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Abstract: In the Northern Apennines, the Internal Ligurian Units are considered deformed and
metamorphosed fragments of the Ligure-Piemontese oceanic basin. In this paper, we report on
the temperature and pressure conditions of the metamorphic peak for four Internal Ligurian Units,
estimated using different geothermometers and geobarometers based on the white mica and chlorite
compositions. These minerals were formed during the D1 deformation phase in the pre-Oligocene.
The results indicate that the Portello and Gottero units are both characterized by metamorphic
conditions pertaining to low blueschists facies, while the Colli-Tavarone and Bracco-Val Graveglia
Units show a lower metamorphic imprint that produces assemblages of prehnite-pumpellyite facies.
The estimated geothermal gradient for the metamorphic peak achieved by the analyzed Internal
Ligurian Units during the D1 phase is 7-15 °C/Km, which is indicative of deformation in a subduction
setting. Under these conditions, the D1 phase developed in these units as a result of underplating at
the base of the accretionary wedge during the closure of the Ligure-Piemontese basin. These data
indicate a close geodynamic correlation among the Internal Ligurian Units and the ophiolite-bearing
units of the Alps.

Keywords: Northern Apennines; Internal Ligurian Units; high pressure metamorphism; Ligure-

Piemontese ocean; subduction

1. Introduction

Ophiolites represent fragments of the oceanic lithosphere preserved as deformed
and metamorphosed tectonic units within collisional belts. They can be deformed in
different tectonic settings, such as in the subduction zone, during the collision, or along the
continental margins by obduction [1]. The reconstruction of their geodynamic settings of
deformation is a fundamental step to understand the evolution of collisional belts: the main
constraint to this reconstruction is estimating the metamorphic imprint and the pressure
(P) and temperature (T) conditions recorded during deformation [2].

Like most of the worldwide collisional belts, the Northern Apennines typically pre-
serves fragments of the oceanic lithosphere consisting of both mantle and crustal sections,
including magmatic as well as sedimentary rocks [3-6]. These successions are grouped
into the so-called Internal Ligurian (IL) Units that crop out at the top of the Northern
Apennines tectonic stack. IL Units are unambiguously interpreted as fragments of the
Ligure-Piemontese oceanic basin, the narrow northern branch of the western Tethys basin
that opened in the Middle Jurassic between the European and Adria continental mar-
gins and was then consumed during a Campanian subduction event that culminated in
the Middle to Late Eocene continental collision [7-14]. Because of their relevance in un-
derstanding the geodynamic history of the Ligure-Piemontese basin, the IL Units have
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been studied in detail to constrain the stratigraphy of the ophiolite sequences and sed-
imentary covers [3-5,15-19] as well as for the structural features of their pre-Oligocene
deformation history [20-29]. However, the available data about their metamorphism are
scarce and mainly derived from T estimates of the metamorphic peak from illite and
chlorite crystallinity [30-37] and from analyses of the carbonaceous material [31,38,39],
whereas the P conditions remain largely undetermined. This is due to the very low kinetics
during low-T condition reactions that makes chemical equilibria rarely achieved at the
whole rock scale [40], thus hampering the unambiguous constraint of the P-T conditions
of metamorphism [41-43]. In addition, it is specifically difficult to assess metamorphic
peaks in metasedimentary rocks, since the high content of detrital minerals in relict phases
makes effective rock composition largely questionable and unreliable in terms of building
isochemical phase diagrams, i.e., pseudosections [44,45]. As a consequence, only an ap-
proach based on the combined use of different thermobarometric methods can result in
unambiguous estimates.

The lack of reliable data about the metamorphism of the IL Units has hampered an
unambiguous definition of the tectonic setting of deformation, which still remains a matter
of debate. Most contributions have regarded the IL Units as involved in accretion and
subduction with transfer mechanisms to the accretionary wedge ranging from coherent un-
derplating [28] to frontal accretion [4,9,46]. In contrast, some authors [23,26] have regarded
the IL Units as located in the trapped crust within the upper plate of the subduction system
and consequently deformed only during the inception of the continental collision. Further,
other authors have proposed that the deformation of the IL Units is the result of intraoceanic
transpressional tectonics during the closure of the Ligure-Piemontese basin [47]. According
to these authors, the onset of the transpression occurred during the Late Cretaceous in
correspondence with the pre-existing oceanic transform fault.

Recently, Meneghini et al. [48] provided the first evidence of a subduction signature
in the IL Units by determining the peak conditions for the IL Units within a narrow
area through a quantitative approach based on the white mica—chlorite multi-equilibrium
thermobarometry [49]. This result represents the starting point for a complete re-definition
of the metamorphism of all the IL Units cropping out in the northwestern side of the
Northern Apennines. In this contribution, we report the estimated metamorphic peak
in the IL Units by selecting the metapelites from Palombini Shale Fm. belonging to the
sedimentary cover of the ophiolite sequence. This formation has been selected because it is
present in most of the IL Units and shows the same lithological features everywhere, which
minimizes the influence of bulk rock compositional variations. The results are discussed to
discriminate the different interpretations proposed for the tectonic setting of the IL Units
during the subduction event.

2. Overview of the IL Units

The IL Units crop out extensively in the Northern Apennines from Eastern Liguria,
where they are juxtaposed with the Western Alps, through Central Liguria to Southern
Tuscany (Figure 1).

