and Petrology, 81, 39–54.

Elter, P., Marroni, M., Molli, G., & Pandolfi, L. (1991). Caratteristiche 
stratigrafiche del Complesso di M.Penna/Casanova (Val Trebbia, 
Appennino Settentrionale). Atti Ticinensi di Scienze Della Terra, 34, 
97–106.

Federico, L., Crispini, L., Malatesta, C., Torchio, S., & Capponi, G. (2015). 
Geology of the Pontinvrea area (Ligurian Alps, Italy): Structural set-
ting of the contact between Montenotte and Voltri units. Journal of 
Maps, 11(1), 101–113.

Festa, A., Meneghini, F., Balestro, G., Pandolfi, L., Tartarotti, P., Dilek, 
Y., & Marroni, M. (2021). Comparative analysis of the sedimen-
tary cover units of the Jurassic Western Tethys ophiolites in the 
northern Apennines and Western Alps (Italy): Processes of the 
formation of mass transport and chaotic deposits during seafloor 
spreading and subduction zone tectonics. Journal of Geology, 
129(5), 533–561.

Fonnesu, M., Felletti, F., Haughton, P. D., Patacci, M., & McCaffrey, W. 
D. (2018). Hybrid event bed character and distribution linked to 
turbidite system sub-environments: The north Apennine Gottero 
sandstone (north-West Italy). Sedimentology, 65(1), 151–190.

Hoogerduijn Strating, E. H. (1994). Extensional faulting in an intraoce-
anic subduction complex—Working hypothesis for the Palaeogene 
of the Alps-Apennine system. Tectonophysics, 238(1–4), 255–273.

Hoogerduijn Strating, E. H., & Van Wamel, W. A. (1989). The structure 
of the Bracco complex (Ligurian Apennines, Italy): A change from 
alpine to Apennine polarity. Journal of Geological Society, 146, 
933–944.

Lahfid, A., Beyssac, O., Deville, E., Negro, F., Chopin, C., & Goffé, B. 
(2010). Evolution of the Raman spectrum of carbonaceous mate-
rial in low-grade metasediments of the Glarus Alps (Switzerland): 
RSCM in low-grade metasediments. Terra Nova, 22(5), 354–360.

Lanari, P., Vidal, O., De Andrade, V., Dubacq, B., Lewin, E., Grosch, E. G., 
& Schwartz, S. (2014). XMapTools: A MATLAB©-based program for 
electron microprobe X-ray image processing and geothermobarom-
etry. Computers & Geosciences, 62, 227–240.

Leoni, L., Marroni, M., Tamponi, M., & Sartori, F. (1996). Metamorphic 
grade in metapelites of the Internal Liguride units (northern 
Appennines, Italy). European Journal of Mineralogy, 8, 35–50.

Malavieille, J., Molli, G., Genti, M., Dominguez, S., Beyssac, O., Taboada, 
A., Vitale-Brovarone, A., Lu, C. Y., & Chen, C. T. (2016). Formation 
of ophiolite-bearing tectono-sedimentary mélanges in accretion-
ary wedges by gravity driven submarine erosion: Insights from 
analogue models and case studies. Journal of Geodynamics, 100, 
87–103.

 13653121, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ter.12694 by Portail B

ibC
N

R
S IN

SU
, W

iley O
nline L

ibrary on [21/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-1154-7429
https://orcid.org/0000-0002-1154-7429
https://doi.org/10.2747/0020-6814.49.3.193
https://doi.org/10.2747/0020-6814.49.3.193


    |  9MENEGHINI et al.

Marroni, M., & Meccheri, M. (1993). L'Unità di Colli/Tavarone in Alta 
Val di Vara (Appennino Ligure): caratteristiche litostratigrafiche e 
assetto strutturale. Bollettino Della Società Geologica Italiana, 112, 
781–798.

Marroni, M., Meneghini, F., & Pandolfi, L. (2017). A revised subduction 
inception model to explain the late cretaceous, double vergent oro-
gen in the pre-collisional Western Tethys: Evidence from the north-
ern Apennines. Tectonics, 36(10), 2227–2249.

Marroni, M., Meneghini, F., Pandolfi, L., Hobbs, N., & Luvisi, E. (2019). 
The Ottone-Levanto line of eastern Liguria (Italy) uncovered: A late 
Eocene-early Oligocene snapshot of northern Apennine geody-
namics at the Alps/Apennines junction. Episodes, 42(2), 107–118.

Marroni, M., & Pandolfi, L. (1996). The deformation history of an ac-
creted ophiolite sequence: The Internal Liguride units (northern 
Apennines, Italy). Geodinamica Acta, 9(1), 13–29.

Marroni, M., & Pandolfi, L. (2001). Debris flow and slide deposits at the 
top of the Internal Liguride ophiolitic sequence (northern Apennine, 
Italy): A record of frontal tectonic erosion in a fossil accretionary 
wedge. The Island Arc, 10, 9–21.

Marroni, M., Pandolfi, L., & Meneghini, F. (2004). From accretion to exhu-
mation in a fossil accretionary wedge: A case history from Gottero 
unit (northern Apennines, Italy). Geodinamica Acta, 17, 41–53.

Marroni, M., & Perilli, N. (1990). The age of the ophiolite sedimentary 
cover from the Mt. Gottero unit (Internal Ligurid units, northern 
Apennines): New data from calcareous nannofossils. Ofioliti, 15, 
251–267.

Meneghini, F., Marroni, M., & Pandolfi, L. (2007). Fluid flow during ac-
cretion in sediment-dominated margins: Evidences of a high-per-
meability fossil fault zone from the Internal Ligurian accretionary 
units of the northern Apennines, Italy. Journal of Structural Geology, 
29(3), 515–529.

