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ABSTRACT 27 

Subducted sections of dry oceanic mantle can undergo serpentinization through interaction with 28 

metamorphic fluids, recording a sequence of serpentinization events from the subseafloor to 29 

serpentine-out reactions. The geochemical patterns of these different stages of fluid-rock interaction 30 

trace the context and mechanisms of serpentinization processes. In this study, we used petrographic 31 

observations, micro-Raman spectroscopy, as well as bulk and in situ trace element analyses across a 32 

serpentinization front adjacent to a subduction-related tectonic contact in the Monte Maggiore massif, 33 

Alpine Corsica, France. Using a high-density sampling approach throughout the entire massif, we 34 

identified multiple and consistently distributed serpentine generations, reflecting successive 35 

hydration events in a chemically open system. Fluid-mobile elements (FME) exhibit a slight increase 36 

from lizardite- to antigorite-dominated generations and a more substantial rise with increasing 37 

serpentinization degrees towards the tectonic contact. When compared to other serpentinization fronts 38 

originated at different geodynamic settings – e.g., Semail Ophiolite (Oman) as a subduction 39 

serpentinization front; Lanzo Massif (W. Alps) as a subducted oceanic serpentinization front–, the 40 

Monte Maggiore FME patterns indicate a subduction-related serpentinization front, rather than 41 

subducted oceanic serpentinites. Our results and the comparison with literature data suggest that 42 

decreasing in situ serpentine FME inventory concentrations across serpentinization fronts may be 43 

characteristic of subduction-zone serpentinization, whereas opposite trends may be diagnostic of 44 

subducted oceanic fronts. Our study also highlights the importance of tracing serpentinization as a 45 

spatially evolving process (across fronts), with least serpentinized rocks recording the latest stage(s) 46 

of serpentinization instead of relicts of incipient serpentinization.  47 



 1. INTRODUCTION 48 

Serpentinization is the process of aqueous alteration of ultramafic rocks (Moody, 1976, Evans et al., 49 

2013, Schrenk et al., 2013). The geochemical fingerprint of serpentinization within the first ten km 50 

of oceanic lithosphere together with the recycling of oceanic serpentinites during subduction have 51 

been the subject of multiple studies in the past decades (e.g., Ranero et al., 2003; Kelley et al., 2005; 52 

Delacour et al., 2008; Etiope and Sherwood Lollar, 2013; Scambelluri et al., 2004; Hattori and 53 

Guillot, 2007; Kodolányi et al., 2012; Pettke and Bretscher, 2022; Vesin et al., 2024). While the 54 

possibility of serpentinization taking place at greater depths in subduction zones is known (e.g., 55 

Bostock et al., 2002; Hyndman et al., 2003; Nozaka, 2005; Deschamps et al., 2010; Vitale Brovarone 56 

et al., 2017; Dandar et al., 2019; Vitale Brovarone et al., 2020; Boutier et al., 2021), the mechanisms, 57 

reaction pathways, and geochemical framework of high-pressure serpentinization are poorly 58 

constrained. This process can affect both the supra-subduction forearc mantle (hereafter mantle 59 

wedge) and dry portions of subducting oceanic mantle rocks flushed by slab-derived metamorphic 60 

fluids. The subducted mantle lithosphere has the potential to record multiple stages of fluid-rock 61 

interaction from the subseafloor all the way down to the serpentine-out reaction in subduction zones 62 

(Evans, 2004; Debret et al., 2013a; Padrón-Navarta et al., 2013; Scambelluri et al., 2014; Guillot et 63 

al., 2015; Vitale Brovarone et al., 2020). The geochemical composition of serpentinites partially 64 

reflects the chemistry of the aqueous fluid(s) responsible for the formation of serpentine minerals, 65 

which is in turn dependent upon fluid sources, geodynamic setting(s), and temperature (T) and 66 

pressure (P) conditions at which serpentinization takes place. Therefore, defining the characteristic 67 

geochemical patterns of high-T and high-P serpentinization relative to oceanic serpentinization, may 68 

provide insight to constrain their genetic context and relative implications in geochemical recycling 69 

at subduction zones. In this context, bulk and in situ trace element analysis is a powerful tool to study 70 

fluid-rock interactions, and has already been used to characterize serpentinization and its evolution 71 

in subduction zones (e.g., Vils et al., 2011; Debret et al., 2013b; Lafay et al., 2013; Peters et al., 2017; 72 

Prigent et al., 2018; Scambelluri et al., 2019; Cannaò and Debret, 2024). These studies focused, in 73 



particular, on the behaviour of fluid-mobile elements (FME: Li, B, As, Rb, Sr, Sb, Cs, Ba, Pb, and U 74 

the latter under sufficiently oxidizing conditions) to track serpentinization events, fluid sources, and 75 

the settings of serpentinization. Fluid mobile elements are indeed incorporated by serpentine minerals 76 

during hydration and subsequently released during dehydration in subduction (e.g., Scambelluri et 77 

al., 2015), providing information on the nature of slab fluids in subduction zones (e.g., Vils et al., 78 

2011; Debret et al., 2013b; Lafay et al., 2013). In other cases, U versus alkalis and FME ratios 79 

permitted to identify the environment of serpentinization, based on their chemical behaviour under 80 

different redox conditions (Peters et al., 2017). 81 

Here, we present the case study of the partially serpentinized Monte Maggiore ultramafic 82 

body, Alpine Corsica, France (Jackson and Ohnenstetter, 1981; Malavieille, 1983; Debret et al., 2014; 83 

Magott et al., 2020). This body was initially part of a segment of the slow-spreading Piemonte-84 

Ligurian ocean and was then involved in Alpine subduction, reaching blueschist-facies conditions 85 

(Malavieille, 1983; Rampone et al., 2008; Rampone et al., 2009; Piccardo and Guarnieri, 2010; 86 

Debret et al., 2014; Basch et al., 2018). Regional-scale geological features indicate that the 87 

serpentinization front of Monte Maggiore propagates from its basal tectonic contact, which 88 

corresponds to a subduction-related Alpine fault (Malavieille 1983), into the ultramafic body. The 89 

Monte Maggiore body may therefore represent an example of an oceanic mantle that did not interact 90 

significantly with seawater during the oceanic stage and was subsequently subjected to multiple 91 

serpentinization events during subduction. However, previous work suggests the presence of a 92 

precursor oceanic serpentinization stage in the Monte Maggiore serpentinization front (Debret et al., 93 

2014). To unravel different hypotheses, or to confirm the latter, we adopted a high-density sampling 94 

strategy (i.e., 88 samples over a 4 km2 area) aimed at mapping mineralogical and geochemical 95 

variability across the Monte Maggiore serpentinization front. We investigated the distribution of 96 

serpentine generations and their trace element concentrations, in particular FME, by means of laser 97 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). We discuss the most likely 98 

serpentinization environments for the Monte Maggiore case study, and the characteristic trace 99 



element signatures of high-pressure serpentinization relative to oceanic subducted serpentinites. 100 

 101 

2. GEOLOGIC SETTING 102 

The Monte Maggiore body is located in the northern part of the island of Corsica, France (Fig. 1). 103 

This body belongs to Alpine Corsica, a stack of variably metamorphosed units of oceanic and 104 

continental affinity overthrust onto the Corsica Hercynian basement during the Alpine orogenesis 105 

(Mattauer et al., 1981; Durand-Delga, 1978, 1984; Jolivet et al., 1998; Malavieille et al., 1998; Molli 106 

and Malavieille, 2011; Vitale Brovarone et al., 2013). The ocean-derived units of Alpine Corsica are 107 

equivalent to the Schistes Lustrés Complex of the Western Alps and represent segments of the slow-108 

spreading Piemonte-Liguria oceanic basin including mafic and ultramafic rocks and their sedimentary 109 

cover sequences (Durand-Delga, 1978, 1984; Lagabrielle and Cannat, 1990; Lagabrielle et al., 2015; 110 

Vitale Brovarone et al., 2014). Slices and sedimentary horizons of continental affinity have been 111 

interpreted as representative of continental extensional allochthons characteristic of the rifting phase 112 

of the Piemonte-Liguria ocean (see Vitale Brovarone et al., 2011, 2013; Beltrando et al., 2014 and 113 

references therein). The Alpine metamorphic overprint varies from low-grade, to sub-greenschist to 114 

lawsonite eclogite-facies conditions (Vitale Brovarone et al., 2013; and references therein for a 115 

review). Geochronological data indicate a Late Eocene age for the high-pressure metamorphic event 116 

in the Schistes Lustrés (Martin et al., 2011; Vitale Brovarone and Herwartz, 2013; Rossetti et al., 117 

2015). 118 

The Monte Maggiore body is a 4 km2 massif consisting of a slightly to fully serpentinized 119 

mantle peridotite locally crosscut by mafic (mostly gabbroic) dykes of Jurassic age (Rampone et al., 120 

2008; Piccardo and Guarnieri, 2010; Basch et al., 2018). It is interpreted as a portion of exhumed 121 

oceanic mantle impregnated by MORB-type magmas in an ocean-continent transition setting (OCT) 122 

(Jackson and Ohnenstetter, 1981; Piccardo and Guarnieri, 2010). Despite the remarkable preservation 123 

of mantle-derived assemblages (Rampone et al., 2008; Piccardo and Guarnieri, 2010; Basch et al., 124 

2018), the Monte Maggiore body experienced blueschist-facies high-P metamorphism, as indicated 125 



by the formation of nearly pure jadeite on igneous plagioclase (Jackson and Ohnenstetter, 1981; 126 

Debret, 2013; Debret et al., 2014). 127 

The peridotite body is juxtaposed to the Centuri unit, which consists of a pre-Alpine crystalline 128 

basement including ortho- and paragneiss, amphibolite, and minor marble layers, showing local 129 

manifestations of blueschist-facies Alpine metamorphic overprint (Malavieille, 1983). The contact 130 

between the Monte Maggiore ultramafic body and the underlaying Centuri unit is a 100-250 meters 131 

thick, NNW-dipping shear zone originated during the Alpine subduction/orogeny (Malavieille, 132 