Eastern Liguria, along the Lavagna, Sturla, Graveglia and Vara valleys, is the best place
to study the IL Units because the stratigraphic successions, even if strongly deformed, are
extensively well-exposed. Here, the IL Units consist of a stack of tectonic units (Figure 2a)
overlain by the Antola Unit, regarded as belonging to the External Ligurian (EL) Units [50].
The relationships between the Antola and IL Units are sealed by the Early Oligocene
conglomerates of the Tertiary Piedmont Basin [27]. The thrust between the Antola and IL
Units is affected by a large antiform with a high-angle axial plane, as shown in Figure 2a.
This antiform also deforms the overlying deposits of the Tertiary Piedmont Basin [51].
In turn, both the IL and EL Units are thrust during the Miocene over the Subligurian
and Tuscan Units. These units, whose succession is derived from the Adria continental
margin, consist of Triassic to Tertiary carbonate and siliciclastic deposits topped by foredeep
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turbidites, and are well exposed to tectonic windows in the Taro [52] and Aveto valleys in
this area [53].
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Figure 1. (a) Location of the study area in the western Mediterranean (modified from [27]);

(b) Tectonic setting of the Northern Apennines and Alps (redrawn and modified from [54]). SVL:

Sestri Voltaggio line; VM: Voltri Massif. Location of Figure 2a is also shown.

The IL Units are bounded by two main, north-south trending and strike-slip fault
systems: the Sestri-Voltaggio (Figure 1) and Ottone-Levanto lines (Figure 2a), both regarded
as Late Eocene-Early Oligocene in age. The western boundary is represented by the
dextral strike-slip Sestri-Voltaggio line, in which the IL Units are juxtaposed against the
eclogite-facies ophiolite-bearing units of the Voltri Massif [55], belonging to the Alpine

belt [56]. To the east, the Ottone-Levanto line represents the boundary with the EL Units

(Figure 2b), which consists of unmetamorphosed successions derived from the ocean-
continent transition to the Adria plate margin [27,57].
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Figure 2. (a) Geological map of the study area. The localization of the sampled areas is shown;
(b) Sketch of the stack of units of the Eastern Liguria. In the map, the outcropping area of the ophiolite
sequence, the associated deep sea pelagic deposits (i.e., Cherts, Calpionella Limestone and Palombini
Shale Fms.), the turbidite deposits (i.e., Lavagna Group, Canale Fm., Ronco Fm., Gottero Sandstone)
and the debris flow and slide deposits (i.e., Monte Lavagnola Fm., Cassingheno Fm., Bocco Shale
and Tavarone Fm.) are shown. ULI3b, ULI7, ULI8, ULI19 and ULI22 represent the locations of the
collected and analyzed samples.
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The Ottone-Levanto line displays structural features that indicate deformation with
components of top-to-NE thrusting and contemporaneous top-to-SW sinistral /dip-slip
shearing [58].

The stack of the IL Units includes, from bottom to the top, the Colli-Tavarone, Bracco-
Val Graveglia, Gottero, Vermallo, Due Ponti and Portello Units (Figure 3) [59]. The
first two units are characterized by an ophiolite sequence overlain by sedimentary cover,
whereas the other units include only segments of the latter. Due to internal thrusting, some
IL Units can be subdivided into subunits at the map scale [60].
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Figure 3. Stratigraphic logs of the IL Units (modified and redrawn from [29]). Oph: Ophiolite
sequence; DSD, CL and PBS: deep sea pelagic deposits including Cherts, Calpionella Limestone and
Palombini Shale Fms., respectively; SVL, FCL, ROC and GOT: turbidite deposits including Lavagna
Group, Canale Fm., Ronco Fm., Gottero Sandstone, respectively; FLV, FCS, BCC and FCT: debris flow and
slide deposits including Monte Lavagnola Fm., Cassingheno Fm., Bocco Shale and Tavarone Fm., respectively.

2.1. Stratigraphic Setting

All the IL Units are derived from the lithosphere belonging to the Ligure-Piemontese
ocean and are made up by the same stratigraphic sequence or by a section of it. So,
a complete stratigraphic log can be fully reconstructed only by the integration of data
available from the different tectonic units (Figure 3).

At its base, this cumulative log includes a Middle-to-Late Jurassic ophiolite sequence
covered by a thick sedimentary cover ranging in age from Late Jurassic to Early Paleocene.
The ophiolite sequence is characterized by a 500-600 m thick basement consisting of
serpentinized mantle lherzolite intruded by small gabbro bodies. The basement is covered
by a volcano-sedimentary complex, up to 300-400 m thick, that consists of pillow lavas
and massive basaltic flows interfingering with ophiolite breccias and cherts. The ophiolite
sequence [7] shows a transition to deep-sea pelagic deposits sedimented in a basin plain
depositional setting below the CCD (calcite compensation depth) with a very low rate of
sedimentation [27].
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The Palombini Shale Fm. is the youngest and the most representative formation of
this deep-sea pelagic sequence and is recognized in all these units, with the only exceptions
represented by the Vermallo and Due Ponti Units. The Palombini Shale Fm. grades upward
to turbiditic deposits ranging from the Campanian to Early Paleocene age. These deposits
belong to a complex turbidite fan system that includes mixed siliciclastic-carbonatic and
siliciclastic turbidites supplied by the European continental margin [61]. These turbidites
are regarded as tectonically controlled deposits sedimented in a trench system developed
since the Campanian [62]. The youngest formation of the IL Units is represented by the
Early Paleocene debris flow and slide deposits lying unconformably on top of all the older
formations in the Gottero, Portello and Colli-Tavarone Units. This formation has been
interpreted as trench deposits related to an event involving frontal tectonic erosion of the
accretionary wedge slope [29].

2.2. Pre-Oligocene Deformation History

The IL Units are polydeformed and show evidence of multiple events of veining,
folding and thrusting. These events are grouped in two phases, D1 and D2, both of which
developed in the pre-Oligocene. Each phase includes a set of progressive deformation steps
that are all coherent from a structural point of view and resulting from the same tectonic
process. Due to the lack of geochronological constraints, the age of the deformation phases
has been constrained by the IL Units-derived clasts found within the Early Oligocene
conglomerates of the Tertiary Piedmont Basin. These clasts, set in an undeformed matrix,
display two deformation phases like those detected in the IL Units [63].

