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ABSTRACT

In Alpine Corsica, the Upper Units consist of weakly metamorphosed Middle to Late Jurassic
ophiolites and their Late Jurassic to Late Cretaceous sedimentary covers. The Navaccia Unit in the
Balagne area is one of the best preserved within the Upper Units. It is characterized by a sequence
of pillow lava basalts, which is at least 700-800 m thick, which occurs at the top of an oceanic
basement, consisting of serpentinized peridotites and gabbros, topped by ophiolitic breccias. This
sequence of pillow lavas features dolerite sills as well levels of radiolarites and continental-derived
silty sandstones and siltstones.

Geochemically, the Navaccia pillow lavas are mainly tholeiitic basalts with minor basaltic
andesites, displaying an overall N-MORB affinity but clear enrichment in incompatible elements
such as Ti, Nb, Th, Ta, Hf, and LREE relative to other Corsican ophiolites. Their chondrite-
normalized REE patterns, with HREE depletion (Dyn/Ybn = 1.29-1.59), indicate a mantle source
influenced by residual garnet. Accordingly, based on Dy/YDb vs. Ce/Yb co-variation, the Navaccia
basalts can be classified as garnet-influenced basalts like those formed at the ocean-continent
transition zone. They are characterized by hump-shaped LREE patterns (La/Nd)n = 0.64-0.93)
indicating source heterogeneity and/or source enrichment. Petrogenetic modelling (Ce, Dy, Yb,
Th, and Nb) suggests primary magmas derived from 8-12% partial melting of an enriched spinel-
facies mantle, combined with 20-30% melting of a garnet-pyroxenite component. The exceptional
thickness and preservation of the sequence enable a chemostratigraphic reconstruction of OCTZ
volcanism, revealing uniform incompatible-element contents and Mg# (63-47) throughout the pile.
This implies construction through repeated small eruptions tapping magmas with comparable
partial-melting degrees and fractional-crystallization histories, likely governed by stable magma-
chamber processes. Overall, its geochemistry and the occurrence of continental-derived sediments
indicates that the sequence of pillow lavas originated in the initial stage of spreading of the
Ligurian-Piedmont oceanic basin, close to the European continental margin.
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INTRODUCTION

The Balagne area in northwestern Corsica (Fig. 1) represents one of the key areas in the Alpine-
Apennine collisional belt where remnants of oceanic lithosphere, in the form of ophiolitic
complexes, are well preserved. It comprises a complex assemblage of tectonic units derived from
both the Ligurian-Piedmont oceanic basin and the adjacent European continental margin. Within
this framework, the oceanic units represent the uppermost structural level of the Alpine Nappe
stack in Corsica. These units are grouped in the Balagne Nappe, which is exposed at the core of a
north-south trending synform located southeast of Ile-Rousse and west of the Tenda antiform
(Rossi et al., 2009). The Balagne Nappe consists of several deformed, weakly metamorphosed
units, all of which are characterised by ophiolite sequences and/or their sedimentary cover. In the
Balagne Nappe, the ophiolitic units exhibit stratigraphic characteristics that suggest they were
situated close the continental margin of Europe plate (Rossi et al., 2002; 2009). This indicates that
they were in an ancient ocean-continent transition zone (OCTZ) of the Ligurian-Piedmont oceanic
domain (Marroni & Pandolfi, 2007), as has been suggested for other ophiolite sequences within
the Alpine-Apennine belt (Manatschal & Miintener, 2009; Amann et al., 2020). Early works have
interpreted the pillow lavas from the ophiolite sequences of the Balagne Nappe as transitional-type
mid-ocean ridge basalts (T-MORBs) generated during the early stages of oceanic spreading
(Venturelli et al., 1979; Durand-Delga et al., 1997). With the term T-MORB these authors intended
to highlight the enrichment in light rare earth elements (LREE) relative to medium (M) and heavy
(H) REE associated with the early stage of oceanic spreading and the proximity of the continental
crust during basalt formation. Later, Saccani et al. (2008) argued that the T-MORB definition does
not fully apply to the geochemistry of these basalts because they do not only show LREE
enrichment, as most of the TMORB worldwide; rather they also show HREE/MREE depletion. In
fact, these authors demonstrated that the geochemistry of these basalts is consistent with the partial
melting of a slightly enriched mantle source characterised by garnet-pyroxenite layers (see also
Montanini et al., 2008 and Renna et al., 2018 for similar conclusions), or, alternatively, by
polybaric partial melting starting in the garnet-facies mantle. Nevertheless, despite geochemical
investigations having begun a long time ago (e.g., Venturelli et al., 1979; Durand-Delga et al.,
1997; Saccani et al. 2008; Renna et al., 2018), the available geochemical data on the basalts from
Balagne Nappe is still limited to few samples.

A spectacular sequence of pillow lava basalts, with minor dolerite sills and scattered thin layers
of continental-derived sediments and radiolarites can be seen in the Tartagine and Lagani Valleys
(Figs. 2, 3). This sequence represents one of the best-exposed and thickest pillow lava sequence
within the Alpine-Apennine ophiolites. However, the geochemistry of these pillow lavas as well
as their stratigraphic and structural features remain still unknown.

Understanding the geochemistry, structural architecture, and deformation history of the ophiolites
from the Balagne area is crucial for reconstructing the tectonic evolution of the western
Mediterranean, particularly about the inception of oceanic spreading processes. Despite decades of
geological investigation in this area, the precise mechanisms of emplacement and the internal
structural organisation of these ophiolites remain a matter of debate. This study aims to contribute to
the ongoing discussion by presenting new, detailed geochemical, structural, and stratigraphic data on
the most representative pillow lava sequence of the Balagne Nappe. In this paper, we use field and
geochemical data to document the origin of the basalts at the early stages of oceanic spreading. A
similar study addressing the temporal variation in chemical composition was proposed by Chalot Prat
(2005) for the Chenaillet-Montgenevre ophiolites in Western Alps. However, though this study
presents an excellent chemostratigraphic investigation, it lacks of structural data. Therefore, the study
presented here is groundbreaking, as it constitutes the first multidisciplinary investigation to
comprehensively examine multiple aspects of one of the thickest and most complete pillow basalt
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sequences within the OCTZ Alpine Tethys ophiolites. Although this study focuses on the early stages
of oceanic spreading, a brief comparison with other ophiolitic basalts from the Ligurian-Piedmont
oceanic domain is also provided.

THE OPHIOLITES ALONG THE NORTHERN APENNINES-CORSICA TRANSECT

The ophiolites belonging to the double-verging Alpine belt are well preserved within both
Northern Apennines and Corsica (Fig. 1). All these ophiolites are fragments of the Ligurian-
Piedmont oceanic basin, which opened between the European and Adria continental margins in
the Middle to Late Jurassic period (Stampfli et al. 2002; Bortolotti and Principi, 2005; Dilek and
Furnes 2019). The features of these ophiolites suggest that they originated mainly from the interior
but also from the edge of the oceanic basin (Marroni and Pandolfi, 2007). All ophiolites from the
interior of oceanic basins have the same stratigraphic log, consisting of an oceanic mantle
basement intruded by gabbro bodies, covered by a volcanic-sedimentary sequence. The latter
consists of ophiolitic breccias that are interfingering with lava flows comprising pillow lava and
pillow breccia basalts (Decandia and Elter, 1972; Bortolotti et al., 2001). These ophiolites, which
are no more than 1 km thick, are thought to have originated from an ultra-slow spreading ridge
during the Middle to Late Jurassic, according to the high volume of serpentinites intruded by
pointed km-scale gabbro and sporadic basaltic cover (Treves and Harper, 1994; Tribuzio et al.,
2000; Rampone et al. 2020; Rampone and Sanfilippo, 2021). In the Northern Apennines, the
ophiolites are well preserved within the Ligurian Units, which overlie the tectonic units detached
from the thinned continental margin of Adria plate (Elter et al., 2003). The ophiolites originated
from an ultra-slow spreading ridge are preserved in the Internal Ligurian Units where they occur
as coherent slices affected by pervasive folding associated with metamorphic imprint ranging from
prehnite-pumpellyite to low blueschist facies (Meneghini et al., 2023; Sanita et al., 2024, 2025).
The ophiolites also occur as huge slide blocks in the External Ligurian Units, particularly in the
Western External Ligurian Units (Marroni et al., 2001). These ophiolites are preserved in
Santonian-Campanian sedimentary mélanges, where slide blocks of mantle peridotites, gabbros,
and basalts occur alongside slide blocks of granulite and granitoid. According to Marroni et al.
(1998) and Marroni and Pandolfi (2007), these sedimentary mélanges originate from a domain
consisting of subcontinental mantle peridotites and lower continental crust, which has been
intruded by small bodies of gabbro and covered by pillow lava basalts and pelagic sediments. This
association between continental and oceanic rocks (Marroni et al., 1998), as well as the
geochemistry of the ophiolites (Montanini et al., 2008; Saccani et al., 2015), clearly indicates that
they originated from the ocean-continent transition at the thinned continental margin of the Adria
plate.