1983). This shear zone is localized into the Centuri continental unit, with a strong strain gradient – 133 

also visible from satellite images – towards the overlying Monte Maggiore body, and it is marked by 134 

syntectonic high-P/low-T metamorphism (Malavieille, 1983). On the contrary, ductile deformation 135 

in the Monte Maggiore body is only locally observed (Malavieille, 1983). A metasomatic horizon 136 

composed of chlorite schists and/or mafic schists is present at the contact between the Centuri and 137 

Monte Maggiore units (Jackson and Ohnenstetter, 1981). 138 

Previous work on the Monte Maggiore ultramafic rocks documented two main zones characterized 139 

by weakly serpentinized peridotites in the northern part of the massif, and serpentinites to the south, 140 

respectively (Jackson and Ohnenstetter, 1981; Debret, 2013; Debret et al., 2014; Magott et al., 2020). 141 

In between the two zones, ultramafic pseudotachylites are reported and interpreted as having formed 142 

in response to seismic activity during Alpine subduction (Fabbri et al., 2018; Magott et al., 2020). 143 

Two main serpentinization events were recognized (Debret, 2013; Debret et al., 2014): the first was 144 

interpreted to have formed during an oceanic stage of serpentinization, with the crystallization of 145 

lizardite veins on primary mantle minerals; the second one is represented by the formation of 146 

antigorite veins formed at the expense of lizardite and primary minerals during high-P metamorphism 147 

conditions in the Alpine subduction zone. An alternative interpretation is presented in the present 148 

study.  149 



3. METHODS 150 

3.1 Petrographic investigations and micro-Raman spectroscopic analysis 151 

Petrographic and microstructural analyses were performed on a Zeiss correlative microscopy platform 152 

composed of an AxioZoom V16 macroscope, an AxioScope7 polarized microscope, and an EVO 15 153 

scanning electron microscope (SEM) at the DeepCarbonLab, BiGeA Department, University of 154 

Bologna, Italy. The SEM was used to perform backscattered electron (BSE) imaging, in variable 155 

pressure mode, to highlight microstructural relationships among fine-grained serpentine generations. 156 

Raman analyses were performed on a WITec Alpha 300-R confocal micro-Raman spectrometer with 157 

a 532 nm laser source at the BiGeA Department, University of Bologna, Italy. The Raman spectra 158 

were acquired with a 100x objective and the following parameters: 600 g/mm grating; 25 mW on-159 

sample laser power and acquisition time of 1 minute. The instrument is equipped with an Ar-Hg lamp 160 

integrated in the optical path, permitting the calibration of the Raman shift through the detection of 161 

Ar-Hg calibration lines during each analysis. The spectral regions from 200 to 1200 cm-1 and 3600 162 

to 3750 cm-1 were investigated since they are characteristic for the distinction of serpentine 163 

polysomes. The acquired spectra of serpentine were compared with the data reported in Auzende et 164 

al. (2004), Groppo et al. (2006), Schwartz et al. (2013) and Compagnoni et al. (2021). 165 

 166 

3.2 Bulk-rock major, minor/trace elements, and Fe2O3/Fetot ratios 167 

Sixty-five samples were selected for determination of major element concentrations. Sample aliquots 168 

were obtained from the counterparts of rock chips used for thin section preparation. For each sample, 169 

the rock was pulverized with a Retsch PM400 by ball milling in agate jars. The concentration of major 170 

(SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5) and some minor/trace (As, Ba, Co, 171 

Cr, Cu, Nb, Ni, Pb, Rb, S, Sr, V, Y, Zn, Zr) elements was determined using a wavelength dispersive 172 

X-ray fluorescence spectrometer (W-XRF) Panalytical Axios 4000, equipped with a Rh tube, at the 173 

XRF laboratory of BiGeA Department, Bologna. The analyses were performed on pressed powder 174 

pellets applying the Fundamental Parameters approach for matrix correction. The reproducibility of 175 



major element measurements was generally better than 5 %, while it was better than 10 % on average 176 

for trace elements (see the Supplementary materials for specifics; e.g., S detection limits). The general 177 

accuracy was within the reproducibility range as determined by the analyses of Standard Reference 178 

Materials of comparable composition (HARZ-1, JP-1, PCC-1, UB-N, NIM-D, OU-7). The Loss On 179 

Ignition (LOI) was gravimetrically estimated after 12 h heating at 950°C in a muffle furnace (Heiri 180 

et al., 2001). Ferric iron contents were measured by Ontario Geo Labs, Canada. Ferrous iron was 181 

determined by potentiometric analysis using potassium permanganate as oxidation agent. Ferric iron 182 

was calculated from the difference of the total iron measured by XRF and ferrous iron measured by 183 

potentiometric analysis. 184 

 185 

3.3 In-situ trace elements 186 

In situ trace element mineral concentrations were determined at the Geochemistry, Geochronology 187 

and Isotope Geology Laboratory of the Earth Science Department “A. Desio”, University of Milano 188 

LA STATALE (Italy) by LA-ICP-MS. Analyses were conducted on 70 μm thick polished thin 189 

sections from 38 selected samples. These sections were prepared from the same sample chips as 30 190 

μm thick sections that were used for preliminary petrographic observations. Petrographic features of 191 

the 70 μm set were crosschecked with the 30-μm, evidencing almost identical petrological aspects 192 

(i.e., modal composition, serpentinization degree, serpentine generation assemblages). The 193 

instrument couples a 193nm ArF excimer laser ablation microprobe equipped with HelEx II volume 194 

sample chamber (Analyte Excite from Teledyne Photon Machines) with a single-collector quadrupole 195 

ICP-MS (iCAP RQ from Thermo Fisher Scientific). The carrier He flow rate was set to 0.54 l/min 196 

and to 0.32 l/min into the sample chamber and in the HelEx II cup, respectively. Laser spot size was 197 

chosen as large as possible for the analysed minerals (50 to 65 μm) in order to ensure the lowest limits 198 

of detection and single spot analyses were carefully positioned to avoid inclusions. However, due to 199 

sporadic micro inclusions of serpentine in metamorphic olivine, mixed analyses cannot be excluded 200 

for this mineral. The absence of contributions in the ablated material from solid/fluid inclusions was 201 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geochemistry
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geochronology
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geology
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/quadrupole


further checked by inspecting the time-resolved spectra for chemical anomalies. The ablation system 202 

was operated with a repetition rate of 10 Hz and an on-sample laser fluence of 2.0 J/cm2 for olivine 203 

and 3.0 J/cm2 for serpentine. Each spot was analysed for a total of 120 s that included 40 s of 204 

background analyses (comprising 10 s of laser warm-up), about 60 s of measuring mass peak intensity 205 

followed by 20 s of wash-out time. The ARM-3 andesitic synthetic glass (Wu et al., 2019) was used 206 

as external standard, whereas 29Si was selected as internal standard. Quality control was achieved 207 

analysing the USGS BCR-2G reference glass (GEOReM database) as unknown in each analytical 208 

run. Precision and accuracy are better than 10% for most elements (Supplementary materials). Data 209 

reduction was carried out offline using the Glitter software package (Griffin et al., 2008). 210 

 211 

4. RESULTS 212 

4.1 Field relations and petrography 213 

Figure 1 presents a revised geological map and the geometry of the Monte Maggiore serpentinization 214 

front from earlier works (Jackson and Ohnenstetter, 1981; Debret, 2013; Basch et al., 2018; Fabbri 215 

et al., 2018), and new data from two field surveys, along with 88 thin sections from the entire massif. 216 

Based on the collected data, the Monte Maggiore serpentinization front is progressive, from full 217 

serpentinization at its base, to almost absent in the uppermost part of the massif (Figs. 1 and 2). 218 

Additionally, besides the first meters above the tectonic contact and a few localized deformation 219 

zones, the Monte Maggiore serpentinites and partially serpentinized peridotite generally do not show 220 

evidence of pervasive ductile deformation and shearing. Microscopic investigations indicate that, in 221 

most cases, anisotropic structures observed in the hand specimen or in thin sections are determined 222 

by sub-parallel sets of serpentine veins, statically crosscutting serpentinized peridotite structures. 223 

These features suggest dominantly static serpentinization propagating from the basal tectonic contact 224 

upwards. 225 

 Based on the data collected in this study, the massif can be subdivided into three main zones 226 

that reflect their serpentinization degree, determined on visual estimation of each sample thin section 227 



(Terry and Chilinger, 1955). These three zones correspond to well preserved peridotites (0 - 35 vol. 228 

% serpentinization), partially serpentinized peridotites (35 - 75 vol. % serpentinization), and 229 

serpentinites (75 - 100 vol. % serpentinization), respectively. Although the boundaries between these 230 

zones are transitional in the field, Fig. 1 shows sharp boundaries for cartographic simplicity. About 231 

90 % of these samples (number of samples, n = 78) were collected in the western part of the Monte 232 

Maggiore body and allowed us to map lithological and mineralogical variations with a high spatial 233 

resolution. Owing to limited exposure and weathering conditions, only 10 samples could be studied 234 

from the eastern part of the body, leading to a lower spatial resolution relative to the western part. 235 

Locations of the studied samples are reported in Figure 1 and in the Supplementary material, together 236 

with their peridotite protolith rocks as inferred from petrographic analyses, and their main serpentine 237 

mineral associations as defined by MicroRaman spectroscopy. 238 

 239 

4.1.1 Preserved peridotites 240 

Preserved peridotites are mostly found in the northern and innermost part of the massif (Fig. 1) and 241 

exhibit serpentinization degrees in the range of 0 - 35 vol. %. In the field, preserved peridotites are 242 

often characterized by a strong reddish alteration on the weathered surface. These rocks appear mostly 243 

undeformed, with local anisotropy being related to primary magmatic foliation (Jackson and 244 