The most complete description of these two deformation phases was provided by [28]
for the Gottero Unit, but the same deformation history has been identified in all the other
IL Units such as the Bracco-Val Graveglia [25] and Colli-Tavarone [16] or the Portello,
Vermallo and Due Ponti Units [27].

In all the IL Units, the D1 phase is the most pervasive in the field, and it consists of
a sequence of deformations connected to the metamorphic peak. The D1 phase has been
divided into three sub-phases, respectively, reported as the D1la, D1b and D1c sub-phases
according to Meneghini et al. [28]. According to Hoogerduijn Strating and Van Wamel [25]
and Marroni and Meccheri [16], the same subdivision can be proposed for the deformation
history reconstructed in the Bracco-Val Graveglia and Colli-Tavarone Units.

During the D1a sub-phase, only a network of veins is developed before any folding or
thrusting phase. These veins might be interpreted as small-scale fractures representing con-
duits for fluid migration in partially lithified sediments, probably during stress-controlled
compaction. The D1b sub-phase is characterized by strongly non-cylindrical, isoclinal
D1 folds that deform both bedding and pre-existing veins. The D1 folds show thickened
hinge zones, while the limbs are generally affected by boudinage and necking. The fac-
ing of the D1 folds is consistently toward NW (Figure 4a,b). Associated with the D1b
sub-phase is a strongly developed S1 axial-plane foliation that is not transposed by the
subsequent deformations. In the metapelites, the S1 foliation can be classified as slaty cleav-
age being characterized by elongate quartz-albite-mica aggregates surrounded by aligned
fine-grained phyllosilicates. A metamorphic mineral assemblage of white mica + chlorite
+ quartz + calcite + albite + Fe-oxides has been detected in the metapelites (Figure 4a,b).
Pressures shadows around detrital minerals are well developed, showing infillings of
fibrous minerals such as quartz, phyllosilicates and calcite. The subsequent D1c sub-phase
is characterized by the development of brittle shear zones consisting of m-thick foliated
cataclasites generally parallel to the S1 foliation. Their microscale structures, as asymmetric
recrystallized tails around detrital minerals, suggest a top-to-NW sense of shear.

The D2 phase is also the result of progressive deformation steps. The D2a sub-phase is
characterized by recumbent asymmetric folds with sub-horizontal axes and flat-lying axial
planes. These folds show an approximately parallel geometry with sub-rounded to rounded
hinges. The facing of the D2 folds is everywhere towards the E. The D2 folds everywhere
deform the S1 foliation as well as the D1 folds, thus producing a type 3 interference pattern.
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The axial plane foliation of the D2 folds is represented by a crenulation cleavage ranging
from discrete to zonal types [64]. The S2 foliation is defined by cleavage domains showing
a gradual transition to microlithons, without any metamorphic recrystallization. The D2
folds are systematically associated with low-angle, normal/dip-slip cataclastic shear zones
as detected by the shear sense criteria. The subsequent D2b sub-phase is represented by
high-angle normal faulting that cuts all the pre-existing structures.

According to [28], the boundaries between the different IL Units as well as the internal
imbrication of the units into subunits consist of cataclastic shear zones developed during
either the D1 (sub-phase D1c) or the D2 phase (sub-phase D2a). For instance, the subunits
of the Gottero Unit are coupled at the end of the D1 phase, as recognized in the Sturla
Valley by [58]. Similarly, the shear zones responsible for the internal imbrication of the
Colli-Tavarone Unit are deformed by the D2 folds, as is the boundary between this unit and
the Bracco-Val Graveglia Unit [16]. Other boundaries, as those between the Gottero and the
Bracco-Val Graveglia or the Colli-Tavarone Units, are deformed only by the large antiform
that also affected the Antola Unit and the Tertiary Piedmont Basin. All these unit-bounding
shear zones, occurring as flat-lying surfaces, are therefore regarded as having developed
during the D2 phase. This timing of deformation has also been proposed for the boundary
between the Gottero and Portello as well as the Vermallo and Due Ponti Units.

Overall, the IL Units consist of an assemblage of tectonic units, derived from the same
ophiolite sequence, whose coupling occurred after the metamorphic peak, i.e., after the
D1b sub-phase.

3. Previous Studies on the Metamorphism of IL Units

The metamorphism of the IL Units from Central Liguria, i.e., the Cravasco-Voltaggio
and Mt. Figogna Units, is well known owing to the occurrence of metabasalts and metagab-
bros with a metamorphic peak produced under low-blueschist facies P-T conditions [65,66].
In contrast, the peak metamorphism in the IL Units of Eastern Liguria is less constrained,
especially for the P estimates. The first data about these units were provided by [30], who
determined the crystallinity and polytypism of illite, i.e., the Kubler Index, in different
formations. These authors studied samples collected from turbidite deposits in the Gottero
Unit as well as samples collected from pelagic deposits in the Bracco-Val Graveglia Unit.
Reutter et al. [38] determined the vitrinite reflectance, from which the metamorphic grade
in the turbidites cropping out in the area between the Lavagna and Sturla valleys was
obtained. Bonazzi et al. [31] provided both illite crystallinity and vitrinite reflectance data
for a wide range of lithologies belonging to the Gottero and Bracco-Val Graveglia Units.
The results obtained by [31] were subsequently confirmed for the Bracco-Val Graveglia Unit
by [67] who analyzed prehnite and pumpellyite formed in the basalts during the orogenic
event. Further data related to the metamorphism of the IL Units were provided by [33].
Subsequently, refs. [32,34] reported additional data using the same methods. However, all
these studies provide ranges of T conditions but do not offer quantifications of the meta-
morphic peak conditions. Only [35,36] provided estimates of P and T values by using Ilt
and Chl crystallinity and the IIt bO parameter measured in samples of Palombini Shale Fm.
collected from some IL Units in Liguria. The P values estimated using the Ilt b0 parameter
are, however, largely approximates, as they were in fact obtained by comparison with
the same parameters detected in the Palombini Shale Fm. of the ophiolite-bearing units
cropping out in the Sestri-Voltaggio area, where P was determined by the metamorphic
mineral assemblage in metabasites. Further insight was provided by [68] who obtained
Paleozoic ages from analyses of the fission tracks from zircons collected in the Gottero
Sandstone Fm. of the Monte Ramaceto and Monte Zatta outcrops. Findings suggest that
the T of the metamorphism did not exceed the T proposed for the annealing of fission
tracks [69]. In [28], the T was estimated qualitatively for the metamorphic peak in the
Palombini Shale Fm. from the Forcella Pass by the twin types in calcite fibers recrystallized
during peak metamorphism [70,71]. Lastly, [39] provided two T estimates for the Palombini
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Shale Fm. from the Gottero Unit using the Raman Spectroscopy of Carbonaceous Material
(RSCM) method.