On Corsica Island, the ophiolites only occur on the north-eastern side, i.e., in the Alpine Corsica.
They can be found in both the Upper Units and the Schistes Lustrés Complex, albeit in different
tectono-metamorphic settings acquired during the alpine orogeny. The Upper Units and the
Schistes Lustrés Complex, together with the Lower Units, are thrust onto the European continental
margin. This margin is represented by the Hercynian Corsica domain, which consists of a Variscan
basement and a volcano-sedimentary cover that has only been marginally affected by Alpine
tectonics (Durand-Delga, 1984). In the Upper Units, the ophiolites and their associated
sedimentary cover are deformed and metamorphosed at pressure (P) and temperature (7)
pertaining to the prehnite-pumpellyite facies (Marroni and Pandolfi, 2003, Di Rosa et al., 2025).
In contrast, the Schistes Lustrés Complex mainly includes oceanic units in which the ophiolites
have undergone metamorphism ranging from blueschist to eclogite facies (Caron and Péquignot,
1986; Caron, 1994; Lahondére and Guerrot, 1997). Despite the pervasive deformation and
associated metamorphism, the primary features of these ophiolites can still be reconstructed. Most
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of the ophiolites in the Upper Units (Durand-Delga et al., 2005) and the Schistes Lustrés Complex
(Levi et al., 2007; De Cesari et al., 2025), as well as that recently described for the Moglio-Testico
Unit in the Southwestern Alps (e.g., Sanita et al., 2022a, 2022b; 2023), exhibit stratigraphic and
geochemical characteristics similar to those of the Internal Ligurian Units (Zanzucchi et al., 2025),
indicating that they originated from the interior of the oceanic basin. However, Meresse et al.
(2012) described some oceanic units of the Schistes Lustrés Complex that show features
compatible with their origin from the ocean-continent transition at the edge of the European
continental margin. Similarly, the ophiolitic units in the Balagne area, which belong to the Upper
Units, have a sedimentary cover whose features indicate that they were located close to the
continental margin of Europe (Rossi et al., 2002; 2009; Renna et al., 2017).

GEOLOGICAL SETTING OF THE BALAGNE AREA

In the Balagne area (Fig. 2a, b), the Alpine Corsica is represented by stack of tectonic units that
includes the Balagne Nappe and the Palasca Unit, both belonging to the Upper Units (Nardi, 1968;
Nardi et al., 1978; Rossi et al., 2001; Marroni and Pandolfi, 2003). This stack, together with the
Lower Units, has been thrust onto the Hercynian Corsica (Fig. 2¢), which consists of a Variscan
continental basement covered by Mesozoic and Early Tertiary sedimentary rocks (Di Rosa et al.,
2025).

The pillow lava sequence studied in this paper belongs to the Balagne Nappe, which consists
of two weakly metamorphosed oceanic tectonic units, the Toccone and Navaccia Units (Fig. 2¢),
though Pandolfi et al. (2016) showed that also the Bas-Ostriconi Unit (Fig. 2c) should be included
within the Balagne Nappe. To the east, the Balagne Nappe is bounded by a high-angle fault which
is interpreted as belonging to the Central Corsica Fault Zone (Fig. 2a). In contrast, to the west, the
Balagne Nappe is thrust onto the Hercynian Corsica, together with the Palasca Unit and the Lower
Units.

The stratigraphy of the oceanic units has been reconstructed by assembling all the stratigraphic
logs from the different units and subunits of the Balagne Nappe (Nardi et al., 1978; Durand-Delga,
1984; Rossi et al., 2001; Marroni and Pandolfi, 2003). This sequence (Fig. 2¢) includes the
ophiolite and its sedimentary cover. The ophiolite sequence consists of a basement of strongly
serpentinized peridotites, alongside small bodies of gabbro. This basement is covered by a thin
layer of ophiolitic sedimentary breccia and a thick succession of pillow lava basalts. This sequence
is Middle to Late Jurassic in age (Rossi et al., 2009) and it is covered by Chert, Calpionella
Limestone and San Martino Formations ranging in age from Late Jurassic to Early Cretaceous
(Durand-Delga, 1984; De Wever et al., 1987; Marroni et al., 2000; Peybernes et al., 2001). These
hemipelagic deposits are characterized by intercalation of fine- to coarse-grained sedimentary
breccias which are thought to have been supplied by the European continental margin, as suggested
by the U-Pb geochronology of detrital zircons in arenites (Renna et al., 2017). This feature sets the
ophiolites of the Balagne Nappe apart from those of the other Upper Units. The San Martino
Formation grades upward to Lydienne Flysch, Toccone Breccia, and Novella Sandstone
Formations. represented by siliciclastic and carbonite turbidites ranging in age from Early to Late
Cretaceous (Durand-Delga, 1984; Marino et al., 1995). According to Pandolfi et al. (2016), the
Campanian Narbinco Flysch Formation, including the Cima Lo Caigo Conglomerate Fm., of the
Bas-Ostriconi Unit is the youngest deposit in the ophiolite sedimentary cover.

The deformation history of the Balagne Nappe was first described by Waters (1990) and Egal
(1992), and subsequently reconstructed in detail by Marroni and Pandolfi (2003), as well as by
Pandolfi et al. (2016). This deformation history was identified in all units of the Balagne Nappe,
including the Bas-Ostriconi Unit, with no significant differences observed. These authors have
identified a polyphase deformation history comprising several phases, referred to as D1, D2 and
D3. The D1 phase is characterized by non-cylindrical, tight to isoclinal folds with subrounded and
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thickened hinge zones. The F1 folds are characterized by well-developed, continuous S1 axial-
plane foliation that, in shales, can be classified as slaty cleavage. In the basalts, widespread static
recrystallisation occurred during the D1 phase involving prehnite, pumpellyite, quartz, albite,
calcite, and Fe-oxides (Dal Piaz et al., 1977). The D1 mesoscopic structures generally face west to
north-west. The D1 phase structures underwent deformation during the D2 phase, which is the
most widespread in the field. This phase is characterized by asymmetric and overturned F2 folds
with rounded to acute hinges and steep axial planes. The A2 fold axes mainly trend N-to-S and are
associated with S2 axial-plane foliation, which, in shales, can be recognized as crenulation
cleavage. In more competent lithologies, such as basalts, the S2 foliation is represented by a
disjunctive cleavage. The D2 folds face west. The D3 phase (referred to as the D4 phase in Marroni
and Pandolfi, 2003) is represented by asymmetric F3 folds which typically exhibit clear eastward
vergence. Their axial planes occur as sub-horizontal or gently dipping planes everywhere. The A3
fold axes tend to range from NNE/SSW to NNW/SSE.

Di Rosa et al. (2025) recently estimated the metamorphic peak acquired during the D1 phase in
the Balagne Nappe by analyzing the composition of selected chlorite-white mica pairs using Vidal
and Parra (2000) multi-equilibrium method. In these units, the P-7 conditions were estimated 0.55-
0.60 GPa and 240-260 °C for the Navaccia Unit, 0.50-0.60 GPa and 250-270 °C for the Toccone
Unit and 0.35-0.50 GPa and 215-250 °C for the Bas-Ostriconi Unit, which are coherent with
prehnite-pumpellyite metamorphic facies conditions.

METHODS

We have applied a multidisciplinary approach by combining fieldwork and whole rock
geochemical analyses. Fieldwork has been carried out along the Lagani and Tartagine Valleys
covering about 20 km?.The geological survey has been performed using a 1:10.000 topographic
map and by applying the classic field techniques to build a detailed geological and structural map
of the study area. Samples of basalt and dolerite, as well as the associated sedimentary rocks, have
been collected in the study area for microscopic analysis.

Whole-rock major elements and selected trace elements were analyzed by X-ray fluorescence
(XRF) on pressed-powder pellets using an ARL Advant-XP+ automated X-ray spectrometer.
Major elements were determined on fused glass discs prepared with a mixture of 66% dilithium
tetraborate (Li2B4O7) and 34% lithium metaborate (LiBO2), using a sample-to-borate dilution ratio
of 1:11. Fusion was performed in a Ptes-Aus crucible with an Equilab F1-Fluxer automatic
apparatus. The matrix correction method proposed by Lachance and Trail (1966) was applied.
Trace elements were analyzed on pressed-powder pellets, while volatile contents were determined
as loss on ignition (L.O.1.) at 1000°C.

Rare earth elements (REE) and selected trace elements (Rb, Sr, Zr, Y, Nb, Hf, Ta, Th, U) were
analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) using a Thermo iCAP-TQ
spectrometer. All whole-rock analyses were conducted at the Department of Physics and Earth
Sciences, University of Ferrara, and the results are presented in Table 1. The accuracy of the XRF
and ICP-MS data was evaluated by analyzing international standard rocks as unknowns. Detection
limits for XRF and ICP-MS analyses were determined from multiple runs of twenty-nine
international standards. Accuracy and detection limits are provided in Supplementary Table S1.
For the discussion of the geochemical characteristics of the studied rocks, major element
compositions were recalculated on an L.O.I.-free basis.

RESULTS

The ophiolite crustal section
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The crustal section of the ophiolites of Navaccia Unit has been reconstructed in the Tartagine
Valley outcrops for the lower sequence and in the Lagani Valley outcrops for the middle and upper
sequences (Figs. 3, 4). All the studied outcrops belong to the Navaccia Unit. This section (Fig. 4)
is mainly composed of pillow lava basalts (hereafter referred as Navaccia pillow lavas), with minor
dolerite sills and scattered thin layers of continental-derived sediments and radiolarites.

At the Carnispola bridge in the Tartagine Valley, the transition from intrusive rocks to pillow
lava basalts is clearly visible along the roadcut (Rossi et al., 2009). The intrusive rocks are
represented by medium- to coarse-grained Mg-gabbros, which exhibit rough layering enhanced by
variations in grain size and/or mineral composition. The gabbros are covered by fine-grained
sedimentary breccia (Fig. 4) that is less than 5 m-thick and consists of angular fragments of Mg-
gabbros, Fe-gabbros and trondhjemites. Rossi et al. (2002) determined an age of 169 + 3 Ma for
the zircons in the trondhjemite using the U/Pb method.