Ohnenstetter, 1981). Clinopyroxene (green in the hand specimen) and orthopyroxene (brown in the 245 

hand sample) can be identified on weathered surfaces. Spinel often shows white rims of either 246 

variably preserved plagioclase or chlorite. Based on the primary mineral assemblages, spinel-bearing 247 

lherzolite, plagioclase-impregnated harzburgite, and dunite were identified in the field, in agreement 248 

with previous work (see Rampone et al., 2009; Basch et al., 2018; Piccardo and Guarnieri, 2010). 249 

Dunites and harzburgites are present as isolated pods, whereas lherzolites represent the most common 250 

mantle rock type in the area (Fig. 1). Preserved peridotites are locally crosscut by gabbroic dykes 251 

ranging from a few centimetres to several meters in thickness. The sharp boundary between ultramafic 252 

hosts and mafic dykes is often marked by chlorite-antigorite-rich halos similar to serpentine veins 253 



(black wall in Fig. 3a). In thin section, primary olivine (P-Ol), orthopyroxene (P-Opx), and 254 

clinopyroxene (P-Cpx) are mostly preserved. Spinel is generally, yet not systematically, surrounded 255 

by a fine-grained chlorite rim, and partially to fully replaced by magnetite. Fresh plagioclase is present 256 

but often replaced by epidote and chlorite. Preserved peridotites are most commonly crosscut by a 257 

pervasive network of 50 to 100 µm thick lizardite (Liz) veins, colourless to light green in plane 258 

polarized light (PPL), often associated with brucite, sulphides, and rare magnetite in the centre of the 259 

veins (Figs. 3e, 5a and 6). These veins correspond to V1 and V2 in Debret (2013). Lizardite veins 260 

form a pervasive network replacing mainly P-Ol and more rarely P-Opx. When altered, Liz exhibits 261 

a brown-yellowish colour in PPL. In some samples the Liz network is replaced and crosscut by 50-262 

200 µm thick antigorite veins (Atg1), colourless in PPL, which in some cases also contains sulphides 263 

and Ni-alloys (Figs. 3e, 5a and 6).  These veins are randomly to consistently oriented and show 264 

variable spacing. Both Liz and Atg1 generations are often crosscut by thin, colourless to greenish 265 

chrysotile veins. These are considered as late veins and will not be discussed further in this study. In 266 

a few samples of preserved peridotite where Liz network and Atg1 veins are rare, a successive 267 

generation of lizardite/antigorite mixtures (Liz/Atg) is found, forming sharp, 100 to 200 µm thick, 268 

veins (Figs. 3f, 5c, 5d and 6). This generation is replacive on P-Ol and less commonly on P-Opx. 269 

These veins are colourless in PPL, associated with fine- to medium-grained magnetite veins, and 270 

often contain fine-grained aggregates of colourless to brownish metamorphic olivine (M-Ol) (u). 271 

Liz/Atg veins generally show preferred orientation in thin section and can be also recognized at the 272 

outcrop scale (Fig. 3b). This generation is microstructurally older than colourless antigorite veins 273 

(Atg2), associated with rare Fe-Ni alloys (Fig. 5b). Antigorite2 replaces only primary mantle minerals 274 

and mainly P-Ol, forming blade-like aggregates departing from thin fractures (Figs. 3b, 6), or in 275 

association with Liz/Atg ± M-Ol veins at the rims of those veins (Figs. 3f, 5c, 5d). In some samples, 276 

the Liz network is almost absent and Atg2 is the most abundant serpentine generation in preserved 277 

peridotites, particularly in the inner part of the massif (Fig. 1). A last serpentine generation of 278 



antigorite, Atg3, locally replaces Liz/Atg veins and the associated M-Ol, forming isolated colourless 279 

blades (Figs. 3f, 5c, 5d, and 6). 280 

4.1.2 Partially serpentinized peridotites 281 

Partially serpentinized peridotites comprise rocks showing serpentinization degrees in the range of 282 

35 - 75 vol. %. These rocks structurally underly the preserved peridotite core and overlay the more 283 

extensively serpentinized rocks towards the basal contact of the Monte Maggiore body. Gabbro dykes 284 

occurring within this portion of the massif generally preserve relicts of the igneous mineralogy, 285 

including plagioclase, and show variable degrees of alteration from high-T late magmatic to 286 

metamorphic alteration. These rocks display a massive texture, with minor evidence of ductile 287 

deformation. In the field, like for preserved peridotites, these rocks are characterized by reddish 288 

weathering products on P-Ol. Pyroxenes are generally visible on the weathered surface, whereas 289 

spinel and plagioclase domains are no longer recognizable. Despite the partial transformation of both 290 

P-Ol and P-Opx, petrographic analysis allowed us to identify, in order of abundance, lherzolite, 291 

harzburgite, and dunite protoliths (Fig. 1). 292 

In thin section, primary plagioclase sites are still visible and replaced by chlorite and epidote-293 

rich assemblages (Figs. 4a, b). Primary spinel sites are partially replaced by chlorite and magnetite. 294 

Primary olivine is commonly replaced by the associations Liz/Atg + Atg2 ± Atg3 ± M-Ol (Fig. 3f), 295 

and Atg2 ± Atg3 ± M-Ol (Fig. 3g), while Liz is almost absent. These rocks show similar petrographic 296 

and microstructural features observed in preserved peridotites, except for higher serpentinization 297 

degrees and generally, more abundant M-Ol and thicker veins. Moreover, P-Opx is commonly 298 

partially replaced by a single or double corona (brownish in thin section) of metamorphic Cpx 299 

(hereafter M-Cpx; inner corona) and M-Ol (outer corona) and variable transformation to antigorite 300 

(Atg2) along cracks and cleavage (Figs. 4 a, 4c, 4d). BSE images indicate that this M-Ol is richer in 301 

Fe compared to P-Ol (see also Vitale Brovarone et al., 2020 for similar textures), even though a 302 

quantitative compositional assessment was not possible due to the small grain size and to the presence 303 

of disseminated antigorite crystals (Fig. 4d).  304 



Along the transition into the underlying serpentinites (>75 vol. % serpentinization), and 305 

particularly in the proximity of pseudotachylytes, serpentinized peridotites preserve pre-306 

serpentinization cataclastic microstructures, including grain-size reduction of primary minerals and 307 

pervasive sets of fractures. Antigorite2 is the dominant serpentine generation replacing these 308 

structures, which are also visible in the field (Fig. 3c). 309 

 310 

4.1.3 Serpentinites 311 

Serpentinites show serpentinization degrees higher than 75 vol. %. This rock type constitutes the 312 

basal layer of the Monte Maggiore ultramafic body. It crops out mainly in the southern part of the 313 

massif and, to a lesser extent, in the northern part (Fig. 1). In the field, serpentinites appear to statically 314 

replace the precursor peridotite, with visible P-Cpx and P-Opx sites (Fig. 3d) and preserve the 315 

protolith structure with negligible ductile deformation (Figs. 2b, c). Most anisotropic structures are 316 

related to sub-parallel sets of serpentine veins cutting across statically serpentinized matrices. Foliated 317 

serpentinites are limited to isolated cm-sized domains located in the southern-central part of the 318 

massif, within the bottom meters of serpentinites above the basal tectonic contact (Figs. 2a, c). The 319 

foliation is generally consistent with the orientation of the basal tectonic contact, dipping towards N-320 

NW at an angle of 20 - 45° (Fig.1). 321 

In thin section spinel is replaced by magnetite and often surrounded by a chlorite corona. 322 

Plagioclase is completely altered into epidote and chlorite. Based on microstructural relationships, 323 

Liz/Atg is the oldest generation, appearing colourless in PPL and forming mesh-like textures (Fig. 324 

3h). It is typically associated with fine- to medium-grained magnetite, the latter occurring as 325 

disseminated crystals in the veins or forming aggregates in their central part (Figs. 3h, 5e, 5f). This 326 

generation of serpentine likely formed at the expense of P-Ol and P-Opx, although the intense 327 

serpentinization degree does not allow for more accurate evaluations. In some cases, P-Opx sites are 328 

still visible due to the presence of magnetite trails marking former P-Opx cleavages (Fig. 5f) (see also 329 

Plümper et al., 2017; Boutier et al., 2021). In several samples, fully serpentinized P-Opx sites are 330 



rimmed by a corona of fine-grained M-Cpx (Figs. 4e, f). Lizardite-antigorite mixtures are 331 

petrographically equivalent to Liz/Atg described above.  332 

This generation is partially to completely substituted by a successive serpentine generation, which 333 

preserves the previous texture of Liz/Atg. It occurs as disseminated static flakes, patches and veins 334 

crosscutting previous structures, or partially replacing P-Cpx relicts (Fig. 2h). This generation is 335 

constituted by antigorite and referred to as Atg3 by analogy with Atg3 observed in partially 336 

serpentinized peridotites. It is colourless in PPL and commonly associated with magnetite, but in 337 

lesser amounts compared to the previous generation. In deformed serpentinites a final generation of 338 

colourless antigorite (Atg4) occurs as precipitate in deformed thick fractures, lacking any association 339 

with opaque minerals compared to the surrounding serpentine generations (Figs. 3h, 5f, 6). Atg3 and 340 

Atg4 are generally more abundant in deformed serpentinites found in the proximity of the tectonic 341 

contact or as isolated deformed domains inside the Monte Maggiore massif. 342 

To sum up, the types and distribution of serpentine generations in the Monte Maggiore ultramafic 343 

body can be described by four main mineral associations (indicated with roman numbers below), 344 

which are not necessarily related to a chronological order, but rather to a spatial distribution in the 345 

massif (refer to Fig. 1 and synoptic table in Fig. 3 for their relative distribution within the massif): 346 