4. Sampling Strategy and Methods

The metamorphic conditions of the IL Units were estimated from samples in the
Palombini Shale Fm. based on the metamorphic paragenesis grown along the S1 axial plane
foliation during the D1b phase (Figure 4a,b). This formation is made up of an alternance of
layers of meta-limestones, shales and coarse-to-medium meta-siltstones that repeat homo-
geneously along the entire formation thickness in all the different units. The homogenous
lithology of the Palombini Shale Fm. and its occurrence in most of the IL Units make this
formation the best candidate on which the quantification of the P, T condition of all the IL
Units can be attempted. The analyzed samples are meta-siltstones collected from where
the S1 foliation is best preserved, i.e., along the limbs of the D2 folds and far from the
cataclastic shear zones. The sampling areas are shown in Figure 2a. The samples are consti-
tuted by flakes of detrital white mica (up to 70 um in length), chlorite (30-50 um), quartz
(20-30 um), albite (10-20 um), and minor titanite (Ttn) and K-feldspar (5-10 um) dragged
into a phyllosilicate-bearing matrix (<10 um, Figure 4c,d). The metamorphic paragenesis
made of the chlorite + white mica + quartz + albite + K-feldspar = calcite set that defines
S1 is recognizable in all the samples (Figure 4c,d). Sl foliation is well developed, and
the recrystallized domains do not exceed 5-10 pm in thickness (Figure 4c,e,f). Mineral
chemistry coupled with micro-texture are the criteria used to distinguish the detrital chlo-
rite and white mica grains from the neo-formed ones. In the latter, a further selection
based on the relationships between chlorite and white mica grains grown in the same
micro-domain and showing clear equilibrium relationships was performed. Generally, the
detrital grains (Figure 4f) show frayed edges and slight core-to-rim chemical zoning, unlike
the syn-metamorphic ones.

Spot analyses and quantitative maps of compositions were acquired using the Electron
Probe Microanalyser (EPMA), following the procedure by [72]. The XMapTools [73] soft-
ware was used for sampling in the micro-areas and applying classical thermometers [74-76]
and the geobarometer from [77]. The range of P (GPa) and T (°C) in which chlorite and
white mica are in equilibrium was verified using different methods [78,79]. The outcoming
P-T conditions of chlorite-white mica couples defining the S1 foliation were then estimated
by using the chlorite-phengite-quartz-water [80] method. The analyses show that the total
(oxides%) of white mica is higher than the standard: these high values are attributable to
an overlap of the beam, which is derived from the stacking of the white mica beam with
those of other mineral phases such as chlorite, plagioclase or quartz. Such overlapping
of beams can hardly be avoided. The eventual low K,O values observed in white mica is
attributable to sample alteration, and we attempted to minimize this problem by sampling
only the freshest available portions.

To test our results, the T values for the Gottero, Portello, Colli-Tavarone and Bracco-Val
Graveglia Units obtained in this work were compared using four different geothermometers.

The chlorite-quartz-water method [78] provided the T related to a single analysis of the
base of the content of the chlorite end-members and modeled with the following reactions:

4 daphnite + 5 Mg-amesite = 4 clinochlore + 5 Fe-amesite

5 Fe-amesite + 3 Mg-amesite + 14 quartz + 8 H,O = 4 daphnite + 6 sudoite

These reactions were calculated assuming an initial value of water activity (aH,O).
If samples lack carbonates, aH,O is assumed to be 1.0. An aH,O value of 0.8 was used
for the samples that contain calcite, since the non-water part needs to be modelled into
the fluid budget [81]. Only the analyses for which the reactions reached the equilibrium
conditions in an interval of 30 °C were considered. Together with the T, the percentage of
Fe®* values associated with each single analysis is reported. Calculations were performed
at different starting P values (see Supplementary Material), so as to cover a wide range
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of pressure conditions of metamorphic facies from the prehnite-pumpellyite (0.1 GPa)
up to the low/medium blueschist (1.0 GPa). The P value at which the Fe3* becomes
homogeneous for a larger number of chlorite analyses was chosen as the best value, and
consequently the T range associated with that P value was the interval chosen as the most
reliable [82].

The thermometer for di-trioctahedral chlorite [75] is based on four independent end-
members which follow the reaction:

2 clinochlore + 3 sudoite = 4 amesite + 4H,O + 7 quartz

This reaction is appropriate for meta-sediments reaching peak conditions at T lower
than 400 °C. Since the geothermometer works only by setting a Fe3* percentage, in this
work, we adopted the average Fe3* value calculated for each sample using the chlorite-
quartz-water method.

T results were also compared using Cathelineau’s geothermometer [74]. This method
is based on the linear ration existing between the A1V content in the tetrahedral site of
chlorite and T using the following formula:

T (°C) = —61.92 + 32.98 (AIV])

Cathelineau’s geothermometer provides reliable results between 150 and 300 °C and when
the initial Fe** percentage is selected based on the results of the chlorite-quartz-water method.