A thick sequence of pillow lava basalts, exposed along the Lagani Valley section, sharply tops
the sedimentary breccia. The thickness of the entire sequence of pillow lava basalts cannot be
accurately estimated due to the occurrence of several high-angle faults. Nonetheless, a thickness
of at least 700-800m can reasonably be assumed (Fig. 4). This sequence begins with a 10-metre-
thick layer of massive basalts. This layer is topped by pillow lava basalts, which consist of closely
packed, irregularly shaped, bent and squeezed pillows, each measuring less than 1 m in diameter
(Fig. 5a). The pillows are characterized by a convex and rounded upper surface and a tapered base,
which clearly indicate the paleo-horizontal attitude. The pillows display a more crystalline core,
which is bounded by a dark green rim. Lineations or scrape marks form on their sides during
extrusion. Some of the pillows exhibit intra-pillow cavities containing fine-grained volcaniclastic
material. The spaces between the pillows consist of hyaloclastite bands made up of glass shards
and basaltic fragments in a fine-grained matrix. Most of the pillows are characterized by a dense
network of fractures on their rims. According to this occurrence, levels less than 2-3m thick of
pillow breccia can be found (Fig. 5b). This breccia is clast-supported and consists of a monomict
assemblage of pillow fragments. The clasts range in size from a few centimetres to a few
decimetres.

The dolerite sills, up to 40-50 m thick, occur as two bodies (Figs. 3, 4) with lenticular shape,
both characterized by medium-grained, holocrystalline texture without evidence of layering or
grain-size variations (Fig. 5c). The long base of these bodies is roughly parallel to the paleo-
horizontal attitude detected in pillow lava basalts. A swarm of dikes, each a few centimetres thick,
has been found cutting through the dolerite (Fig. 5d). The presence of fragments of the host rock
and chilled margins characterizes these aphyric dikes.

An intercalation of greenish siltstone and silty sandstone occurs in the uppermost portion of the
pillow lava sequence (Figs. 4, 5e). This sedimentary body displays limited lateral continuity, with
a thickness varying from 0 to 1.5 m (Fig. 5e). The intercalation is structureless, showing no primary
sedimentary features; however, bioturbation is clearly present. In thin section, the silty sandstones
correspond to arkosic composition, consisting of quartz, feldspars (undifferentiated), and white
mica clasts embedded in a recrystallized matrix dominated by brownish clay minerals (Fig. 5f);
ophiolite-derived fragments are not present. Within the silt layers, fragments of organic matter are
locally preserved. Bioturbation is further emphasized by the widespread occurrence of organic-
rich patches, which likely represent remnants of burrowing activity (Fig. 5g white arrow). In
addition, an intercalation of red bedded cherts (Figs. 4, 5h), less 1m thick, has also been found at
the uppermost level of the pillow lava sequence.

At the top of the pillow lava sequence, there is a level of pillow breccia that is overlain by a
sedimentary sequence comprising Chert, Calpionella Limestone and San Martino Formation. This
sequence is clearly visible along the railway cut at the km 59 of the Routes Territoriales RT301(ex
Routes Nationales RN197) (Peybernes et al., 2001). The pillow breccia exhibits stratigraphic
relationships with the Chert Formation through the presence of a thin level where fragments of
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pillow that are interspersed within a siliceous mudstone. The Chert, about 20m thick, ranges in age
from the Middle-Upper Callovian to the Tithonian (De Wever et al., 1987). The Chert Formation
grades up to Calpionella Limestone, San Martino Formation, and Lydienne Flysch, ranging in age
from Tithonian to Barremian. These formations consist of carbonate and siliciclastic turbidites
characterized by intercalations of coarse-grained breccias where continental-derived fragments of
rhyolites, granitoids, micaschists, and amphibolites have been found (Peybernés et al., 2001). The
first order feature of this sedimentary cover is its abundant continental debris, which originated
from the European plate.

The whole sequence of pillow lava basalts is folded and cut by several strike-slip faults (Fig.
3). The folds, as shown by the attitude of the pillow lavas (Fig 6), are characterized by short steep
(Fig 6b,c), sometime overturned, limbs with wide normal limbs characterized by a dip up to 30°
(Fig 6a, c). These folds are characterized by an axis showing a NE-SW direction and gently
plunging toward NE, whereas the attitude of the axial planes is toward E-SE sectors (Fig. 6c).
According to their westward vergence, these folds can be regarded as developed during the D2
phase described by Marroni and Pandolfi (2003). The strike-slip faults exhibit an N-S trend and
are likely to be related to the fault system of the Central Corsica Fault Zone (Figs. 2a,3).

Petrography

The Navaccia pillow basalt sequence primarily consists of pillow lavas with a minor presence
of doleritic sills. All samples exhibit extensive alteration due to low-grade ocean-floor
metamorphism and hydrothermal processes, leading to significant modification of the original
mineral assemblages. However, the primary igneous textures remain well preserved. For clarity,
the prefix "meta-" will be omitted when referring to these rocks.

Mineralogical alterations have largely replaced plagioclase with albite and calcite, or
alternatively with sericite, prehnite, and clay minerals. Olivine and clinopyroxene are typically
altered to chlorite, though in some cases, clinopyroxene has transformed into tremolite amphibole.
Nonetheless, a few samples retain relics of seemingly fresh clinopyroxene. The hyalophitic
groundmass is often replaced by an assemblage of chlorite and clay minerals.

In terms of texture, the pillow basalts range from aphyric to moderately porphyritic (phenocryst
index, PI <10%) and porphyritic (PI up to 40%). The porphyritic varieties are marked by
plagioclase phenocrysts present in all samples (Fig. 7a), with some also containing olivine and
clinopyroxene phenocrysts. Sample CO151 features plagioclase phenocrysts displaying both
euhedral and skeletal forms. Olivine phenocrysts tend to be relatively small, while plagioclase and
clinopyroxene phenocrysts exhibit a broad grain-size spectrum, from microphenocrysts (~50 pm)
to approximately 2 mm (Fig. 7a). The groundmass in both aphyric and porphyritic basalts varies
in texture. Some samples exhibit a hyalophitic groundmass, characterized by small radiating
plagioclase laths within a glassy matrix (Fig. 7b). Commonly, the samples display a
microcrystalline ophitic groundmass (Fig. 7c¢). Additionally, variations such as ophitic to sub-
ophitic, sub-ophitic to intergranular, and purely intergranular (Fig. 7d) textures are observed. The
groundmass crystal size varies from very fine-grained to medium-grained across different samples.

Doleritic sills exhibit a granular doleritic texture, characterized by coarse-grained crystals (1-4
mm) and poikilitic clinopyroxene (Figs. 7e, f). Small calcite veins and dispersed amygdules filled
with calcite (rarely) or zeolite (more frequently) are common in all samples. The crystallization
order in all samples is: olivine + plagioclase + clinopyroxene, which is the characteristic
crystallization order of rocks formed at mid-ocean ridge settings (Beccaluva et al., 1983).

Geochemistry

A reliable method for investigating the geochemistry and petrology of these rocks is to use the
immobile elements. They include high field strength elements (HFSE; such as, Ti, P, Zr, Y, Sc,
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Nb, Ta, Hf, Th), certain transition metals (e.g., Ni, Co, Cr, V), and the REE (e.g., Pearce and Norry,
1979; Shervais, 1982).

The Navaccia pillow lava sequence is primarily composed of basalts, with minor basaltic andesites,
exhibiting SiO2 concentrations ranging from 48.12 to 54.87 wt%. These rocks display a
predominantly sub-alkaline, tholeiitic character, as indicated by their low Nb/Y ratios (0.11-0.21;
Fig. 8) and high Ti/V ratios (38-70, Table 1), which are consistent with tholeiitic basalts from mid-
ocean ridge settings (Shervais, 1982). MgO contents vary between 3.56 and 7.15 wt%, while Mg#
[Mg# = 100 * molar ratio of MgO / (MgO + FeO)] falls within a relatively narrow range of 63 to
52 for most samples (Table 1). Sample CO154 exhibit a notably low Mg# value of 39 (Table 1).
However, this sample represent the outermost rim of a pillow and therefore, its Mg# is most likely
influenced by secondary alteration. These Mg# values suggest that most of these rocks represent
magmas formed within a constrained range of magmatic fractionation, which can be roughly
estimated as ranging from 12 to 25% (see Groove and Bryan, 1983; Langmuir et al., 1992; Zhang
et al., 2009).

All samples exhibit an increase in incompatible elements (e.g., TiO2, P2Os, Y, Nb, V) with
increasing Zr, which is used here as a differentiation index. In contrast, Ni and Cr show a marked
decline with increasing Zr. FeO: contents increase from the less evolved basalts (Mg# > 60) to the
moderately evolved basalts (Mg# < 60). The tholeiitic fractionation trend is generally characterized
by a gradual rise in iron content in moderately fractionated rocks, followed by a sharp decline in
more evolved basaltic andesites and ferrobasalts. However, the Navaccia basaltic rocks do not
display a decrease in FeO: = [FeO + Fe203] content with increasing fractionation, further
suggesting that these rocks represent melts that underwent moderate degrees of differentiation.
Moreover, the limited variation in Al203/T102 (7-13) and Ti/1000 (8-14) indicates a fractionation
trend primarily controlled by the progressive crystallization of plagioclase and clinopyroxene, with
minimal involvement of magnetite (Beccaluva et al., 1983; Barbero et al., 2020). Overall, the
Navaccia basalts exhibit moderate chemical variability, as reflected by their TiO02 (1.36-2.26 wt%),
P205 (0.16-0.31 wt%), Zr (81.6-147 ppm), and Y (21.5-36.5 ppm) contents.