 347 

I) The Liz1 ± Atg1 association, which occurs only in the preserved peridotites (0 - 35 vol. 348 

% serpentinization) in the inner part of the massif, the area farthest from the tectonic 349 

contact. 350 

II) The Liz/Atg + Atg2 ± Atg3 ± M-Ol association, which occurs in both preserved and 351 

partially serpentinized peridotites (0 - 75 vol. % serpentinization).  352 

III) The Atg2 ± Atg3 ± M-Ol association, which can occur in both preserved and partially 353 

serpentinized peridotites, but more specifically in the deformed areas at the interface with 354 

serpentinites. 355 



IV) The Liz/Atg ± Atg3 ± Atg4 association, which only occurs in serpentinites (>75 vol. % 356 

serpentinization), in proximity of the tectonic contact. 357 

 358 

4.1.4 Centuri gneiss 359 

Hereafter, we describe some key features of the mylonitic zone marking the uppermost part of the 360 

Centuri gneiss, in contact with the overlying Monte Maggiore massif. The mylonite affects the 361 

Centuri gneiss, which shows a progressive chemical variation towards the contact with the Monte 362 

Maggiore massif, from pelitic to mafic compositions of plausible metasomatic origin. The top 10 363 

meters of the Centuri mylonite are dominated by fine-grained, greenschist-facies assemblages 364 

including abundant epidote, green amphibole, and albite, with relict blue amphibole. Local lithons 365 

inside the mylonite preserve blueschist-facies assemblages including blue-amphibole, epidote, and 366 

Na-clinopyroxene pods, and marking a previous mylonitic stage that was subsequently folded (Figs. 367 

2d, g). 368 

 369 

4.2 Whole rock major elements composition 370 

Whole-rock major element compositions are presented in the Supplementary material and in Figure 371 

7, together with previous data from the literature (Romairone, 1996; Rampone and Piccardo, 2008; 372 

Piccardo and Guarnieri 2010). The olivine-clinopyroxene-orthopyroxene ternary diagram of Figure 373 

7a shows the comparison between protolith determination and serpentinization degree on an optical 374 

microscopy basis, and normative mineralogy calculation (CIPW) based on whole-rock chemical 375 

analyses (following the method by Kelemen et al., 1992, considering Fetot as FeO). The results from 376 

Figure 7a clearly show that a progressive transition from Opx-poor to Opx-rich normalized 377 

compositions accompanies the progressive increase of serpentinization degree from the core of the 378 

Monte Maggiore body towards its basal contact. However, potential artifacts related to the selected 379 

CIPW normalization procedure for variably serpentinized peridotites can be identified. For example, 380 

several samples show inconsistent optic and CIPW classifications. Moreover, the abundance of rocks 381 



plotting between the dunite-wehrlite transition is not supported by previous mantle petrology studies 382 

(Romairone, 1996; Rampone and Piccardo, 2008; Piccardo and Guarnieri 2010). A progressive 383 

decrease of MgO/SiO2 ratios with increasing serpentinization is also shown by Figure 7b, with Monte 384 

Maggiore serpentinites plotting below the terrestrial array for mantle rocks. The Al2O3/SiO2 ratio is 385 

generally lower in harzburgites and dunites relative to lherzolites. In Figure 7c, SiO2 and MgO values 386 

are presented recalculated on an anhydrous basis. It can be observed that, for preserved peridotites (0 387 

- 35 vol. % serpentinization), a clear correlation between MgO and SiO2 exists and reflects the 388 

chemical composition of the protolith. In contrast, more serpentinized rocks (> 35 vol. % 389 

serpentinization) show enrichment in SiO2 relative to preserved peridotites and no clear trend relative 390 

to MgO (Fig. 7c). Figure 7d shows, through an Fe2O3/Fetot versus MgO/(MgO+FeO) diagram, the 391 

presence of a positive correlation and two distinct populations corresponding to preserved/partially 392 

serpentinized peridotites and serpentinites, with the latter exhibiting higher values for both ratios. 393 

 394 

4.3 In-situ trace element compositions 395 

According to major element results (see section 4.2) data can be subdivided in two distinct groups. 396 

The first group includes preserved peridotites and partially serpentinized peridotites, which show 397 

comparable trace element patterns (Figs. 8, 10); the second group includes only serpentinites (Figs. 398 

9, 10). Since the aim of this study is to highlight differences in the concentrations of fluid-mobile to 399 

less fluid-mobile elements (FME) in different serpentine generations, particular emphasis will be 400 

given to serpentine generations belonging to a consistent microstructural domain, in particular 401 

serpentine generations overgrowing (rock’s matrix) or cutting (veins) P-Ol. In section 4.3.2, we will 402 

give a general description of FME trends relative to Primitive Mantle (PM, McDonough and Sun, 403 

1989). Absolute FME (Li, B, As, Rb, Sr, Sb, Cs, Ba, Pb, U) concentrations are presented to assess 404 

variations across the Monte Maggiore serpentinization front (Fig. 10). Antimony and As 405 

concentrations are not shown in Figure 10 because too many analyses were below the detection 406 

limits (bdl). The full dataset is presented in the Supplementary material.407 



4.3.1 Rare Earth Element patterns 408 

4.3.1.1 Preserved peridotites and partially serpentinized peridotites 409 

For the majority of the obtained results, with the exception of sample COR22-13 which will be 410 

discussed separately in this section, Rare Earth Element (REE) patterns of serpentine minerals match 411 

the primary mineral in the considered microstructural domain, generally displaying a positive slope 412 

within light to medium rare elements (LREE-MREE) (LaN/GdN = 0.002 - 0.535), and a slightly 413 

positive to flat and negative slope from medium to heavy REE (MREE-HREE; GdN/LuN = 0.025 - 414 

2.20) (Figs. 8a-f). Several data-points show intermediate compositions between precursor P-Ol and 415 

P-Opx. This feature seems to depend on the relative contribution of P-Ol or P-Opx, as described by 416 

previous authors (e.g., Andreani et al., 2009; Deschamps et al., 2010; Lafay et al., 2013; Debret et al, 417 

2013b). The dependence of the REE pattern on microstructural features was generally observed for 418 

Liz, Atg1, Atg2, and Atg3. Nevertheless, for some analyses, in particular for the majority of Liz/Atg 419 

and M-Ol spot analyses, the REE patterns of crystals formed at the expense of P-Ol are rather similar 420 

to P-Opx within the LREE-MREE interval and to an intermediate composition between P-Ol and P-421 

Opx within HREE interval. For Atg2, a set of analyses from a single sample (COR22-13) 422 

characterized by vein networks that are thicker and more pervasive than average show higher LREE 423 

concentrations, resulting in an almost positive to flat REE pattern (LaN/LuN = 0.273 - 1.44). 424 

 425 

4.3.1.2 Serpentinites  426 

The REE of Liz/Atg, Atg3, and Atg4 show three main patterns (Figs. 9a-c): i) REE depletion, 427 

resembling the P-Ol compositions; ii) LREE depletion similar to P-Opx in the LREE segment and a 428 

mixture between P-Ol and P-Opx in the MREE-HREE segment; and iii) flat patterns similar to P-Cpx 429 

compositions in the LREE segment and an intermediate composition between P-Ox and P-Ol in the 430 

MREE-HREE segment. Rare earth element patterns of Liz/Atg, Atg3, and Atg4 in serpentinites 431 

generally show higher concentrations relative to the same generations in preserved to partially 432 

serpentinized peridotites. 433 



4.3.2 Fluid-mobile elements in the serpentine generations  434 

4.3.2.1 Preserved peridotites and partially serpentinized peridotites 435 

Compared to primitive mantle (PM) (Figs. 8g-n), all studied serpentine generations in preserved and 436 

partially serpentinized peridotites are considerably enriched in B (up to 120 × PM values). The other 437 

FMEs are commonly below PM values, with a few exceptions for specific serpentine generations. 438 

Antimony, As, and Cs, are moderately enriched relative to PM in a few analyses of Liz, Liz/Atg, 439 

Atg1, and Atg2 (Sb up to 20 × PM; As up to 35 × PM; Cs up to 3 × PM; Li up to 2 × PM). A positive 440 

Pb anomaly is commonly observed in PM-normalized spider diagrams, especially in Liz (PbN/PrN = 441 

55; PbN/PrN = 30), Liz/Atg (PbN/PrN = 18; PbN/PrN = 17) and Atg3 (PbN/PrN = 10; PbN/PrN = 7) (Figs. 442 

8g, h, n). Some analyses of Atg1 and Atg3 are depleted in Pb, relative to PM, and are commonly bdl. 443 

Rubidium, Ba, Sr, and U are always depleted relative to PM. Like serpentine minerals, also M-Ol is 444 

enriched in FMEs such as B, Li relative to PM (B up to 30 × PM; Li up to 7 × PM), and in some 445 

cases in less immobile elements like Lu (Lu almost up to 2 × PM).  Metamorphic olivine may contain 446 

tiny inclusions of serpentine, which may affect the quality of La-ICP-MS analyses and the 447 

concentrations of trace elements, in particular B and Sr. 448 

Liz displays low concentrations in B (1.30 – 11.6 μg/g, median = 3.84 μg/g), Sr (0.005 - 0.478 μg/g, 449 

median = 0.154 μg/g), Cs (0.047 - 0.049 μg/g, median = 0.048 μg/g) and Ba (0.009 - 0.320 μg/g, 450 

median = 0.027 μg/g), which is most of the time bdl (Fig. 10). Liz displays instead high concentrations 451 

in Rb (0.075 - 0.670 μg/g, median = 0.156 μg/g), and moderate concentrations in Pb (0.021 - 0.138 452 

μg/g, median = 0.052 μg/g) and U (0.001 - 0.002 μg/g, median = 0.001 μg/g) (Fig. 10).  453 