The last geothermometer used in this work is that by Bourdelle et al. [76], specifically
for low T (<350 °C) and P (<0.4 GPa) conditions. This method is modelled based on
the solid solutions among six end-members of chlorite, which are modelled using the
following reaction:

Mg-Algecchlorite + 3 Mg-sudoite = 3 Mg-amesite + 7 quartz + 4 H,O

This geothermometer was used for its independence from Fe3* content [76].

P conditions were calculated using the phengite-quartz-water method [79] and Mas-
sonne and Schreyer’s geobarometer [77]. The former is based on the dehydration of white
mica, which is P and T dependent and is modelled by the following reaction:

2 muscovite + phlogopite + 11 quartz + 2 H,O = 3 Mg-celadonite + 2 pyrophyllite

The results are represented by a line along which the interlayer water content (in
the A-site) varies by increasing P and T. In this study, the value of interlayer water was
chosen by considering the consistency observed in the white mica analysis of each sample,
according to many studies [81]. The range of P relating to each sample was then identified
by choosing the most consistent interlayered water content among the individual analyses,
setting the T value and a percentage of Fe>* a priori. These two latter values were set based
on the results of the chlorite-quartz-water method.

The geobarometer by Massonne and Schreyer [77] was adopted for a comparison with
the results obtained using the phengite-quartz-water method. This popular geobarometer
is essentially based on the linear increase of Si content (atoms per formula unit, a.p.f.u.)
with P. In our sample, this geobarometer was applied to the same micro-areas selected
on the micro-maps sampled for the phengite-quartz-water method. As indicated by the
authors who created the barometer, for all samples in which the mineral assemblage of
the samples did not coincide with that for which the barometer is optimized, the P values
obtained were considered as representative of the minimum P values reached during the
peak metamorphism in that tectonic unit [77,83].
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Figure 4. The D1 phase registered by the Palombini Shale Fm. from meso- to micro-scale. D1
mesofold (a,b) in the Gottero Unit. The S1 foliation in thin section (sample ULI9), Portello Unit, at
(c) plane-polarized light and (d) cross-polarized light. EPMA micro-map of sample ULI9, showing
the distribution of (e) SiO; (wt%) and (f) XMg content in Chl and Wm. S0: primary bedding; S1: D1
phase-related axial plane foliation; S2: D2 phase-related axial plane foliation. Mineral abbreviation
after [84].
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A numerical approach based on the thermodynamic equilibrium of chlorite-white mica
couples defining the same microstructure was used to estimate the P-T peak conditions of
the samples from the IL Units. The chlorite-phengite-quartz-water method [80] allowed us
to define the P-T equilibria based on the following:

4 daphnite + 5 Mg-amesite = 4 clinochlore + 5 Fe-amesite

5 Fe-amesite + 3 Mg-amesite + 14 quartz + 8 H,O = 6 sudoite + daphnite

10 Fe-celadonite + 2 Mg-amesite + sudoite + 15 quartz = 10 Mg-celadonite + 2 daphnite + 4 pyrophyllite

5 sudoite + 2 daphnite + 10 muscovite + 75 quartz = 2 clinochlore + 10 Fe-celadonite + 20 pyrophyllite

5 muscovite + clinochlore + 4 daphnite = 5 Mg-celadonite + 5 Fe-amesite

2 Fe-amesite + 13 Mg-amesite + 8 muscovite + 14 pyrophyllite + 30 H,O = 8 Fe-celadonite + 26 sudoite

Only the equilibria of chlorite and white mica that fit with the P-T ranges and were
estimated using the chlorite-quartz-water and the phengite-quartz-water methods were
considered in this work. The equilibrium tolerance for each single equilibrium was set to
1 k] for all samples except for ULI9, which was raised to 5 k] for the sake of better statistics.
According to Vidal and Parra [80], the final error associated with this approach is 30 °C and
0.2 GPa for T and P, respectively.

5. Mineral Chemistry
5.1. Chlorite

The mineral chemistry of chlorite defining S1 was determined from six samples of
Palombini Shale Fm. from the Gottero, Portello, Colli-Tavarone and Bracco-Val Graveglia
Units. The sample from the Gottero Unit (sample ULI3b) is characterized by XMg rang-
ing between 0.35 and 0.47, Al (Altot = M2 + M3 + M4) content that varies from 2.25 to
2.98 a.p.f.u. and Si values ranging between 2.75 and 2.99 a.p.f.u. (Figures 4f and 5a, see
also Supplementary Material for all of the range values reported in the text). Al in chlorite
from samples in the Portello Unit (ULI7, ULI8 and ULI9) is included between 2.52 and
3.17 a.p.f.u. (Figure 5a). The Si values range between 2.65 and 2.98 a.p.f.u., whereas the
XMg values (0.34-0.73) tend to be higher than those of the Gottero Unit. The sample from
the Colli-Tavarone Unit (ULI19) shows the lowest XMg range of all the samples studied
(0.26-0.41), while the Al and Si content fits with the trend observed in the other samples
(ca. 2.72-3.01 and 2.69-2.77 a.p.f.u., respectively).

The sample from the Bracco-Val Graveglia Unit (ULI22) has Si and Al content of
2.60-2.74 and 2.61-3.14 a.p.f.u., respectively and XMg of 0.34-0.46. All the samples tend to
be characterized by Fe?*+Mg?* ranging between 3.5 and 4.5 a.p.f.u. resulting in an end-
member proportion that tends towards clinochlore/daphnite (Figure 5a). The Si content of
all the samples implies that they have more than 50% of the amesite component.