In the N-MORB normalized (Sun and McDonough, 1989) incompatible element spider diagrams
(Figs. 9a-d), the Navaccia basaltic rocks display a relatively flat pattern from Th to Ti (e.g.,
Thn/Tin = 1.04-2.36). HFSE contents are low, ranging from ~1 to ~4 times the N-MORB
composition (Sun and McDonough, 1989). However, heavy REE (Tb and Yb) and Y contents are
notably low, ranging from ~1 to ~0.5 times the N-MORB composition, and show sharply
decreasing trends from Tb to Yb (Figs. 9a-d). Chondrite-normalized REE patterns (Sun and
McDonough, 1989; Figs. 9e-h) are characterized by HREE depletion relative to LREE and MREE,
with (Sm/YDb)n and (La/Yb)n ratios ranging from 1.63-2.37 and 1.11-2.29, respectively. The LREE
exhibit convex-upward trends (Figs. 9e-h), as evidenced by (La/Nd)n ratios between 0.64 and 0.93.
The Chondrite-normalized REE patterns of the Navaccia basalts significantly differ from those of
both N-MORB and E-MORB (see Fig. 9¢). These geochemical characteristics are further
summarized in the binary plots of (La/Nd)~ vs. (La/Yb)n and (Nd/Yb)~ vs. (La/Yb)n in Fig. 10.
All samples exhibit a negative Eu anomaly (Figs. 9e-h), indicative of early plagioclase
crystallization and removal. In the discrimination diagram (Fig. 11), these basalts plot within the
field for subduction-unrelated basalts, positioned between the compositions of typical N-MORB
and E-MORB (Sun and McDonough, 1989). Nonetheless, the pronounced fractionation of HREE
relative to MREE suggests a significant garnet signature, implying the melting of a heterogeneous
mantle source containing garnet-bearing mafic and ultramafic layers (Montanini et al., 2008;
Saccani et al., 2008). Consistently, in the discrimination diagram in Fig. 12, the Navaccia basalts
are classified as garnet-influenced basalts like those formed at the ocean-continent transition zone
(Saccani, 2015).

DISCUSSION
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Geochemical comparison with basaltic and metabasaltic rocks
from Alpine Corsica and Northern Apennine Ligurian units

A comparison of the geochemical features of the Navaccia pillow lavas with equivalent
rocks from other ophiolitic and metaophiolitic units in both Corsica and the Northern
Apennines provides insight into similarities and differences among these units. Such
comparisons can, in turn, help reconstruct their petrogenetic processes and their possible
original paleogeographic setting within the Alpine Tethys. Notably, the basaltic rocks of
the Navaccia pillow sequence show no chemical differences from pillow basalts in other
areas of the Balagne Nappe, such as Col di San Colombano and Punta di Pietralba
(Saccani et al., 2008), Piana di Castifao (Durand-Delga et al., 1997), and elsewhere
(Renna et al., 2018) (see Figs. 8, 10-14). Consequently, the basalts from these localities
of the Balagne Nappe are treated here together with the rocks investigated in this study
and referred as Balagne basalts.

At first glance, the Balagne basalts appear more enriched than basalts from other
ophiolitic and metaophiolitic units of Corsica and Northern Apennine, except for some
basalts from the Nebbio Unit in Corsica (Saccani et al., 2008) and from the External
Ligurian Units in the Northern Apennines (Montanini et al., 2008). They are characterized
by relatively higher Ti/Y and Nb/Y ratios, plotting toward E-MORB compositions and the
OIB field in Fig. 8). Selected incompatible elements plotted against Zr (used here as a
differentiation index; Fig. 13) show that the Balagne basalts are enriched in Ti, Nb, Th,
Ta, Hf, and Ce (LREE) relative to basaltic and metabasaltic rocks from other Alpine
Corsica ophiolitic and metaophiolitic units and the Internal Ligurian units of Northern
Apennine. While the Nebbio Unit basalts have Ti, Nb, and Th contents comparable to
those of the Balagne basalts, they display significantly higher Zr contents (Figs. 13a-c).
By contrast, the Nebbio Unit basalts are more enriched in Ta, Hf, and Ce than the Balagne
basalts (Figs. 13d-f). These enrichments do not appear to be related to the degree of
fractionation, as the Nebbio basalts are generally less fractionated than those studied in
this paper.

When compared with External Ligurian basalts, the Balagne basalts show strong
similarities in several elements: particularly, Ta, Hf, and Ce (Figs. 13d-f), as well as broad
similarities in Nb and Th (Figs. 11, 13b-c). The co-variation of Th, Ta, Nb, Hf, La, and Ce
with Zr demonstrates that the Balagne basalts are enriched in these elements (and in
incompatible elements and LREE more generally) relative to other Alpine Corsica
ophiolitic and metaophiolitic rocks and Internal Ligurian basalts, as well as to the N-MORB
composition of Sun and McDonough (1989) (Fig. 13). Interestingly, the Balagne basalts
do not plot between N-MORB and E-MORB compositions. Instead, they fall along the N-
MORB-OIB array, closer to N-MORB (Figs. 13b-f).

The Balagne basalts are further characterized by Th/Ta ratios like those of basaltic rocks
from other Alpine Corsica ophiolitic and metaophiolitic units and Internal Ligurian basalts,
indicating that no selective enrichment of Th over Ta occurred (Fig. 14). In contrast,
relative to both Alpine Corsica and External Ligurian metaophiolitic and ophiolitic units,
the Balagne basalts show marked enrichment in Th (and Ta, not shown) with respect to
MREE (Th/Tb in Fig. 14).

Chemostratigraphy

The Navaccia Unit of the Balagne Nappe shows one of the best-exposed, best-preserved, and
thickest pillow lava successions within the ophiolites derived from the Ligurian-Piedmont basin. As
such, it provides a natural laboratory for applying a chemostratigraphic approach. The reliability of
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this approach has important implications for understanding the ocean-floor volcanism at the OCTZ
of the Ligurian-Piedmont basin, as it reveals the degree of compositional homogeneity in magmas
erupted during different volcanic events. This, in turn, allows us to better constrain temporal
variations in composition, geochemical signatures, and partial melting conditions of the mantle
source.

Although individual volcanic events cannot be distinguished in the field, the Navaccia pillow lava
sequence is interpreted as the product of multiple small eruptions, by analogy with modern slow and
ultra-slow spreading ridges (e.g., Atlantic Ocean, Flower et al., 1980).

Because the studied rocks correspond to magmas at different stages of fractionation,
absolute elemental concentrations cannot be directly used for this purpose, as they are
influenced by the extent of fractionation of olivine and plagioclase. To address this, the
effects of low-pressure crystal fractionation on incompatible element concentrations must
be removed. This is done by recalculating the concentrations to 8 wt% MgO along the
fractionation vector, following an approach like the Fes and Nas parameters of Klein and
Langmuir (1987). For this chemostratigraphic study, we selected TiO2, Nb, Th, and Ta.
Conversely, ratios of highly incompatible, immobile elements are only weakly affected by
moderate degrees of magmatic fractionation, partial mantle melting, or alteration
processes, and are generally considered to reflect source characteristics (Allégre and
Minster, 1978; Joron and Teuil, 1989). For this reason, we used Nb/Tb, Th/Tb, and Ta/Tb
ratios (Fig. 15). In addition, to assess the role of residual garnet in the mantle source, we
employed TiO2/Yb and chondrite-normalized (Dy/Yb)n ratios, as proposed by Pearce
(2008) and Saccani (2015), respectively.

No systematic stratigraphic variation is observed in the abundances of the selected
incompatible elements or in their ratios (Fig. 15). The Mg# values also display very limited
variability: 21 out of 23 samples fall within the mean * standard deviation, while sample
CO146 shows slightly lower value. Sample CO154 displays a significantly lower value,
reflecting strong alteration at the pillow rim (Fig. 15). Therefore, its chemical features
cannot be regarded as significant. This suggests that each eruptive unit within the
Navaccia pillow lava sequence produced basaltic rocks characterized by a similar degree
of fractionation (12-25% for most of the samples). This seems to be a common feature
for basalts from different tectonic units of the Balagne Nappe (see Durand-Delga et al.,
1997; Saccani et al., 2008). Indeed, the occurrence of only one fractionated ferrobasalt
has so far been reported in literature (Renna et al., 2018). Tis, Nbs, Ths, and Tas display
only minor variations throughout the stratigraphic sequence, with all four elements
following similar trends (Fig. 15). These elements show a general enrichment relative to
the N-MORB composition of Sun and McDonough (1989) (Fig. 15). However, when
comparison is made, all the sampled basalts exhibit Tis contents significantly higher than
that of the N-MORB, whereas the Nbs, Ths, and Tas contents are comparable to those of
N-MORSB in a few samples (e.g., CO159, CO158C, CO149, CO152). Likewise, ratios of
Th, Ta, and Nb with Tb (MREE) show little variation from bottom to top (Fig. 15) and follow
similar trends. These ratios are always higher than those of the typical N-MORB (Sun and
McDonough, 1989).

The TiO2/Yb and chondrite-normalized Dy/Yb ratios show very minimal stratigraphic variation
and both ratios are significantly higher than those of the N-MORB (Sun and McDonough, 1989).
Moreover, the Ti/YDb ratios exceed the discriminant boundary between low Ti/Yb MORB and high
Ti/Yb OIB of Pearce (2008). According to Pearce (2008) these high Ti/Yb ratios indicate that the
Navaccia basalts may have originated by melting beneath thicker or hotter lithosphere and with
residual garnet. Likewise, the Dy/Yb ratios are higher than the discriminant boundary between N-
MORB formed at mid-ocean ridge and G-MORB erupted at the OCTZ in the Ligurian-Piedmont
(Saccani, 2015).

In summary, the chemostratigraphic study shows no evidence of discontinuity in the chemical
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stratigraphy the Navaccia pillow lava sequence. This sequence was likely formed through a series
of small eruptions, each producing flows of relatively uniform composition, reflecting
comparatively uniform conditions of partial melting and source composition. The relative
uniformity of the Mg# throughout the stratigraphy suggests stable cycling between magma
recharge and differentiation within the magma chamber prior to eruptions.