Molli, G. (1996). Pre-orogenic tectonic framework of the northern 
Apennines ophiolites. Eclogae Geologicae Helvetiae, 89, 163–180.

Moore, J. C., & Sample, J. C. (1986). Mechanisms of accretion at sed-
iment-dominated subduction zones: Consequences for the strati-
graphic record and the accretionary prism hydrogeology. Memorie 
Della Societa Geologica Italiana, 31, 107–118.

Munoz, M., De Andrade, V., Vidal, O., Lewin, E., Pascarelli, S., & Susini, 
J. (2006). Redox and speciation micro-mapping using dispersive 
X-ray absorption spectroscopy: Application to iron in chlorite min-
eral of metamorphic rock thin section. Geochemistry, Geophysics, 
Geosystems, 7, Q11020.

Nirta, G., Pandeli, E., Principi, G., Bertini, G., & Cipriani, N. (2005). The 
Ligurian units of southern Tuscany. Bollettino Della Società Geologica 
Italiana, 3, 29–54.

Principi, G., Bortolotti, V., Chiari, M., Cortesogno, L., Gaggero, L., 
Marcucci, M., Saccani, E., & Treves, B. (2004). The pre-orogenic 
volcano-sedimentary covers of the western Tethys oceanic basin: 
A review. Ofioliti, 29(2), 177–211.

Principi, G., & Treves, B. (1984). Il sistema corso-appenninico come 
prisma di accrezione. Riflessi sul problema generale del limite Alpi-
Appennini. Memorie Della Societa Geologica Italiana, 28, 549–576.

Reinhardt, M. (1991). Vitrinite reflectance, illite crystallinity and tec-
tonics: Results from the northern Apennines (Italy). Organic 
Geochemistry, 17(2), 175–184.

Reutter, K. J., Teichmüller, M., Teichmüller, R., & Zanzucchi, G. (1980). 
Le ricerche sulla carbonificazionedei frustoli vegetali nelle rocce 

clastiche, come contributo ai problemi di paleogeotermia e tetton-
ica nell'Appennino Settentrionale. Memorie Della Societa Geologica 
Italiana, 21, 111–126.

Sanfilippo, A., & Tribuzio, R. (2011). Melt transport and deformation 
history in a nonvolcanic ophiolitic section, northern Apennines, 
Italy: Implications for crustal accretion at slow spreading settings. 
Geochemistry, Geophysics, Geosystems, 12(7), Q0AG04.

Sanità, E., Di Rosa, M., Lardeaux, J. M., Marroni, M., & Pandolfi, L. 
(2022a). The Moglio-Testico unit (Ligurian Alps, Italy) as subducted 
metamorphic oceanic fragment: Stratigraphic, structural and met-
amorphic constraints. Minerals, 12(11), 1343. https:// doi. org/ 10. 
3390/ min12 111343

Sanità, E., Di Rosa, M., Lardeaux, J. M., Marroni, M., & Pandolfi, L. (2022b). 
Metamorphic peak estimates of the Marguareis unit (Briançonnais 
domain): New constrains for the tectonic evolution of the South-
Western Alps. Terra Nova, 34(4), 305–313.

Schmid, S. M., Kissling, E., Diehl, T., van Hinsbergen, D. J., & Molli, G. 
(2017). Ivrea mantle wedge, arc of the Western Alps, and kinematic 
evolution of the Alps–Apennines orogenic system. Swiss Journal of 
Geosciences, 110, 581–612.

Seno, S., Dallagiovanna, G., & Vanossi, M. (2005). A kinematic evolu-
tionary model for the Penninic sector of the central Ligurian Alps. 
International Journal of Earth Sciences, 94, 114–129.

Shreve, R. L., & Cloos, M. (1986). Dynamics of sediment subduction, 
melange formation, and prism accretion. Journal of Geophysical 
Research: Solid Earth, 91(B10), 10229–10245.

Treves, B. (1984). Orogenic belts as accretionary prism: The example of 
the northern Apennines. Ofioliti, 9, 577–618.

Venturelli, G., & Frey, M. (1977). Anchizone metamorphism in sedimen-
tary sequences of the northern Apennines. Rendiconti Della Società 
Italiana di Mineralogia e Petrologia, 33, 109–123.

Vidal, O., De Andrade, V., Lewin, E., Munoz, M., Parra, T., & Pascarelli, 
S. (2006). P–T deformation Fe2+/Fe3+ mapping at the thin sec-
tion scale and comparison with XANES mapping: Application to a 
garnet-bearing metapelite from the Sambagawa metamorphic belt 
(Japan). Journal of Metamorphic Geology, 24, 669–683.

Vidal, O., & Parra, T. (2000). Exhumation paths of high-pressure 
metapelites obtained from local equilibria for chlorite–phengite as-
semblage. Geological Journal, 35, 139–161.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Data S1

How to cite this article: Meneghini, F., Di Rosa, M., Marroni, 
M., Raimbourg, H., & Pandolfi, L. (2023). Subduction 
signature in the Internal Ligurian units (Northern Apennine, 
Italy): Evidence from P–T metamorphic peak estimate. Terra 
Nova, 00, 1–9. https://doi.org/10.1111/ter.12694

 13653121, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ter.12694 by Portail B

ibC
N

R
S IN

SU
, W

iley O
nline L

ibrary on [21/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3390/min12111343
https://doi.org/10.3390/min12111343
https://doi.org/10.1111/ter.12694

	Subduction signature in the Internal Ligurian units (Northern Apennine, Italy): Evidence from P–T metamorphic peak estimate
	Abstract
	1|INTRODUCTION
	2|GEOLOGICAL OVERVIEW OF THE IL UNITS
	3|METHODS
	4|MATERIALS AND RESULTS
	5|DISCUSSION & CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