5.2. White Mica

Together with chlorite, along the S1 foliation, neoblasts of white mica also occur
(Figure 5b). The lowest Si content is found in white mica occurring in samples from the
Bracco-Val Graveglia Unit (3.06-3.28 a.p.f.u), Colli-Tavarone Unit (3.13-3.31 a.p.f.u.) and
Gottero Unit (3.21-3.36 a.p.f.u.). The highest contents of Si are reported in the Portello
Unit (up to 3.53 a.p.f.u., Figure 5b). The Bracco-Val Graveglia and Portello Units show
more variable XMg ranges (0.20-0.72 and 0.25-0.75, respectively) than the Colli-Tavarone
and Gottero Units (0.43-0.61 and 0.11-0.52, respectively). K in white mica ranges between
0.40 and 0.89 a.p.f.u. in all the samples studied (Figure 5b, see Supplementary Material).
On average, the white mica studied has a high content of Al;O3, which shifts all analyses
towards the muscovite end-member.
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Figure 5. Mineral chemistry of Chl and Wm in the samples studied in this work. (a) Chl end-member
proportion (triangular plot according to [85]—squares indicate the value of octahedral vacancy) with
3D diagram showing Si, XMg and Al content. (b) Wm end-member proportion (taken from [80]) with
3D diagram showing Si, XMg and K content. The plots refer to examples of Chl-Wm couples for each
sample that reach the equilibrium condition at the lowest Gibbs free energy. See the Supplementary
Material for an exhaustive summary table, where the mineral chemistry of white mica and chlorite
used to estimate the P-T conditions is reported.

6. P-T Estimates

The chlorite-quartz-water method [78] was applied six times on each sample consider-
ing different starting P (see Table S3 of the Supplementary Material). All the calculations
were performed after setting the aH2O to 0.8. In the Gottero Unit, T ranged between 190
and 320 °C, whereas in the Portello Unit, T showed a wider range but never exceeded
350 °C. For the samples of Colli-Tavarone and Bracco-Val Graveglia Units, T ranges of
170-330 °C and 230-330 °C were respectively estimated (Figure 6).

The geothermometer for di-trioctahedral chlorite [75] was applied to all the samples.
The T ranges estimated were similar to but lower than those estimated using the chlorite-
quartz-water method. In ULI7 (i.e., the Portello Unit), this method allowed for better
constraining of the T range of the metamorphic peak to values higher than 200 °C.
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Cathelineau’s calibration [74] produced a range of T that covered the interval of
100-350 °C in all the samples. This range was consistently broadened towards high T in
samples where higher values were identified with other thermometers, such as ULI7 (ca.
370 °C, Figure 6).

The application of the Bourdelle et al. geothermometer [76] provided results similar to
the T range estimated from previous methods, even if a systematic drift towards low T is
observed in all samples (Figure 6). This is probably due to the P range that our samples are
expected to cover (0.4-1.2 GPa), which tends to be higher than those for which Bourdelle’s
method is optimized (<0.4 GPa).

P estimates were obtained by comparing the phengite-quartz-water method [79] with
Massonne and Schreyer’s geobarometer [77] (see Figure 6 and Figure S1 of the Supplemen-
tary Material).

Samples from the Gottero and Portello Units show the highest P (0.8-1.0 and 0.4-1.1 GPa,
respectively). The Colli-Tavarone and Bracco-Val Graveglia Units are instead characterized
by lower P, which are 0.4-0.8 GPa and 0.1-0.6 GPa, respectively. The Massonne and
Schreyer’s geobarometer [77] provided P that overlap these ranges of pressure (Figure 6).

The P-T equilibrium conditions of selected chlorite-white mica couples were defined
using the chlorite-phengite-quartz-water method and considering the P-T ranges defined
with the other geothermometers and geobarometers. The Gottero Unit reached the meta-
morphic peak at 200-230 °C and 0.8-1.0 GPa.

The samples of the Portello Unit are all coherently characterized by P-T conditions
of 220-310 °C and 0.7-1.0 GPa. The Colli-Tavarone and Bracco-Val Graveglia Units are
both characterized by lower P-T conditions, which are 0.4-0.6 GPa /170-250 °C and
0.4-0.5 GPa/230-270 °C, respectively (Figure 6).

7. Discussion
7.1. Estimation of P-T Metamorphic Conditions

In this contribution, the metamorphic conditions of four tectonic units of the IL Units
from Eastern Liguria (i.e., the Gottero, Portello, Colli-Tavarone and Bracco-Val Graveglia
Units) are determined. These estimates are based on samples from the Palombini Shale Fm.
showing S1 defined by neo-crystalline chlorite and white mica.

These P-T conditions can be associated with the metamorphic peak that occurred
during the D1 event of deformation in the IL Units at different P-T conditions. The
estimates allow for identifying two groups of units (Figure 7). The Bracco-Val Graveglia
and Colli-Tavarone Units recorded the lowest P-T peak conditions. The lowest T (170-250
°C) was registered by the sample ULI19, from the Colli-Tavarone Unit, whereas the sample
ULI22, collected in the Bracco-Val Graveglia Unit, reached a slightly higher T (230-270 °C).

The P calculated for these two units is comparable, being estimated as ranging from 0.4
to 0.6 GPa. So, for these two units, the metamorphic peak registered during the D1 phase
can be regarded as having occurred at P-T conditions pertaining to prehnite-pumpellyite
facies (Figure 7).