Petrogenesis

A primary distinguishing feature of the Navaccia basalts is their pronounced depletion in HREE
relative to MREE (e.g., Dyn/Ybn = 1.29-1.59). This pattern can be attributed to varying degrees
of influence from a garnet-bearing signature in their mantle sources (e.g., Montanini et al., 2008).
According to Saccani et al (2008), the garnet signature observed in similar G-MORBs from various
units of the Corsica ophiolites and metaophiolites is mainly the result of partial melting of a
depleted MORB mantle source heterogeneously composed of garnet-bearing mafic to ultramafic
layers. However, the authors did not rule out the possibility that minor volumes of the Corsica
basalts may have originated through polybaric melting, beginning within the garnet peridotite
stability field, and continuing into the spinel peridotite facies.

Partial melting models can help to constrain the possible composition of the mantle source and
the melting processes responsible for the formation of the Navaccia pillow lava sequence. However,
a precise quantification of these processes remains challenging due to the difficulty in accurately
characterizing compositions and melting conditions of the mantle source. A main limitation is in
the definition of the composition of garnet-bearing mafic to ultramafic layers potentially involved
in the melting processes, as they typically display significant compositional variability (e.g., Liu
et al., 2005).

Other distinguishing features of the Navaccia pillow lavas are their pronounced hump-shaped
LREE patterns (Figs. 9e-h) and their enrichment in Ti, Nb, Th, Ta, Hf, La, and Ce compared to
basalts and metabasalts from Northern Apennine and Corsica (Fig. 13). A hump-shaped pattern in
the LREEs suggests source heterogeneity, often linked to the presence of enriched domains or
metasomatic components. Enriched domains may include pyroxenite veins, recycled oceanic crust,
or hydrous metasomatic phases that contribute selectively to the LREE budget (e.g., Zindler and
Hart, 1986; Stracke et al., 2005). Studies have shown that both spinel- and garnet-pyroxenites and
other recycled lithologies within the upper mantle can impart distinctive LREE patterns during
mantle partial melting, depending on their modal mineralogy and the degree of melting (e.g., Liu
et al., 2005). Spinel pyroxenites representing clinopyroxene-rich cumulates likely derived from
LREE-enriched basaltic magmas show LREE-enriched and convex patterns (Xu, 2002; Liu et al.,
2005; Fig. 16a). Another possible explanation for hump shaped LREE patterns is interaction with
crustal materials during magma ascent or storage. If a mantle-derived melt assimilates felsic crustal
components (e.g., granitoids, sedimentary rocks), this can selectively enrich the melt in certain
LREEs, resulting in non-linear patterns with local humps in La-Sm or Ce-Nd. The specific shape
depends on the nature and amount of assimilated material and the degree of fractional
crystallization (e.g., Rudnick and Fountain, 1995). Distinguishing source enrichment from crustal
contamination in basalts is challenging, as both processes can produce similar geochemical
signatures. Radiogenic isotopes are the most powerful tool to differentiate between mantle source
characteristics and crustal assimilation (see Renna et al., 2018). However, a study of the isotopic
composition of the Navaccia pillow lavas is beyond the scope of this paper and will be developed
in detail in future research. In the absence of the isotopic composition, a multi-parameter
approach combining trace elements and geological context can be applied to discriminate these
different processes.

Certain trace element and trace element ratios are sensitive to crustal input or mantle source
characteristics. Enrichment in Ti, Nb, Th, and Ta is indicative of source enrichment by metasomatic
components. High Th/Nb (>0.2) or La/Nb (>1.5) values are typical of crustal contamination,
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whereas mantle enrichment produces lower ratios (Hofmann et al., 1988). Our samples show low
Th/Nb (<0.08) and La/Nb (<1.39) values, which suggest mantle source enrichment. Accordingly,
the enrichment in some key elements, such as Ti, Nb, Ta, and Th relative to Zr (Fig. 13) further
points out for mantle source enrichment (e.g., Pearce, 2008). This conclusion is also supported by
Renna et al. (2018) who, based on Nd isotopes, argued against processes of crustal contamination
affecting Balagne doleritic sills.

Nonetheless, the OCTZ geodynamic setting in which the studied pillow sequence
formed, generally favours crustal contamination. Therefore, though the geochemical
evidence argues against crustal contamination, in the lack of radiogenic isotope data for
the studied sequence, this process cannot be unequivocally ruled out for the Navaccia
Unit.

Despite the limitations discussed above, semi-quantitative modelling based on selected
incompatible elements and REEs can still provide a first-order approximation of the mantle source
composition (in terms of enrichment or depletion and the possible occurrence of residual garnet),
as well as insights into melting processes. Because of their higher LREE/HREE ratios relative to
N-MORB, similar rocks from the Corsica and Northern Apennine ophiolites have been interpreted
by several authors as transitional or enriched MORBSs, produced from slightly enriched mantle
sources during the initial stages of oceanic spreading (e.g., Beccaluva et al., 1977; Venturelli et al.,
1979, 1981). Based on the incompatible element characteristics of the studied basalts (Figs. 13,
14) and on the general petrogenetic framework previously proposed for the Corsica and Northern
Apennine ophiolites (Montanini et al., 2008; Saccani et al., 2008), we suggest that a MORB-type
mantle source enriched in LREE, Th, Ta, and Nb represents the most plausible source.

In our modelling, we used a theoretical mantle source composition corresponding to a depleted
MORB mantle (DMM, Workman and Hart, 2005), but with LREE, Th, Ta, and Nb contents
corresponding to those of the Primordial Mantle (PM) of Sun and McDonough (1989) (Fig. 16a).
For this modelling, we adopted garnet-pyroxenite compositions from Liu et al. (2005), selected as
the best match for reproducing the overall geochemical characteristics of the most primitive basalts
from the Navaccia pillow lavas (Fig. 16a). Three basalts were chosen to this purpose (CO159,
COI159A, CO162). However, these basalts do not represent truly primitive melts. Therefore, the
composition of their primitive parental melts was calculated assuming 12-16% fractional
crystallization of olivine + plagioclase + clinopyroxene. In our modelling, we also considered as
possible alternative mantle sources a pure DMM (Workman and Hart, 2005), and a PM (Sun and
McDonough, 1989). Source compositions, melting condition, and partition coefficients are
provided in the caption of Fig. 16.

Modelling the whole REE spectrum is not feasible, as the nature of the hump-shaped pattern in
the LREEs cannot be constrained with the available data. Nevertheless, the LREE/HREE vs.
MREE/HREE ratios (Fig. 16b) and Th content vs. Nb/YDb ratio (Fig. 16¢) are particularly useful
for modelling the garnet signature in melting processes and assessing the degree of mantle source
enrichment. Th and Nb abundances and the Ce/Yb ratio are used as indicators of the source
enrichment, whereas Dy/Yb and Nb/Yb ratios are sensitive to the presence of residual garnet in
the source.

Non-modal batch partial melting model using Ce/Yb and Dy/Yb ratios (Fig. 16b) indicate that
the compositions of the primitive basalts are consistent with 8-15% partial melting of the
theoretical mantle source in the spinel-facies, combined with melts derived from 20-30% degree
of melting of a garnet-pyroxenite component. Results from the Th-Nb-Yb modelling (Fig. 16c)
agree with those obtained from REE modelling (Fig. 16b). The Th and Nb contents of the primary
melts are indeed consistent with mixtures of melts derived from 8-12% non-modal batch partial
melting of the enriched theoretical mantle source in the spinel-facies and melts resulting from 20-
30% melting of a garnet-pyroxenite component. In both REE and T-Nb modellings we estimate
that the contyribution of the garnet-pyroxenite derived melt to the bulk melt composition was in
the range 5-10%.
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REE and Th-Nb modelling (Figs. 13b, c) indicate that the alternative mantle source
compositions or different melting conditions cannot account for the observed chemical features of
the Navaccia Unit basalts. For instance, melting of a pure DMM source in the spinel facies or a
DMM source undergoing initial melting in the garnet-facies followed by higher-degrees melting
in the spinel-facies (under various combinations of melting fractions), or even a DMM source
containing garnet-pyroxenite layers, could only reproduce the chemistry of the Balagne primary
melts by invoking unrealistically low degrees (<2.5%) of the DMM partial melting.

Conversely, a PM source could reproduce the REE compositions of the Balagne basalts only if very
high degrees of melting (>20%) occurred in the garnet-facies, followed by an additional 20% partial
melting in the spinel-facies (Fig. 16b). Similarly, the Th-Nb covariation observed in the Navaccia
Unit basalts cannot be explained by partial melting of a PM source (Fig. 16c). However, the REE
compositions of the Navaccia Unit basalts could alternatively be accounted for by melting of the
assumed enriched mantle source, involving low-degree melting (~2%) in the garnet-facies followed
by ~10% partial melting in the spinel-facies (dashed line in Fig. 16b). However, these melting
conditions (dashed line in Fig. 16¢) do not explain the Th-Nb composition of the studied basalts.
Nonetheless, the hypothesis that the Balagne basalts were generated through polybaric melting
cannot be ruled out. Finally, based on Nd isotopic signature, Renna et al. (2018) suggested that the
Balagne primary melts may have been generated by a process of reactive melt migration within a
lower crustal crystal mush.

Geological evidence from the crustal section of the ophiolites from Balagne Nappe
and its correlation with the External Ligurian ophiolites.

The crustal section of the Navaccia Unit of the Balagne Nappe includes a thick sequence of
pillow lava basalts, at least 700-800m thick. The collected data indicate that this sequence is
affected by the same deformations of that of the sedimentary cover, which are mainly represented
by west-verging folds cut by a system of strike-slip faults. Despite these deformations, the features
of the pillow lava basalts as well as its relationship with the other components of the ophiolite
sequence can still be fully reconstructed. A thin level of ophiolitic breccia has been found at the
base of this sequence, whereas the top is characterized by a transition to the Chert Fm., which
ranges in age from Callovian to Tithonian (De Wever et al., 1987; Peybernés et al., 2001). Sills of
dolerite and basaltic dikes cut through the pillow lava basalts, which are topped by a level of pillow
breccia. In addition, an intercalation of silts and silty sandstones with arkosic composition has been
found at the uppermost part of the pillow lava sequence. This intercalation can be correlated with
that described by Durand-Delga et al. (1997) at Piana di Castifao. This occurrence contains zircons
derived from calc-alkaline granitoids of Hercynian Corsica, as well as fragments of micaschists,
rhyolites, basalts, and Jurassic limestones, as reported by Durand-Delga et al. (1997).