Liz/Atg is enriched in Sr (0.107 - 5.78, median = 1.37 μg/g), and Pb (0.020 - 0.896 μg/g, 454 

median = 0.065 μg/g), which is particularly enriched in preserved peridotites (0.142 - 0.896 μg/g, 455 

median = 0.574 μg/g) compared to partially serpentinized peridotites (0.020 - 0.194 μg/g, median = 456 

0.049 μg/g) (Fig. 10). The rest of FME display substantially intermediate concentrations (Li: 0.270 - 457 

2.09 μg/g, median = 0.690 μg/g; B: 1.25 - 62.2 μg/g, median = 6.46 μg/g; Rb: 0.041 - 0.160 μg/g, 458 



median = 0.072 μg/g; Cs: 0.014 - 0.035 μg/g, median = 0.030 μg/g; Ba: 0.007 - 1.74 μg/g, median = 459 

0.072 μg/g; U: max 0.001 μg/g, median is bdl) (Fig. 10). 460 

Antigorite1 and Atg2 share similar concentrations in Li (0.204 - 1.99 μg/g, median = 0.459 461 

μg/g; 0.260 - 1.61 μg/g, median = 0.592  μg/g respectively), B (1.46 - 15.0 μg/g, median = 6.69; 0.900 462 

- 35.7 μg/g, median = 7.35 μg/g respectively), Sr (0.007 - 1.05  μg/g, median = 0.200 μg/g μg/g; 0.021 463 

- 6.59 μg/g, median = 0.221 μg/g respectively) and Ba (0.013 - 0.259 μg/g, median = 0.044 μg/g;  464 

0.004 - 1.24 μg/g, median = 0.05 μg/g respectively) (Fig. 10). Antigorite2 is more enriched in Rb 465 

(0.051 - 0.184 μg/g, median = 0.118 μg/g), Cs (0.009 - 0.058 μg/g, median = 0.031 μg/g), Pb (0.028 466 

- 0.187 μg/g, median = 0.048 μg/g), and U (maximum = 0.013 μg/g, median = 0.001), compared to 467 

Atg1, which typically shows concentrations below detection limit for these elements except for a few 468 

point analyses (Cs: 0.009 - 0.058 μg/g, median = 0.031 μg/g, bdl = 68% of analyses; Rb 0.051 - 0.184 469 

μg/g, median = 0.118, bdl = 89% of analyses; Pb 0.028 - 0.187 μg/g, median = 0.048 μg/g, bdl = 86% 470 

of analyses; U maximum = 0.002 μg/g, median = 0.001 μg/g, bdl = 86% of analyses) (Fig. 10). 471 

Antigorite1 and Atg2 show different patterns across the serpentinization front. Antigorite1 472 

displays a substantial, systematic increase in B, Sr, and Ba from preserved peridotites (B: 1.46 - 3.20 473 

μg/g, median = 2.04 μg/g; Sr: 0.008 - 0.297 μg/g, median = 0.049 μg/g; Ba: 0.013 - 0.029 μg/g, 474 

median = 0.021 μg/g) to partially serpentinized peridotites (B: 4.66 - 15.0 μg/g, median = 8.11 μg/g; 475 

Sr: 0.068 - 1.05 μg/g, median = 0.357 μg/g; Ba: 0.014 - 0.259 μg/g, median = 0.116 μg/g) (Fig. 10). 476 

Conversely, Atg2 shows a slight decrease in B, Sr, and Ba concentrations from preserved peridotites 477 

(B : 2.73 - 35.7 μg/g, median = 11.2 μg/g; Sr: 0.073 - 6.59 μg/g, median = 0.848 μg/g; Ba: 0.005 - 478 

0.392, median = 0.111 μg/g) to partially serpentinized peridotites (B: 0.900 - 30.5 μg/g, median = 479 

4.87 μg/g; Sr: 0.021 - 1.39 μg/g, median = 0.212 μg/g; Ba: 0.004 - 1.24 μg/g, median = 0.034 μg/g 480 

respectively), and an increase in U from preserved peridotites (always bdl) to partially serpentinized 481 

peridotites (min = 0.001– 0.013 μg/g, median = 0.002 μg/g) (Fig. 10). 482 

M-Ol is particularly enriched in Li (1.83 - 10.6, median = 4.01 μg/g), Sr (0.120 - 3.99 μg/g, 483 

median = 1.12 μg/g), and Ba (0.031 - 4.70 μg/g, median = 0.840 μg/g), while it displays intermediate 484 



concentrations in B (2.55 - 9.89 μg/g, median = 5.80 μg/g). Rubidium, Cs, Pb and U are, except for 485 

few analyses, mostly below the detection limit (Fig. 10). 486 

Antigorite3 displays intermediate to high concentrations in Li (0.319 - 1.14 μg/g, median = 0.960 487 

μg/g), B (1.53 - 26.5 μg/g, median = 11.5 μg/g), Sr (0.074 - 6.06 μg/g, median = 0.395 μg/g), and Ba 488 

(0.013 - 0.624 μg/g, median = 0.073 μg/g) (Fig. 10), whereas its concentrations are almost always 489 

below detection limit for Cs, Rb, Pb and U (Fig. 10). 490 

 491 

4.3.2.2 Serpentinites 492 

Relative to PM, Liz/Atg, Atg3, and Atg4 in serpentinites are on average enriched within the same 493 

factors in B (up to 300 × PM), Sb, and As (both often exceeding 30 × PM). Atg4 is particularly 494 

enriched in Cs (up to 80 × PM) and Rb (up to 2 × PM) compared to PM. Uranium contents are, on 495 

average, below PM values, except for a few analyses of Liz/Atg, Atg3, and Atg4 where high values 496 

from sample COR21-50 stand out from the rest of the analyses (up to 40 × PM) (Figs. 9d-f). A 497 

positive Pb anomaly is found in Liz/Atg (PbN/PrN = 4.5; PbN/PrN = 4.0) and Atg3 (PbN/PrN = 3.3; 498 

Pb/PrN = 3.6), on average below PM values, whereas in Atg4 Pb is always below detection limit 499 

except for one analysis (Fig. 9f). In PM-normalized spider diagrams (Figs. 9d, e), Hf and Zr anomalies 500 

are present in sample COR21-22c in Liz/Atg (ZrN/SmN = 5.4; ZrN/EuN = 5.4), and for one analysis of 501 

Atg3 from the same sample. 502 

Liz/Atg, compared to the respective generation in partially serpentinized peridotites, shows 503 

higher concentrations in B (1.36 – 58.7 μg/g, median = 15.6 μg/g), As (0.310 – 1.12 μg/g, median = 504 

0.350 μg/g), Sb (0.051 – 0.097 μg/g, median = 0.060 μg/g), Rb (0.055 – 0.268 μg/g, median = 0.101 505 

μg/g), and U (maximum = 0.133 μg/g, median = 0.001 μg/g), whereas it shows a strong depletion in 506 

Li (0.217 - 0.790 μg/g, median = 0.313 μg/g) and to a lesser extent in Pb (0.019 - 0.218 μg/g, median 507 

= 0.047- 3.34 μg/g, median = 0.085 μg/g), and it shows comparable values compared to Liz/Atg in 508 

less serpentinized samples relative to other generations. Strontium (0.034 - 3.79 μg/g, median = 0.862 509 



μg/g) and Ba (0.004 - 3.34 μg/g, median = 0.085 μg/g) show comparable values compared to Liz/Atg 510 

in less serpentinized samples.  511 

Antigorite3 concentrations substantially overlap with those of Liz/Atg for the majority of 512 

FME such as B (1.60 - 88.2 μg/g, median = 16.3 μg/g), Sr (0.025 - 8.23 μg/g, median = 1.22 μg/g), 513 

Sb (0.042 - 0.176 μg/g, median = 0.056 μg/g), Cs (0.016 - 0.170 μg/g, median = 0.039 μg/g), Ba 514 

(0.004 - 13.2 μg/g, median = 0.118 μg/g), Pb (0.013 - 0.192 μg/g, median = 0.049 μg/g), and U 515 

(maximum = 0.841 μg/g, median = 0.001 μg/g), with the exception of Li (0.211 - 0.880 μg/g, median 516 

= 0.550 μg/g), As (0.290 - 1.67 μg/g, median = 0.594 μg/g), and Rb (0.045 - 0.379 μg/g, median = 517 

0.144 μg/g) which are enriched relative to Liz/Atg (Fig. 10). When comparing Atg3 in serpentinites 518 

to Atg3 in partially serpentinized peridotites, it emerges that almost all FME (B, As, Sr, Sb, Rb, Cs, 519 

Ba, Pb, U), except Li, are present in higher concentrations in more serpentinized rocks (Fig. 10).  520 

Antigorite4 shows high values in B (2.31 - 137 μg/g, median = 21.1 μg/g), Rb (0.035 - 1.20 521 

μg/g, median = 0.192 μg/g), and Cs (0.099 - 1.64 μg/g, median = 0.206 μg/g), whereas it shows 522 

intermediate concentrations in Li (0.330 -1.06 μg/g, median = 0.533 μg/g), As (0.266 - 0.900 μg/g, 523 

median = 0.700 μg/g), Sr (0.087 - 15.6 μg/g, median = 0.880 μg/g), Sb (0.043 - 0.085 μg/g, median 524 

= 0.058 μg/g), Ba (0.025 - 27.5 μg/g, median = 0.129 μg/g), and U (maximum = 0.193 μg/g, median 525 

= 0.001 μg/g) (Fig. 10). Lead is almost always bdl. 526 

From a global perspective it emerges that the percentage of analyses on FME below detection limit 527 

(ƩFME /analysestot) in serpentine generations increase with the serpentinization degree, moving from 528 

56% in S, to 66% in partially serpentinized peridotites and 70% in preserved peridotites. 529 

 530 

5. DISCUSSION 531 

5.1 Chronology and mechanisms of serpentinization events 532 

The Monte Maggiore massif is characterized by a serpentinization front propagating from the tectonic 533 

contact with the underlying Centuri gneisses and decreases towards the core of the peridotite body 534 