The second group is represented by the Gottero and Portello Units where different
P-T peak conditions were registered. The samples from the Gottero and Portello Units
show peak T values (200-300 °C) that are slightly different from those of the Bracco-Val
Graveglia and Colli-Tavarone Units, but higher P values. These values are estimated as
0.8-1.0 GPa for the Gottero Unit and as 0.7-1.0 GPa for the Portello Unit. The estimated P-T
conditions indicate that the second group of IL Units were deformed under low blueschist
facies conditions. The values detected for the Gottero Unit are coherent with the values
estimated by Meneghini et al. [48] for the same unit, even if the samples analyzed by these
authors were derived from a different subunit. These data, which were performed on the
Palombini Shale Fm. using the same methodology as in this contribution, indicate a P
condition from 0.6 to 0.9 GPa. By comparing the P-T estimates of Meneghini et al. [48] with
the dataset presented in this work, similar metamorphic peak conditions for the samples of
the Gottero Unit and Portello Unit can be observed (Figure 7).
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Figure 6. P/T diagrams showing the results of the thermobarometric estimation performed on the
samples from the IL Units. Colored boxes in the P/T space indicate the areas constrained with chlorite-
quartz-water and phengite-quartz-water methods. Colored crosses indicate the P-T equilibrium
conditions of single selected Chl-Wm couples obtained using the chlorite-phengite-quartz-water
multi-equilibrium method. Along the X and Y axes, the results of the applied geothermobarometer
used to test the reliability of our estimates are reported. In the inset, the estimated interlayer water
content in Wm, Fe>* oy percentage and equilibrium tolerance (used with the chlorite-phengite-quartz-
water method, CPQW) values for each sample are reported. The ellipses indicate the selected P-T
conditions for each investigated sample [74-76,78,79].
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The quantification of the P-T conditions allows us to better define the characteristics
of the IL Units stack that can be now described as made of two groups of units deformed
during the same D1 phase but at different metamorphic conditions, with the Gottero and
Portello Units structured at a deeper structural level than the Colli-Tavarone and Bracco-
Val Graveglia Units. Uncommonly, the units with higher metamorphic imprints are now
stacked over those with lower metamorphic conditions, with a P gap in between.
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Figure 7. P-T metamorphic conditions of the IL Units (colored ellipsoids) obtained in this work.
Ellipsoids include only the Chl-Wm couples in equilibrium that form clusters in the P/T space (i.e.,
crosses shown in Figure 6). Other samples from the IL Units (i.e., [48,82]) are also plotted. The
diagram was redrawn and modified from [86] and quoted references.

7.2. Comparison with Previous Estimates of P-T Conditions

The results of this study can be compared with previously published contributions on
the IL Units of Eastern Liguria (Table 1). As previously mentioned, these studies mainly
concern the estimation of T using Ilt and chlorite crystallinity [30,32-35], carbonaceous
material analysis [38], or both methodologies applied together [31,33]. In contrast, only the
semiquantitative estimates of P using the It bO parameter are available [35,36].

Regarding the estimation of T using Ilt crystallinity, for the diagenesis/anchizone
and the anchizone/epizone boundaries, all authors referred to Kiibler’s index values of
A20 = 0.42° and A26 = 0.25° [87], respectively ([88] and [89] for more details on anchizone
and epizone metamorphism). These boundaries are regarded by [90] and by [86] as corre-
sponding to T of 200-250 °C and 300-350 °C, respectively. Considering these boundaries,
the T data obtained in this study confirm the results reported in [32-36] that indicate a T
within the anchizone field. The data by Leoni et al. [36] on peak metamorphism indicate a T
of 210-270 °C for the Gottero Unit and a T of 160-210 °C for the Bracco-Val Graveglia Unit.
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Table 1. Summary table of the metamorphic imprint based on the T estimates from previous authors.
Each number between brackets indicates the used method to estimate T. No data are available for the
Portello and Due Ponti Units.

Authors Gottero Unit Bracco-Val Graveglia Unit Colli-Tavarone Unit

Venturelli and Frey, 1979 (1) anchizone anchizone

Reutter et al. 1980 (2) diagenesis/anchizone

Bonazzi et al., 1987 (1,2) anchizone/epizone anchizone

Lucchetti et al. (1990) prehnite-pumpellyite facies

Reinhardt, 1991 (1,2) anchizone

Molli et al., 1992 (1,3) anchizone

Ducci et al., 1995 (1,3) anchizone

Leoni et al., 1992 (1,3) anchizone

Leoni et al., 1996 (1,3) anchizone anchizone anchizone

Balestrieri et al., 1996 (4)

T range of 270-350 °C

Marroni et al., 2004 (5)

T greater than 200 °C

Malavieille et al., 2016 (6)

T=253°C

1: illite crystallinity; 2: vitrinite reflectance; 3: chlorite crystallinity; 4: Fission tracks annealing; 5: twin types in Cc
fibers; 6: RSCM.

The same authors also provided quantitative data about the Colli-Tavarone Unit, where
the peak conditions are characterized by a T of 200-250 °C. In contrast, the values reported
by [31] indicate a wider range of T that produced grades ranging from anchizone to epizone.
The occurrence of samples with an epizone metamorphic imprint indicate T conditions
higher than those estimated in this study. This discrepancy is probably due to the fact
that [31] analyzed samples from different lithologies and in different structural positions,
such as shear zones and/or fold limbs—features that can influence the Ilt crystallinity
values [91].

A comparison can also be made between our data and those by [38] based on vitrinite
reflectance analyses of turbidite deposits from the Gottero Unit. The collected data indicate
that most T values reflect diagenesis/anchizone metamorphic conditions, with Rm values
greater than 4%. The first data concur with our results, but the second are puzzling.
However, the occurrence of the diagenesis was not confirmed by the subsequent study on
the Gottero Unit by [33], involving vitrinite reflectance and Ilt crystallinity and that has
shown prevailing anchizone conditions. These data, as well as those resulting from zircon
fission tracks [68], calcite twinning [28] and RSCM methods [39], are in agreement with the
results obtained in this study.

In contrast, the available P estimates are only semiquantitative, having obtained It bO
values [35,36] of 0.4 GPa for the Gottero Unit, 0.2-0.3 GPa for the Bracco-Val Graveglia Unit
and 0.2-0.3 GPa for the Colli-Tavarone Unit. They confirm the difference in P between the
Gottero Unit and the coupled Bracco-Val Graveglia and Colli-Tavarone Units, as assessed
in this contribution. A further qualitative evaluation of P has been provided by [67]
that recognized an orogenic-related prehnite-pumpellyite assemblage in the basalts of the
Bracco-Val Graveglia Unit.