The most notable feature of this crustal section, however, is the presence of debris derived from
the European continental shelf at its base and within it. Also, the overlying sedimentary cover is
characterized by abundant continental debris, suggesting that the ophiolites of the Balagne Nappe
originated in an area of the Ligurian-Piedmont Oceanic Basin close to the ocean-continent
transition of the Europe plate (Durand-Delga et al., 1997; Marroni and Pandolfi, 2007; Rossi et al.,
2009). The characteristics of the Navaccia pillow lava section, coupled with its relevant thickness,
allow the ophiolites from the Balagne Nappe to be correlated with those of the western External
Ligurian Units. These ophiolites occur as slide blocks within a sedimentary mélange but their
pristine relationships with the continental rocks have been clearly assessed (Marroni et al., 1998).
In particular, the pillow lava basalts show primary relationships with continental granitoids of Late
Carboniferous-Permian age (Di Rosa et al., 2024). The ophiolites in the western External Ligurian
Units, such as those in the Balagne Nappe, are therefore thought to have originated from the ocean-
continent transition, but on the opposite side of the Ligurian-Piedmont Oceanic Basin, specifically,
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the side of the Adria plate (Marroni et al., 1998; Marroni and Pandolfi, 2007; Montanini et al.,
2008). Given their origin, the pillow lava basalts from both the Balagne Nappe and the External
Ligurian Units are the oldest, having formed during the initial stage of spreading in the Ligurian-
Piedmont oceanic basin, as depicted in the Fig. 17. Notably, both are characterized by the
significant thickness of their pillow lava basalt sequences. This figure also postulates the
interference in the Middle Jurassic between volcanic activity and siliciclastic sedimentation
supplied by the continental margin of Europe plate.

CONCLUSIONS

The Balagne Nappe in north-western Corsica contains best-preserved ophiolitic sequences
derived from the OCTZ of the Ligurian-Piedmont oceanic basin, making it a key area for
reconstructing Alpine-Apennine oceanic evolution. Within this nappe, the Navaccia Unit exposes
an exceptionally thick (700-800 m) and well-preserved succession of pillow-lava basalts. This
volcanic sequence overlies ophiolitic breccias and is capped by Jurassic cherts, and it is intruded
by dolerite sills and basaltic dikes. Arkosic sedimentary layers containing continental-derived
debris are interlayered within the pillow lava pile.

Geochemically, the Navaccia pillow lavas consist mainly of tholeiitic basalts, with minor
basaltic andesites (SiO, 48-55 wt%) having a N-MORB general chemistry but showing clear
enrichment in several incompatible elements. In particular, they are enriched in Ti, Nb, Th, Ta, Hf,
and LREE compared with other basaltic rocks from Corsican ophiolitic and metaophiolitic units.
Their chondrite-normalized REE patterns, characterized by strong depletion of HREE, indicate
marked influence of residual garnet in the mantle source. Consistently, in the Dy/Yb vs. Ce/Yb
discrimination diagram of Saccani (2015), the Navaccia basalts fall in the field for garnet-
influenced basalts like those formed at the ocean-continent transition zone. Moreover, the hump-
shaped LREE patterns, with (La/Nd)n ratios of 0.64-0.93, point to source heterogeneity. Semi-
quantitative petrogenetic modelling of Ce, Dy, Yb, Th, and Nb suggests that the primary magmas
formed through 8-12% partial melting of an enriched spinel-facies mantle component, combined
with 5-10% melting of a garnet-pyroxenite source.

The thickness and good preservation of the Navaccia pillow lavas make this unit a natural
laboratory for applying a chemostratigraphic study to better understand ocean-floor volcanism at
the OCTZ of the Ligurian-Piedmont basin. This study shows a remarkable uniformity in
incompatible elements contents and Mg# along the sequence, suggesting that the volcanic pile was
built by repeated small eruptions that tapped magmas with similar degrees of partial melting and
fractional crystallization, likely controlled by stable magma chamber processes.

The presence of abundant continental debris at the base and within the volcanic sequence
indicates formation close to the European OCTZ of the Ligurian-Piedmont basin. Both
stratigraphic architecture and geochemical characteristics of the Navaccia pillow lavas closely
resemble those of ophiolites in the western External Ligurian Units, which formed at the opposite,
Adria-side OCTZ. Together, these ophiolites represent some of the earliest volcanic products of
the opening of the Ligurian-Piedmont oceanic basin.
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Fig. 1 - (a) Location of the Fig. 1b within the geological framework of the Western Mediterranean (modified
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Fig. 4 - Stratigraphic log of the ophiolite sequence reconstructed in the Lagani Valley. The position of the

collected samples is indicated.
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Fig. 5 - Meso- and microscale features of the Lagani Valley sequence. (a) Pillow lava basalts; (b) Pillow lava
breccia; (c) field occurrence of the dolerites; (d) small dike of aphyric basalt within the dolerites; (e) layer of
siltstones and silty-sandstones (isa) within the pillow lavas (b); (f) microscale features of the-silty sandstones,
crossed-pols; (g) trace of bioturbation (arrow) in the siltstones (isa) within the pillow lavas; (h) Intercalation
of red cherts (ch) within the pillow lava basalts (b).
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Fig. 6 - Deformations of the pillow lava basalts. (a) horizontal pillows; (b) almost vertical pillows; (c)
stereographic plot of the pillows attitude and contouring of the pillows attitude; Schmidt net, equal area, lower
hemisphere stereographic representation.
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Fig. 7 - Microphotos showing the main textures and mineral phases in the Navaccia pillow lavas. Abbreviations.
PPL: plane polarized light; XPL: crossed polarized light; Pl: plagioclase; Cpx: clinopyroxene; Ol: olivine; Ox:
Fe-Ti-oxides. (a) basalt CO151; (b) basaltic andesite CO148; (c) basalt CO153; (d) basalt CO155a; (e) doleritic
dyke CO158a; (f) doleritic dyke CO158.
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Fig. 8 - Nb/Y vs. Ti/Y discrimination diagram of Winchester and Floyd (1977) modified by Pearce (1996) for
volcanic rocks and sills from the Navaccia pillow lavas. The compositions of basaltic rocks from various
ophiolitic and metaophiolitic units of the Alpine Corsica and both External and Internal Ligurian units of the
Northern Apennine are shown for comparison (data from Durand-Delga et al., 1997; Rampone et al., 1998;
Saccani et al., 2000, 2008; Montanini et al., 2008; Renna et al., 2018). Grey crosses show the compositions of
typical normal-type mid-ocean ridge basalt (N-MORB) and enriched-type mid-ocean ridge basalt (E-MORB);
data from Sun and McDonough (1989). Abbreviations, N-MORB: normal-type mid-ocean ridge basalt; E-
MORB: enriched-type mid-ocean ridge basalt; OIB: alkaline oceanic within-plate basalt. Compositional fields