(Jackson and Ohnenstetter, 1981; Malavieille 1983; Rampone et al., 2008; Rampone et al., 2009 535 

Piccardo and Guarnieri, 2010; Debret, 2013; Debret et al., 2014; Basch et al., 2018). 536 

The massif was interpreted by previous authors as a fragment of oceanic mantle exhumed 537 

during the formation of the Piemont-Ligurian basin in the Jurassic (e.g., Jackson and Ohnenstetter, 538 

1981; Piccardo and Guarnieri, 2010). Serpentinites were interpreted to have formed through 539 

subseafloor peridotite hydration and subsequently subducted to blueschist-facies metamorphic 540 

conditions (Debret, 2013; Debret et al., 2014). The basal contact of the massif is, however, an Alpine 541 

tectonic contact (Malavieille 1983). Mylonitic fabrics along the contact are predominantly developed 542 

in the Centuri gneiss, whereas in the Monte Maggiore body, ductile deformation is very limited and 543 

restricted to the first 10 - 20 meters above the contact (Fig. 2). Debret (2013) described a wider 544 

foliated zone that was interpreted as a pre-Alpine serpentinization front characteristic of slow-545 

spreading oceans like the Piemont-Ligurian basin. However, this deformed zone could not be 546 

identified during our field and petrographic survey. High strain zones are localized inside the 547 

underlying Centuri gneiss or its metasomatic equivalents adjacent to the contact. Serpentinization in 548 

the Monte Maggiore body appears structurally related to the tectonic juxtaposition with the Centuri 549 

gneiss along a progressive and rather static serpentinization front. Besides orogenic belts, 550 

serpentinites and continental basement slices may also characterize the distal portion of hyper-551 

extended margins, as documented in present-day settings and their metamorphosed equivalents in 552 

mountain belts, including Alpine Corsica (Vitale Brovarone et al., 2011; Beltrando et al., 2014), and 553 

be subsequently reactivated during subduction. However, the absence of intense deformation within 554 

the serpentinized base of the Monte Maggiore body (Fig. 2) rules out that preexisting subducted 555 

serpentinites were reactivated along an Alpine shear zone, since serpentinites would deform easily 556 

during Alpine shearing along such a major tectonic contact. In the eclogite-facies units of Alpine 557 

Corsica, serpentinites in contact with pre-Alpine continental extensional allochthons locally show no 558 

marked deformation, on both sides of the contact (Vitale Brovarone et al., 2011; Beltrando et al., 559 

2014). The large Alpine mylonite affecting the Centuri gneiss and the lack of significant ductile 560 



deformation in the overlying serpentinite suggest that the Monte Maggiore ultramafic body was 561 

relatively dry during the development of the basal tectonic contact and that it was hydrated in the 562 

Alpine subduction zone. 563 

 The detailed petrographic characterization reported in this study, based on a high-spatial 564 

resolution mapping of serpentine generations across the Monte Maggiore serpentinization front and 565 

coupled with the distribution of multiple serpentine generations and their characteristic trace element 566 

patterns, can be used to better unravel serpentinization processes of the Monte Maggiore body. The 567 

collected data, together with literature one, allow us to describe the Monte Maggiore serpentinization 568 

front as continuous and characterized by a progressive decrease in serpentinization degree from the 569 

bottom to the top of the massif. Beside the first meters above the contact, the rather static deformation 570 

inside the Monte Maggiore massif rules out the possibility of an internal tectonic juxtaposition of 571 

multiple ultramafic slices during the Alpine tectonic evolution. 572 

Within this serpentinization front, different serpentine generations and associations of 573 

generations are observed in a consistent way throughout the massif. The formation of serpentine 574 

polysomes and their associations has long been used to infer T conditions of serpentinization (e.g., 575 

Evans et al 2004; Schwartz et al., 2013; Lafay et al., 2013; Debret et al., 2013a). Lizardite and 576 

chrysotile are the main phases stable in low-T settings such as hydrothermal or low-grade 577 

metamorphism (T < 300 °C), whereas antigorite is the high temperature (HT) polysome (T >300 °C; 578 

Evans, 2004). In subduction systems, prograde replacement of lizardite to antigorite with increasing 579 

T is observed between 320 and 390 °C and attested to by lizardite-antigorite mixtures (Schwartz et 580 

al., 2013). Finally, dominant antigorite is found from about 400 °C to its full breakdown to olivine + 581 

talc +H2O (P <2.0 GPa) or olivine + enstatite + H2O (P >2.0 GPa) (Ulmer and Trommsdorff, 1995; 582 

Padron-Navarta et al., 2013). 583 

The Monte Maggiore body is characterized by the presence of six main serpentine generations, 584 

distinguished on the basis of characteristic polysomes, microstructural position, and crosscutting 585 

relationships. They are Liz veins, Liz/Atg mixtures, Atg1 veins replacing previous lizardite, Atg2 586 



replacing primary mantle minerals, Atg3 replacing previous Liz/Atg and M-Ol generations, and Atg4 587 

veins precipitating in fractures. The different serpentine generations and M-Ol were also recognized 588 

in four main recurrent associations corresponding to specific structural positions in the massif, and 589 

hence across the serpentinization front: (I) Liz ± Atg1; (II) Liz/Atg + Atg2 ± M-Ol ± Atg3; (III) Atg2 590 

± Atg3 ± M-Ol; (IV) Liz/Atg ± Atg3 + Atg4 (see Fig. 1 for the distribution in the massif). These 591 

associations do not necessarily have chronological meaning, but rather suggest multiple events of 592 

serpentinization selectively affecting specific domains of the massif. As a whole, the spatial 593 

distribution of these associations indicates a general increase in the antigorite proportion relative to 594 

other serpentine generations towards the basal tectonic contact. These four associations of serpentine 595 

generations result from protracted fluid-rock reactions and P-T evolution of the Monte Maggiore 596 

ultramafic body, which may be interpreted in multiple ways, as summarized in Figure 11: prograde 597 

replacement (Fig. 11a), changes in chemical conditions (SiO2 addition) (Fig. 11b), evolving thermal 598 

state of the subduction setting (Fig. 11c). The observed chronology of serpentine generations and the 599 

distribution of associations of serpentine generations could be explained by a prograde sequence of 600 

hydration events during Alpine subduction (Fig. 11a), as classically done in Alpine serpentinites 601 

(Schwartz et al., 2013; Debret et al., 2013a). The stability of serpentine polysomes, however, is not 602 

only T-dependent, but it can also be affected, for instance, by the chemistry of the fluid-rock system 603 

in the case of lizardite stability relative to that of antigorite, and vice-versa (Rouméjon et al., 2019). 604 

Accordingly, the chronology and association of lizardite and antigorite generations in the Monte 605 

Maggiore massif may also be explained by changing chemical conditions, where high silica activity 606 

(aSiO2) promotes the formation of antigorite over lizardite at low-T conditions (Rouméjon et al., 2019) 607 

(Fig. 11b). In the Monte Maggiore serpentinized peridotites, primary Opx is commonly transformed 608 

into serpentine early in the serpentinization history, together with or even before olivine based on 609 

microstructures from partially serpentinized peridotites. Previous works indicate that this 610 

serpentinization pattern requires T conditions >400 °C (Martin and Fyfe, 1970; Oelkers and Schott, 611 

2001; Allen and Seyfried, 2003). The presence of M-Ol coronas replacing P-Opx or rimming P-Ol 612 



and showing higher Fe content relative to P-Ol, have been documented in partially serpentinized 613 

peridotites interpreted to have formed in the Apline subduction zone in Corsica (Vitale Brovarone et 614 

al., 2020). 615 

Local high SiO2 contents promoted by Opx consumption may have favoured antigorite 616 

formation over lizardite or may have shifted the lizardite-antigorite transition to lower T. High SiO2 617 

contents affecting the stability of different serpentine polysomes may also result from infiltration of 618 

external fluids. By considering a compilation of bulk chemical data of oceanic serpentinites and 619 

thermodynamic modelling, Malvoisin (2015) concluded that serpentinization is an open-system 620 

process, with SiO2 addition from associated mafic rocks and MgO loss by brucite dissolution with 621 

increasing fluid/rock ratio (F/R) relative to the starting peridotite composition. In a similar way, in 622 

Monte Maggiore, bulk rock MgO/SiO2 ratios are observed to decrease with increasing 623 

serpentinization degree (Fig. 7b), suggesting either MgO loss or SiO2 gain, or both. Bulk chemical 624 

data recalculated on an anhydrous basis indicate that SiO2 increases with serpentinization degree, 625 

whereas MgO does not shows any trends compared to serpentinization degree (Fig. 7c). This feature 626 

may be explained by the infiltration of aqueous fluids enriched in SiO2 during serpentinization. For 627 

instance, fluids produced from partial dehydration of minerals in the underlying Centuri (epidote, 628 

mica, talc, chlorite, blue amphibole and Na-Al-pyroxene) (see section 4.1.4), or other externally 629 

derived aqueous fluids equilibrated with the Centuri gneiss may have transported SiO2 into the Monte 630 

Maggiore ultramafic rocks. This SiO2 gain can be also observed in Figure 7a, with CIPW-normalized 631 

compositions of serpentinized rocks moving towards the Opx corner of the olivine-orthopyroxene-632 

clinopyroxene ternary diagram. This increase in SiO2 may have favoured increasing aSiO2 and the 633 

formation of antigorite over lizardite during prograde, low-T conditions. Alternatively, lizardite vs. 634 

antigorite formation may also be modulated by Al2O3 concentrations: experimental studies 635 

demonstrate that high Al2O3 concentrations extend the lizardite stability field to higher T where 636 

antigorite is generally expected to form (Caruso and Chernosky, 1979; Nakatani and Nakamura, 637 