Overall, the data provided in this paper are coherent with most T estimates provided
in previous published contributions, mainly the most recent ones. In contrast, the P values
estimated in this study are the first quantitative data provided for these units.

7.3. Geodynamic Implications for the Closure of the Ligure-Piemontese Oceanic Basin

Based on the data collected in this paper, the P-T conditions estimated for all the IL
Units indicate that the metamorphic peak was acquired at a depth of about 13-35 km in a
setting characterized by a geothermal gradient of about 7-15 °C/Km (Figure 7). This is the
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crucial result of this study because it allows us to discard some of the previous geodynamic
models on the formation of these units. This gradient, for example, cannot be achieved in
the context of a trapped oceanic crust lying above the subduction zone. This oceanic crust
generally escapes subduction and is deformed only during continental collision [92-94], for
which a higher geothermal gradient should be expected. Our data do not support a Late
Cretaceous-Early Tertiary deformation of the IL Units in an intraoceanic transpressional
setting during the closure of the Ligure-Piemontese oceanic basin, as proposed for the
ophiolite-bearing units of Southern Tuscany by [47]. This interpretation is at odds with the
P-T conditions estimated in this study as well as with the deformation features detected in
the Palombini Shale Fm.

The only geodynamic setting where the estimated cold geothermal gradient can occur
is a subduction zone [95-98]. Moreover, the P conditions are not compatible with a D1 phase
developed in a subduction setting by frontal accretion because this mechanism implies a
deformation that occurs at a depth shallower than 8-10 km [99-102]. The estimated P-T
conditions and the structural features of the D1 phase are instead coherent with a process of
underplating at different structural levels at the base of the accretionary wedge. According
to the lack of evidence of tectonic mélanges in all the IL Units, the transfer within the
accretionary wedge clearly occurred via coherent underplating as proposed by [24,28,29].
So, the IL Units can be interpreted as fragments of the Ligure-Piemontese oceanic basin
involved in a subduction zone via underplating before the Oligocene.

This interpretation allows some considerations about the correlation of the IL Units
with the ophiolite units of Ligurian Alps, i.e., the Voltri Massif. The IL Units are separated
from the Voltri Massif by the Sestri Voltaggio line that has been classically interpreted as
the Alps-Apennines boundary [103-107]. Along this line, in fact, a sharp metamorphic gap
is recorded with the high-pressure Voltri Massif, deeply involved in Alpine subduction,
tectonically detached from the lower grade IL Units east of the Sestri-Voltaggio line and
lacking a subduction signature related to Alpine history. The data provided in this paper
indicate that the Palombini Shale Fm., far east of the Sestri-Voltaggio line, is also affected by
metamorphism ascribable to low blueschists facies conditions. In addition, low blueschists
facies metamorphic conditions within the IL Units have been reported just east of the
Sestri-Voltaggio line [55] and at the top of the Voltri Massif, i.e., in the Montenotte [108] and
the Moglio-Testico [82] Units. A similar setting can be also envisaged for the ophiolitic units
of the Western Alps, where two types of contrasting tectono-metamorphic evolutions have
been detected [109]. The structurally lower ophiolite-bearing units [e.g., the Zermatt-Saas
Fee Unit] show a predominance of ophiolites over metasediments and are characterized by
an eclogite metamorphic imprint [98] with local ultra-HP relics [110]. The structurally upper
ophiolite-bearing unit [e.g., the Combin zone] is instead dominated by metasediments with
greenschist facies paragenesis overprinted on blueschist facies relics [111].

A new scenario for the Alps-Apennines junction area can thus be proposed. Both the
Apennine and Alpine ophiolite-bearing units are not only derived from the same oceanic
basin but also share the same subduction-related metamorphism. Therefore, we can infer
here that the two groups of units were part of the same pre-Oligocene Alpine accretionary
wedge. In this scenario, the IL Units were deformed during underplating at shallow to
moderate levels [28], whereas the eclogite facies metamorphic ophiolites of the Voltri Massif
and Zermatt-Saas Fee Unit represent an episode of subduction at much deeper levels [112].

8. Conclusions

The data collected in this paper allow for the reviewing of the P-T conditions expe-
rienced by the IL Units during the pre-Oligocene peak metamorphism related to the D1
deformation phase. These conditions are estimated based on the composition of white
mica and chlorite, which are assumed to be in chemical equilibrium formed during the D1
phase, by using several geothermometers and geobarometers. The results indicate that the
metamorphic peak occurred at the prehnite-pumpellyite facies of P-T conditions for the
Bracco-Val Graveglia and Colli-Tavarone Units and at the low blueschists facies conditions
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for the Portello and Gottero Units. This finding indicates that a P increase during the D1
phase occurred between the first and the second group of IL Units. In addition, the collected
data clearly indicate a geothermal gradient during the D1 phase of about 7-15 °C/Km
that allows the consideration of the IL Units as fragments of oceanic lithosphere deformed
during the closure of the Ligure-Piemontese oceanic basin via coherent underplating to
an accretionary wedge at a depth ranging from 13 to 35 km. This interpretation provides
further evidence of the strict correlation between the ophiolite units of the Alps and the
IL Units. This correlation confirms that these two groups of units belonged to the same
Alpine accretionary wedge originated during the Late Cretaceous-Oligocene closure of the
Ligure-Piemontese oceanic basin.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min14010064/s1. Supplementary Material: Analytical condi-
tion [113]; Table S1: mineral chemistry of white mica; Table S2: minerals chemistry of chlorite; Table
S3: parameters of the chlorite-quartz-water method; Figure S1: results of the phengite-quartz-water
method; Figure S2: results of the chlorite-phengite-quartz-water method.
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