for alkaline ocean island basalts (A), Mid-ocean ridge basalts (B), and calc-alkaline basalts (C) are from Pearce
(1996).
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Fig. 9 - N-MORB normalized incompatible element patterns (a-d) and chondrite-normalized REE patterns (e-
h) for volcanic rocks and sills from the Navaccia pillow lavas. Normalizing values are from Sun and
McDonough (1989). Patterns for the typical normal-type mid-ocean ridge basalt (N-MORB) and enriched-
type mid-ocean ridge basalt (E-MORB) are show in Panels a) and e) (data from Sun and McDonough, 1989).
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Fig. 10 - Chondrite-normalized (La/Nd) vs. (La/YDb) (a) and (Nd/YD) vs. (La/YD) (b) diagrams for volcanic
rocks and sills from the Navaccia pillow lavas. Normalizing values and the compositions of typical normal-
type mid-ocean ridge basalt (N-MORB) and enriched-type mid-ocean ridge basalt (E-MORB) are shown with
grey crosses; data from Sun and McDonough (1989). The compositions of basaltic rocks from various
ophiolitic and metaophiolitic units of the Alpine Corsica and both External and Internal Ligurian Units of the
Northern Apennine are shown for comparison (data from Durand-Delga et al., 1997; Rampone et al., 1998;
Saccani et al., 2000, 2008; Montanini et al., 2008; Renna et al., 2018). Light blue lines represent the REE ratios
= 1; black lines represent the rough compositional trends of the Balagne basalts (Ba), Corsica basaltic and
metabasaltic rocks (Co), and External Ligurian basalts (EL).
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Fig. 11 - N-MORB normalized Th vs. Nb discrimination diagram of Saccani (2015) for volcanic rocks and
sills from the Navaccia pillow lavas. Vectors indicate the trends of compositional variations due to the main
petrogenetic processes (OIB: ocean island, plume-type component enrichment; FC: fractional crystallization
The compositions of basaltic rocks from various ophiolitic and metaophiolitic units of the Alpine Corsica and
both External and Internal Ligurian (units of the Northern Apennine are shown for comparison (data from
Durand-Delga et al., 1997; Rampone et al., 1998; Saccani et al., 2000, 2008; Montanini et al., 2008; Renna et
al., 2018). Abbreviations, MORB: mid-ocean ridge basalt; N-: normal type; E-: enriched type; OIB: alkaline
oceanic within-plate basalt. Normalizing values, as well as the composition of typical N-MORB, E-MORB,
and OIB, show with gray crosses, are from Sun and McDonough (1989).
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Fig. 12 - Chondrite-normalized (Sun and McDonough, 1989) Dy/Yb vs. Ce/Yb diagram of Saccani (2015)
used for discriminating between garnet-influenced mid-ocean ridge basalts (G-MORB) and garnet-not
influenced normal-type mid-ocean ridge basalts (N-MORB) for volcanic rocks and sills from the Navaccia
pillow lavas. The compositions of basaltic rocks from various ophiolitic and metaophiolitic units of the Alpine
Corsica and both External and Internal Ligurian units of the Northern Apennine are shown for comparison
(data from Durand-Delga et al., 1997; Rampone et al., 1998; Saccani et al., 2000, 2008; Montanini et al., 2008;
Renna et al., 2018).
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Fig. 13 - Variation of selected incompatible elements (in ppm) vs. Zr (in ppm) for volcanic rocks and sills from
the Navaccia pillow lavas. The compositions of basaltic rocks from various ophiolitic and metaophiolitic units
of the Alpine Corsica and both External Ligurian and Internal Units of the Northern Apennines are shown for
comparison (data from Durand-Delga et al., 1997; Rampone et al., 1998; Saccani et al., 2000, 2008; Montanini
et al.,, 2008 Renna et al., 2018). Grey crosses show the composition of typical normal-type mid-ocean ridge
basalt (N-MORB), enriched-type mid-ocean ridge basalt (E-MORB), and alkaline oceanic within-plate basalt
(OIB); data from Sun and McDonough (1989). N-MORB, E-MORB, and alkaline oceanic within-plate basalt.
are from Sun and McDonough (1989). The dashed lines roughly mark the compositional differences between
the Balagne basaltic rocks and their equivalents from Corsica and External Ligurian ophiolitic and
metaophiolitic units. Legend is split in panels a) and c).
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Fig. 14 - Th/Tb vs. Th/Ta diagram for volcanic rocks and sills from the Navaccia pillow lavas. The
compositions of basaltic rocks from various ophiolitic and metaophiolitic units of the Alpine Corsica and both
External and Internal Ligurian Units of the Northern Apennines are shown for comparison (data from Durand-
Delga et al., 1997; Rampone et al., 1998; Saccani et al., 2000, 2008; Montanini et al., 2008 Renna et al., 2018).
Dashed lines represent (Th/Tb)/(Th/Ta) ratios for typical normal-type mid-ocean ridge basalt (N-MORB) and
enriched-type mid-ocean ridge basalt (E-MORB); data from Sun and McDonough (1989).
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Fig. 15 - Chemostratigraphy of the Navaccia pillow lavas showing Mg# {Mg# = 100 x Mg/(Mg+Fe*"), where
Mg = MgO/40 and Fe = FeO/72}, selected incompatible elements, and trace element ratios. Note: sample
CO154 represents the outermost section of a pillow rim; therefore, its Mg# (shaded symbol) should be used
with caution because of possible mobility of Fe and Mg. Flow elevation is used a proxy for time since the
flows are almost flat laying. The dashed lines represent the composition of the normal-type mid-ocean ridge
basalt (N-MORB) and the ocean island basalt (OIB) of Sun and McDonough (1989); the yellow lines represent
doleritic dykes cutting the pillow lava sequence; the gray field in the (Dy/Yb)x panel represents the
compositional variation of garnet-influenced MORBs (G-MORB of Saccani, 2015). Dy and Yb are normalized
to the chondrite composition (of Sun and McDonough (1989). Abbreviation in the stratigraphic column, CH:
Red chert; b: basaltic pillow lava; d: doleritic sill; isa: silty sandstone; OB: ophiolitic breccia.
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Fig. 16 - (a) Chondrite-normalized REE patterns for primary melts calculated from selected samples assuming
12 - 16% fractional crystallization of olivine + plagioclase + clinopyroxene, as well as chondrite-normalized
REE patterns for the depleted MORB mantle composition (DMM; Workman and Hart (2005), the primordial
mantle composition (PM; Sun and McDonough (1989), selected garnet-pyroxenites (Liu et al., 2005), and the
theoretical enriched source used in the melting models shown in Figs. 16b, c. The composition of spinel-
pyroxenites veins in the mantle interpreted as cumulitic rocks derived from LREE-enriched basaltic magmas
(Liu et al., 2005) are shown for comparison; (b) Melting model based on La/Yb vs. Dy/YDb ratios; (c) Melting
model based on Nb/Yb vs. Th. Melt curves for the garnet- (gt) and spinel (spl) facies mantle in Figs. b, c are
calculated using nonmodal batch melting for various source compositions in both garnet-facies and spinel-
facies mantle. Source compositions, DMM: La = 0.222 ppm, Dy =0.55 ppm, Yb =0.353 ppm, Th = 0.009 ppm,
Nb = 0.15 ppm (Workman and Hart, 2005); PM: La = 0.687 ppm, Dy = 0.737 ppm, Yb = 0.493 ppm, Th =
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0.085 ppm, Nb =0.713 ppm (Sun and McDonough, 1989), TES (theoretical enriched source): La= 0.687 ppm,
Dy =0.58 ppm, Yb =0.353 ppm, Th =0.018 ppm, Nb = 0.3 ppm; garnet-pyroxenite (gt-Px.te): La=0.18 ppm,
Dy =0.30 ppm, Yb =0.27 ppm, Th = 0.05 ppm, Nb = 0.30 ppm.

Fields indicate the arrays of the mixing between various proportions of melt fractions from garnet-
pyroxenite and melt fractions from spinel-facies mantle. The dashed lines in panels ¢) and c) show the array

of the mixing between ~2%melt fraction from garnet-facies TES and ~10%melt fraction from spinel-facies
TES. Ticks on the melting curves indicate the percentages of melt fractions. Arrows indicate the fractional
crystallization trends calculated assuming the crystallization of olivine, plagioclase, clinopyroxene, and
spinel) in the proportions 0.08-0.45-0.45-0.02 with partition coefficients from McKenzie and O'Nions
(1991). Garnet lherzolite mode is: 0.598 ol, 0.211 opx; 0.076 cpx, and 0.115 gt that melts in proportions of
0.04 ol, -0.19 opx, 1.04 cpx, and 0.11 gt. Spinel lherzolite mode is: 0.578 ol, 0.270 opx, 0.119 cpx, and
0.033 sp that melts in proportions of -0.06 ol, 0.28 opx, 0.67 cpx, and 0.11 sp. Mantle modes and melting
proportions are from Kinzler (1997). Distribution coefficients for all minerals are from McKenzie and
O'Nions (1991) for REE and from Ewart and Griffin (1994) for Th and Nb.
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Fig. 17 - 3D snapshoot showing the location of the pillow lava basalts from both the Balagne Nappe and
the External Ligurian Units formed during the initial stage of spreading in the Ligurian-Piedmont oceanic
basin (Middle Jurassic). The figure shows the interference during the Middle Jurassic between volcanic
activity and siliciclastic sedimentation supplied by the continental margin of Europe plate. ch: Cherts
source area; isa: siltstones and silty-sandstones source area; BAL: Balagne; EL: External Ligurian. The
paleogeographic location of the basalts from the Balagne nappe and the External Ligurian Units is according
to Marroni and Pandolfi (2007).
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Table 1 - Bulk-rock major (wt%) and trace (ppm) element analyses for basaltic rocks from the Navaccia Pillow Unit.

Sample CO161
Rock bas
Type

XRF analyses
Sio, 49.56
TiO, 1.85
ALO4 15.98
Fe,O4 1.18
FeO 7.89
MnO 0.16
MgO 7.09
CaO 8.75
Na,O 3.98
K,O 0.47
P205 0.24
L.O.I 2.73
Total 99.88
Mg# 61.6
Zn 90
Cu 52
Sc 35
Ga 18
Ni 79
Co 37
Cr 204
\Y 206
Ba 52
Pb n.d
ICP-MS analyses
Rb 4.97
Sr 109
Y 23.6
Zr 115
Nb 4.20
La 4.82
Ce 14.0
Pr 2.30