2016). In the Monte Maggiore rocks, mobilization of Al during serpentinization is primarily 638 



controlled by spinel conversion to chlorite. Several studied samples show spinel replacement by 639 

chlorite. Lizardite-bearing generations, however, are found in samples containing both fresh and 640 

retrogressed spinel, ruling out the possibility of a chemically controlled HT lizardite formation. 641 

In summary, the data collected across the Monte Maggiore serpentinization front suggest that 642 

the formation of antigorite-rich serpentinites in the fully serpentinized portion of the massif started at 643 

lower T conditions (full olivine serpentinization; minor to full Opx serpentinization) and that it was 644 

possibly favoured by the infiltration of SiO2-rich fluids and evolved at higher T in both fully and 645 

partially serpentinized domains. The latter hypothesis is suggested by the transformation of P-Opx in 646 

the olivine stability field, as observed in some partially serpentinized samples containing rather fresh 647 

P-Ol and M-Ol forming at the expense of P-Opx (Figs. 4c, d). This indicates that a high T 648 

serpentinization event took place in a relatively narrow range of T conditions from about 400 °C (P-649 

Opx destabilization in the olivine stability field in partially serpentinized peridotites; Martin and Fyfe, 650 

1970; Oelkers and Schott, 2001; Allen and Seyfried, 2003) to about 450 °C (metamorphic peak of 651 

Monte Maggiore), and under varying chemical conditions. Larger uncertainties remain for the timing 652 

and conditions of Liz and Atg1 formation, which may span from oceanic to low-T conditions. The 653 

lack of ductile deformation in the Monte Maggiore body, and the marked ductile deformation in the 654 

underlying Centuri gneiss suggest that, even if serpentinization events predating the juxtaposition of 655 

Monte Maggiore onto Centuri existed, such as oceanic or low-T serpentinization events, the bulk 656 

serpentinization was recorded in response to fluid infiltration along their tectonic contact.  657 

An alternative model to explain varying serpentine assemblages within a subduction zone 658 

environment follows the recent definition of dynamic thermal states of subduction zones by Holt and 659 

Condit (2021). The authors showed that the thermal state of subducting slabs changes from 660 

subduction infancy to maturity, from warmer to colder thermal regimes (Fig. 11c). This model, which 661 

has never been applied to varying serpentine polysomes so far, may explain at stationary depth 662 

conditions – for example, at the base of the mantle wedge in the forearc regions – the retrograde 663 

transition from antigorite to lizardite stability fields with subduction maturity. However, such 664 



retrograde evolution is not observed in Monte Maggiore, ruling out the hypothesis of evolving thermal 665 

states. 666 

Based on the above discussion, the sequence of the serpentine generations points out that the Monte 667 

Maggiore ultramafic body recorded several steps of hydration in response to progressive subduction 668 

and increasing T (Fig. 11a) and to the availability of SiO2 through early Opx alteration and/or the 669 

infiltration of external fluid plausibly sourced from the underlying Centuri gneiss (Fig. 11b). External 670 

metamorphic fluids are necessary to explain the Monte Maggiore serpentinization front, as (i) no 671 

major internal fluid source was present in the fresh peridotite domains, and (ii) bulk-rock major 672 

element results suggest a SiO2 enrichment in the serpentinized domain. Nevertheless, for at least some 673 

serpentine generations, fluids may have also been provided by partial dehydration during lizardite-674 

to-antigorite transformation (see also Debret et al., 2013b), suggesting multiple pathways of 675 

serpentinization in the subduction zone. 676 

 677 

5.2 Trace element fingerprints of the Monte Maggiore serpentinization front 678 

Compared to other trace elements, REE are useful to identify the precursor minerals from which 679 

serpentine formed (Deschamps et al., 2013), thus also providing information about the preservation 680 

of primary minerals with respect to the evolution of fluid-rock interaction events and temperature. 681 

For preserved peridotites (0 - 35 vol. % serpentinization), and particularly Liz, Atg1, and Atg2, REE 682 

patterns resemble those of replaced primary phases (P-Ol and P-Opx). Instead, for higher 683 

serpentinization degrees (35 - 75 vol. % serpentinization), Liz/Atg, Atg2, Atg3, and M-Ol, REE 684 

patterns are generally intermediate between P-Ol and P-Opx compositions. This may suggest a 685 

contemporaneous consumption of both P-Ol and P-Opx during serpentinization, due to increasing 686 

fluid/rock ratios, and potentially higher T conditions. In fact, orthopyroxene breakdown during 687 

serpentinization is favoured at high-T conditions (>400 °C) (Oelkers and Schott, 2001; Allen and 688 

Seyfried, 2003), which are consistent with antigorite stability in subduction zones. We thus suggest 689 

that antigorite formation due to early P-Opx consumption (Figs. 4c, d) characterizes partially 690 



serpentinized peridotites (>35 vol. % serpentinization). In less serpentinized rocks, low fluid/rock 691 

(F/R) ratios and aSiO2 may have not been high enough to stabilize antigorite, leading to the formation 692 

of dominant lizardite. This latter interpretation is consistent with the chemical variation scenario 693 

proposed in section 5.1 which involves a SiO2 input from external fluid(s) (Fig. 11b). 694 

Available in situ trace element data (Debret, 2013) in partially serpentinized peridotites from 695 

the Monte Maggiore massif evidence a decrease in REE contents from early lizardite veins (V1 in 696 

Debret, 2013) with patterns similar to those of Opx, to late lizardite veins (V2 and V3 in Debret, 697 

2013), with patterns intermediate between those of P-Ol and P-Opx. This geochemical variation was 698 

interpreted as evidence of decreasing T conditions during oceanic serpentinization (Debret, 2013). 699 

Our geochemical results, coupled with identified serpentine generations across varying 700 

serpentinization degrees, provide a complementary point of view. In serpentinites (75 – 100 vol. %), 701 

Liz/Atg, Atg3, and Atg4 are more enriched in LREE compared to preserved and partially 702 

serpentinized peridotites. This reflects a redistribution of the least fluid-mobile elements among these 703 

three main primary mantle phases (P-Ol, P-Opx, P-Cpx). 704 

A salient aspect related to the timing of serpentinization, is the source of fluid(s). In situ FME 705 

characterization may provide insight into specific microstructural domains related to serpentinization. 706 

Previous studies have evidenced that different serpentine generations, often corresponding to 707 

different serpentine polysomes, display significant variations in FME concentrations. For example, 708 

in mantle wedge serpentinites from Tso Morari (Himalaya), Deschamps et al. (2010) highlighted 709 

differences in enrichment of several FME such as Li, B, As, Sb, Cs, Ba, Pb, and U between two 710 

distinct serpentinization episodes occurring at different T and environments in subduction zone 711 

setting. Similarly, Peters et al. (2017), showed that alkalis-to-U elemental ratios and FME can be 712 

diagnostic of forearc vs. mid-ocean ridge serpentinization environments. This feature clearly emerges 713 

from the study of several subducted segments of former oceanic lithosphere showing alkali-to-U 714 

elemental ratios, and FME patterns similar to forearc serpentinites. 715 



Previous studies also investigated the behaviour of FME during prograde subduction 716 

metamorphic paths involving fluid loss associated with serpentine recrystallization (e.g., Scambelluri 717 

et al., 2004; Vils et al., 2011; Kodolányi and Pettke, 2011; Deschamps et al., 2012; Lafay et al., 2013; 718 

Cannaò and Debret, 2024). These studies evidence variable (minor to major) loss of FME elements 719 

from low-T to high-T polysomes, especially Li, B, and in some cases Sr and Cs. However, these 720 

studies were conducted on samples from different tectono-metamorphic units and localities, which 721 

may result in inherited variability in FME compositions (Martin et al., 2020). Nevertheless, a decrease 722 

in B and Sr was also observed by Kodolányi and Pettke, (2011) when comparing chrysotile (LT) and 723 

antigorite (HT) from the same samples. Furthermore, the modifications in FME concentrations may 724 

not only be attributed to serpentine phase transitions. For instance, in the Voltri Massif (Ligurian 725 

Western Alps, Italy) a reset in FME concentrations, together with increasing in 87Sr/86Sr ratios, from 726 

static to mylonitic serpentinites evidenced the contribution of external fluids circulating and 727 

interacting within deformed domains (Cannaò et al., 2016). Debret et al., (2013b) investigated 728 

eclogite-facies serpentinites from the Lanzo ultramafic massif (Western Italian Alps), as an example 729 

of subducted oceanic lithosphere that recorded multiple serpentinization/deserpentinization events. 730 

This study evidenced a decrease in Li, B, As, and Ba between lizardite and antigorite during prograde 731 

metamorphism, and additional loss of B, Sb, Ba, and Rb associated with metamorphic olivine growth. 732 

The loss of FME especially concerns foliated serpentinites affected by fluid circulation. 733 

In this study we compared the different serpentine generations from the Monte Maggiore 734 

massif as representative of different serpentinization steps across a serpentinization front. In contrast 735 

with previous works, in partially serpentinized samples (<75 vol. % serpentinization) of the Monte 736 

Maggiore massif, the LT polysome Liz is depleted in B, Sr, Cs, and Ba compared to the subsequent 737 

high-T antigorite or mixed lizardite-antigorite generations, being the latter related to either 738 

replacement of previous serpentine generations (Liz/Atg, Atg1, Atg3) or replacement of primary 739 

mantle minerals (Atg2). The only exception is Rb, which is more enriched in Liz relative to other 740 



serpentine generations (Fig. 10). No systematic differences were observed in antigorite-dominated 741 

generations, which show variable trends of enrichment/depletion in FMEs. 742 

Despite the possible contamination of minute serpentine crystals in the LA-ICP-MS analyses 743 

of M-Ol, the higher concentration of Li, Sr and Ba suggest actual enrichment in these elements in M-744 