Nd 11.5

bas

49.26
1.90
16.07
1.21
8.05
0.20
6.91
8.49
4.02
0.76
0.24
2.82
99.93

60.4

99
66
32
20
86
48
212
215
66

11.5

145
31.2

116
4.43
6.10
17.0
2.79
13.9

bas

50.34
2.00
15.62
1.21
8.04
0.15
7.15
7.97
4.13
0.63
0.30
2.39
99.92

61.3

93
44
36
19
54
42
186
231
62

7.32

182
34.8

134
6.34
7.44
20.2
3.31
16.6

bas

50.92
2.04
15.83
1.17
7.82
0.17
5.48
7.72
5.17
0.32
0.26
2.96
99.86

556.5

97
60
38
18
53
39
169
228
63
n.d

6.39

143
28.1

120
5.00
4.69
14.4
2.62
13.1

bas

49.63
1.36
18.27
0.97
6.47
0.15
6.07
9.06
4.13
0.65
0.16
3.03
99.95

62.6

75
56
32
15
141
49
338
164
48

10.3

343
21.5
81.6
4.05
4.36
12.2
2.00
10.0

bas

48.98
1.64
18.14
0.95
6.35
0.12
4.92
6.88
4.41
2.05
0.22
5.28
99.95

58.0

86
62
33
18
45
30
263
180
63
n.d

20.6

134
22.0

110
3.84
5.07
14.9
2.38
11.2

dol
dyke

51.21
1.82
15.47
1.14
7.57
0.16
5.61
9.01
4.97
0.12
0.24
2.75
100.06

56.9

91
56
33
19
42
43
179
198
43

0.716
127
25.5
104
4.72
5.82
16.0
2.66
12.4

bas

49.06
1.91
15.02
1.23
8.22
0.15
4.92
9.74
4.80
0.43
0.27
4.32
100.06

51.6

100
54
36
17
59
59

161

248
58

7.47

163
28.1

133
4.71
6.12
17.3
2.89
14.1

bas

51.20
1.83
16.75
0.98
6.56
0.16
4.38
8.09
5.69
0.57
0.23
3.46
99.91

54.3

83
62
36
21
53
38
197
218
50

8.33

162
221

109
3.47
4.23
12.9
2.15
11.1

dol
dyke

50.85
2.26
15.63
1.25
8.31
0.17
5.76
6.88
4.82
0.75
0.31
2.91
99.91

55.3

95
63
39
20
35
27
144
219
66

6.10

172
36.0

146
6.57
7.34
21.8
3.82
18.7

bas

49.26
1.79
16.34
1.1
7.43
0.15
6.69
9.31
4.22
0.20
0.21
3.26
99.97

61.6

85
57
34
15
63
33
215
209
49
n.d

3.51

119
29.0

112
4.37
4.00
13.6
2.38
12.0

bas

50.12
1.74
16.40
1.18
7.88
0.16
6.01
7.88
4.97
0.07
0.20
3.32
99.94

57.6

88
64
36
16
65
39
219
220
66

3.33

182
33.5

124
4.04
4.86
14.0
2.38
12.9

bas

50.50
1.86
16.37
1.10
7.35
0.17
6.53
7.72
4.40
0.93
0.24
2.91
100.09

61.3

86
57
36
19
78
46
229
221
58

11.6

224
28.0

111
4.59
5.56
16.0
2.59
12.8

49.62
1.79
16.04
1.16
7.71
0.15
5.89
8.66
4.46
0.28
0.20
4.00
99.96

57.6

88
59
39
16
67
36
230
221
56
n.d

7.16

193
30.9

109
4.91
3.97
13.0
2.26
12.2

bas

48.12
1.59
15.50
1.51
10.08
0.14
3.56
12.27
3.91
0.92
0.20
2.07
99.88

38.6

83
41
32
17
54
34
201
258
46

12.5
81.2
26.6

101
4.46
5.27
14.4
2.42
11.8

bas

51.09
2.02
15.76
1.07
7.14
0.15
5.71
8.72
5.12
0.10
0.26
2.69
99.82

58.8

89
63
39
18
61
34
218
233
55
n.d

1.25

273
32.0

147
5.30
7.35
20.1
3.42
16.7

bas

51.91
1.86
17.08
1.05
6.99
0.14
5.36
6.14
5.49
0.56
0.21
3.11
99.91

57.7

94
72
38
15
68
41
235
228
53

7.22

161
25.5

101
4.92
3.78
13.0
2.25
11.5

bas

51.21
1.72
14.81
1.06
7.06
0.15
4.86
11.87
3.74
0.07
0.19
3.22
99.97

55.1

79
51
33
15
64
37
215
211
41

2.21
88.2
25.8

111
3.75
3.95
12.4
2.18
11.3

bas

49.21
1.68
15.68
1.12
7.49
0.11
3.78
10.71
3.95
0.09
0.25
5.90
99.97

47.3

82
59
33
16
87
49
209
219
44
n.d

1.37
83.0
28.0

104
4.31
4.96
13.9
2.31
11.5

bas

51.13
1.89
17.85
1.19
7.94
0.11
4.84
4.10
5.99
0.65
0.30
3.97
99.95

52.1

89
80
37
12
127
53
242
214
52

10.8

104
26.2

115
5.54
4.57
13.5
2.32
12.1

bas

54.30
1.76
16.79
0.93
6.23
0.10
4.60
5.62
6.88
0.15
0.21
212
99.69

56.8

88
71
41
12
116
60
255
196
68

2.90

214
34.3

143
5.70
5.17
16.1
2.76
14.4

bas

54.87
2.05
15.60
0.86
5.74
0.19
3.77
4.43
4.71
2.55
0.24
4.88
99.89

53.9

97
79
42
14
78
39
257
185
83

39.0

107
36.5

133
4.15
5.14
16.1
2.91
15.1

CO162 CO163 CO160 CO159A CO159 CO158A CO158B CO158C CO158 CO157 CO156 CO155A CO155 CO154 CO153 CO149 CO152 CO146 CO147 CO148 CO150 CO151
bas

bas

51.50
1.76
16.48
1.00
6.68
0.13
5.07
8.25
5.28
0.56
0.21
3.05
99.97

57.5

86
67
38
14
81
50
276
209
60

7.96

138
27.4

100
5.09
5.74
16.6
2.74
13.4



Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U

Ti/v
(La/Sm)y
(Sm/Yb)y
(La/Yb)y
Nb/Yb
Ta/Yb
Th/Yb

3.49
1.12
3.96
0.657
4.08
0.818
2.21
0.321
2.00
0.280
3.08
0.232
0.205
0.076

56
0.89
1.94
1.73
2.10
0.12
0.10

4.28
1.41
4.75
0.790
4.97
1.02
2.78
0.404
2.51
0.345
3.24
0.253
0.237
0.083

55
0.92
1.90
1.75
1.77
0.10
0.09

4.97
1.56
5.51
0.894
5.62
1.12
3.02
0.449
2.75
0.382
3.73
0.363
0.357
0.135

53
0.97
2.00
1.94
2.30
0.13
0.13

4.07
1.29
4.58
0.779
4.76
0.942
2.48
0.343
2.09
0.260
3.44
0.357
0.394
0.114

55
0.74
2.16
1.61
2.39
0.17
0.19

3.03
1.07
3.63
0.592
3.68
0.758
2.03
0.291
1.78
0.247
2.29
0.218
0.217
0.082

52
0.93
1.89
1.76
2.28
0.12
0.12

3.39
1.09
3.47
0.586
3.54
0.716
1.92
0.273
1.59
0.217
2.96
0.270
0.224
0.098

58
0.97
2.37
2.29
2.42
0.17
0.14

3.69
1.06
3.84
0.670
4.14
0.831
2.21
0.321
1.92
0.254
2.89
0.269
0.282
0.097

57
1.02
2.14
2.18
2.46
0.14
0.15

4.24
1.39
4.65
0.793
4.77
1.00
2.70
0.381
2.42
0.328
3.60
0.263
0.334
0.124

48
0.93
1.94
1.81
1.94
0.11
0.14

3.49
1.06
3.58
0.597
3.62
0.753
2.02
0.294
1.83
0.233
3.19
0.213
0.187
0.083

52
0.78
212
1.66
1.89
0.12
0.10

5.43
1.53
6.00
1.03
6.28
1.29
3.44
0.475
2.85
0.380
4.24
0.488
0.520
0.193

64
0.87
2.1
1.85
2.31
0.17
0.18

3.86
1.19
4.78
0.834
5.37
1.05
2.75
0.376
2.26
0.301
3.15
0.273
0.329
0.083

53
0.67
1.90
1.27
1.93
0.12
0.15

4.09
1.29
4.99
0.849
5.29
1.13
3.10
0.443
2.75
0.380
3.46
0.238
0.243
0.074

49
0.77
1.65
1.27
1.47
0.09
0.09

3.84
1.22
4.29
0.733
4.62
0.959
2.54
0.369
2.38
0.334
2.83
0.282
0.290
0.098

52
0.93
1.79
1.67
1.93
0.12
0.12

3.75
1.09
4.65
0.812
5.07
1.07
2.81
0.406
2.56
0.348
2.95
0.312
0.320
0.110

50
0.68
1.63
1.1
1.92
0.12
0.13

3.75
1.13
4.25
0.729
4.51
0.942
2.53
0.360
2.10
0.306
2.76
0.237
0.281
0.150

38
0.91
1.98
1.80
212
0.11
0.13

5.02
1.51
5.96
0.974
5.94
1.19
3.19
0.432
2.59
0.323
4.39
0.277
0.316
0.107

53
0.95
2.15
2.03
2.04
0.11
0.12

3.47
1.10
4.18
0.706
4.36
0.919
2.49
0.358
2.18
0.308
2.89
0.246
0.206
0.089

51
0.70
1.77
1.24
2.26
0.11
0.09

3.58
1.13
4.37
0.755
4.72
0.963
2.64
0.368
2.23
0.298
3.14
0.231
0.204
0.076

51
0.71
1.79
1.27
1.68
0.10
0.09

3.53
1.13
4.47
0.768
4.80
0.986
2.66
0.374
2.27
0.298
2.89
0.236
0.193
0.099

49
0.91
1.73
1.57
1.90
0.10
0.09

3.80
1.28
4.56
0.745
4.72
0.963
2.55
0.359
2.16
0.278
3.13
0.334
0.369
0.144

55
0.78
1.95
1.52
2.56
0.15
0.17

4.61
1.54
5.95
0.987
5.94
1.19
3.19
0.435
2.64
0.322
3.61
0.307
0.372
0.141

55
0.72
1.94
1.40
2.16
0.12
0.14

4.80
1.53
6.24
1.04
6.48
1.34
3.59
0.485
2.76
0.336
3.79
0.248
0.322
0.077

70
0.69
1.93
1.33
1.50
0.09
0.12

3.97
1.27
4.64
0.758
4.81
0.957
2.63
0.367
2.21
0.290
2.92
0.296
0.372
0.134

52
0.93
1.99
1.86
2.30
0.13
0.17

Abbreviations, bas: basalt; bas and: basaltic andesite; dol dyke: doleritic dyke; n.d.: not detected. Fe,O; = FeO x 0.15; Mg# = 100 x Mg/(Mg+Fe2+), where Mg = MgO/40 and Fe = FeO/72. Normalizing values for REE

ratios from Sun and McDonough (1989). Sample locations are shown in Fig. 3. Samples are listed in stratigraphic order from bottom (CO161) to top (CO151).
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