Ol compared to serpentine minerals (Fig. 10). This enrichment may suggest the involvement of an 745 

external fluid during growth of M-Ol, or the preferential incorporation of Li, Sr and Ba in M-Ol 746 

compared to metamorphic fluids (see Tenthorey and Hermann, 2004; Scambelluri et al., 2019), 747 

modulating their release in subduction.  748 

Serpentine generations in serpentinites (serpentinization degree >75 vol. %) are overall more enriched 749 

in most FMEs compared to the same generations in preserved and partially serpentinized peridotites 750 

(<75 vol. % serpentinization), with the only exception of Li and Pb which are less enriched in 751 

serpentinites (Fig. 10). This latter trend may highlight the fluid-mobile nature of these elements in 752 

serpentine during fluid-rock interactions, and therefore their tendency to be retained in the fluid (see 753 

Tenthorey and Hermann, 2004). 754 

Results from Monte Maggiore are therefore compared with other localities for which trace 755 

element characterizations across serpentinization fronts are available and from two different 756 

serpentinization settings (Fig. 12): the Semail ophiolite (Oman), where the serpentinization front 757 

testifies the infiltration of slab-derived fluids into the overlying mantle wedge (Prigent et al., 2018), 758 

and the Lanzo Massif (Westen Italian Alps), which is interpreted as a fragment of subducted oceanic 759 

mantle characterized by an inherited oceanic serpentinization front propagating from the boundary of 760 

the massif towards its fresh peridotite core (Boudier, 1978; Lagabrielle et al., 1990; Kaczmarek and 761 

Müntener, 2008; Debret et al., 2013a; Debret et al., 2013b). Selected data from Monte Maggiore, the 762 

Semail ophiolite, and Lanzo are compared in Figure 12 as a function of the relative distance within 763 

the main serpentinization front and serpentinization degree. Serpentinization fronts from Monte 764 

Maggiore and the Semail ophiolite share similar trends for B, Sr, and Ba, displaying decreasing 765 

concentrations with the increasing distance from the boundary of the serpentinization front (and 766 



decreasing serpentinization degree in Monte Maggiore). In contrast, Lanzo shows an opposite trend 767 

with FME increasing from the boundary of the massif towards the inner part of the serpentinization 768 

front and for decreasing serpentinization degrees. Lithium, instead, shows a similar behaviour among 769 

the three localities, decreasing its concentration in serpentinites at the boundary with oceanic 770 

sediments. The similarity in FME patterns between Monte Maggiore and the Semail ophiolite may 771 

be explained by the infiltration of metamorphic fluids from the base of the serpentinization front – 772 

i.e., the tectonic contact with Centuri at Monte Maggiore, and the plate interface for the Semail 773 

ophiolite – during subduction. The Lanzo serpentinites, instead, are interpreted as subducted 774 

serpentinites that partially lost FMEs during progressive mineral phase transformations in subduction 775 

(from lizardite to antigorite) and infiltration of metamorphic fluids in the subduction zone (Debret et 776 

al., 2013b). Similar conditions are also documented in Monte Maggiore, with serpentine transitions 777 

from lizardite to antigorite to metamorphic olivine. It is therefore possible that the FME profile in 778 

Lanzo still reflects inherited oceanic serpentinization patterns. This hypothesis cannot be currently 779 

tested owing to the lack of in situ FME data across oceanic serpentinization profiles. 780 

Although large uncertainty still exists on the interpretation of the origin of fluids involved in 781 

serpentinization and timing of this process, especially in subducted sections of oceanic lithosphere 782 

like Monte Maggiore and Lanzo, the collected data and comparisons to other case studies suggest that 783 

Monte Maggiore shares similar FME patterns with a subduction-related serpentinization front such 784 

as the Semail ophiolite. This similarity is supported by the geological setting of the Monte Maggiore 785 

massif, indicating the development of the main serpentinization front from the underlying tectonic 786 

contact with the Centuri gneiss. The fluid-rock evolution of Lanzo is probably more articulated and 787 

characterized by the overprinting of serpentinization stages occurred at the oceanic stage, by the 788 

successive fluid-rock interactions and deformation during subduction, as suggested by Debret et al. 789 

(2013b). This comparison is summarized in the sketch of Figure 13, which highlights the potentially 790 

distinctive chemical features of subduction-zone serpentinization fronts relative to inherited oceanic 791 

serpentinization fronts suggested by the collected dataset. 792 



If confirmed by future studies, especially addressing oceanic serpentinization fronts, the analyses of 793 

FME profiles across serpentinization fronts will prove as a valuable approach to infer the setting of 794 

serpentinization in orogenic serpentinites, where other distinguishing factors of ocean floor vs. 795 

subduction-related serpentinization may not be available. From the present work, it also emerges that 796 

the study of serpentinization processes strongly benefits form the consideration of mineralogical and 797 

chemical variations across continuous serpentinization fronts. Evolutionary stages resulting from the 798 

comparison of isolated samples with variably serpentinized degree, instead, may result in inaccurate 799 

assumptions. For example, least serpentinized samples do not necessarily reflect the early stages of 800 

serpentinization, but rather more evolved ones marking the end of the serpentinization front. 801 

Based on the collected data and on our interpretations, Monte Maggiore may represent an example 802 

of fossilized tectonic boundary similar to a slab-forearc mantle wedge interface (i.e., Centuri gneiss-803 

Monte Maggiore interface). Its structural position within the Alpine Corsica metamorphic stack 804 

(Vitale Brovarone et al., 2013) may be consistent with such a hypothesis. Similar interpretations are 805 

suggested for the tectonic evolution of the Erro-Tobbio ultramafic unit, Western Italian Alps, which 806 

is interpreted as a fragment of subducted oceanic lithosphere that, during its Alpine orogenic 807 

evolution, was flushed by fluids sourced from the underlying subducting oceanic units (Fruh-Green 808 

et al., 2001; Scambelluri and Tonarini, 2012). In both Monte Maggiore and Erro Tobbio, this mantle 809 

wedge-like position and the preservation of large portions of fresh mantle assemblages during 810 

subduction (Rampone et al., 2008; Piccardo and Guarnieri 2010) represent the ideal conditions to 811 

promote subduction serpentinization by metamorphic fluids. The chemical features described in the 812 

present study may therefore represent a proxy for the chemical fingerprints of subduction zone 813 

serpentinization fronts. 814 

 815 

5.3 Serpentinization of Monte Maggiore and the generation of reduced metamorphic fluids 816 

The reconstructed serpentinization history supports the formation of several serpentine generations 817 

at the expense of primary or metamorphic olivine during the metamorphic evolution of the Monte 818 



Maggiore body during Alpine subduction zone. The transition zone from partially serpentinized 819 

peridotites to serpentinites provides the constraint that a significant proportion of serpentine in these 820 

rocks is antigorite that formed directly at the expense of primary mantle minerals, as supported by 821 

microstructural relationships. This indicates that a substantial fraction of serpentinization occurred 822 

likely in the Alpine subduction zone. The release of reduced fluids associated with serpentinization 823 

have long been identified at subseafloor conditions and on land in ophiolitic massifs (Kelley et al., 824 

2005; Marcaillou et al., 2011; Andreani et al., 2013; Klein et al., 2014). More recently, the role of 825 

serpentinization in the production of natural energy sources such as H2 and CH4 has also been 826 

discussed in subduction zones (Vitale Brovarone et al., 2020; Boutier et al., 2021; Boutier et al., 827 

2024). Previous works interpret the serpentinization of Monte Maggiore as the result of seawater-828 

peridotite interactions (Debret, 2013; Debret et al., 2014). This interpretation implies that, if 829 

serpentinization took place at the ocean floor, the production of reduced fluids during olivine to 830 

magnetite reactions in the serpentinized domains of Monte Maggiore was exhausted at subseafloor 831 

conditions. However, the new interpretation proposed in this study, pointing serpentinization 832 

occurring dominantly during subduction, may imply the release of such reduced fluids at much greater 833 

depths in the Alpine subduction zone. 834 

Bulk rock analyses display increasing Fe2O3/Fetot ratios for increasing serpentinization 835 

degrees (Fig. 7d). This partial Fe oxidation is also testified by the presence of magnetite in all 836 

identified serpentine generations, but in different proportions. For example, Liz, Atg1 and Atg2 are 837 

generally associated with smaller magnetite amounts relative to the other generations. Alternatively, 838 

serpentine may have acted as a sink for ferric iron. In situ Fe valence measurements are available for 839 

fully serpentinized rock in Monte Maggiore, for which serpentinization conditions are not robustly 840 

constrained, and show Fe3+/Fetot values similar to oceanic or low-temperature equivalents (Debret et 841 

al., 2014). However, the lack of detailed studies of in situ Fe valence patterns in serpentine 842 

generations in partially serpentinized peridotites from the Monte Maggiore massif makes robust 843 

assessments on the redox potential of the documented subduction serpentinization events challenging. 844 



6.  CONCLUSIONS 845 

Through a field-based and high-spatial resolution sampling approach, we characterized the 846 

serpentinization history and chemical compositions across a serpentinization front of a subducted 847 

peridotite body. Our study suggests that the Monte Maggiore massif serpentinization front recorded 848 

fluid circulation along a subduction-zone tectonic contact. Successive serpentine generations are 849 

present across the serpentinization front and their distribution is consistent throughout the massif: 850 

lizardite is preserved in the inner, less serpentinized portion, where low fluid influx and negligible 851 

SiO2 gain for antigorite formation were available. Widespread antigorite is prevailing in more 852 

serpentinized domains towards the basal tectonic contact, replacing previous serpentine generations 853 

and primary mantle minerals. Bulk rock major elements evidenced a SiO2 increase with increasing 854 

serpentinization, suggesting that serpentinization occurred in an open system with input of silica-rich 855 

metamorphic fluids from, most plausibly, the underlying Centuri continental unit. This chemical 856 

gradient also favours the hypothesis of a subduction-related serpentinization front rather than an 857 

inherited oceanic equivalent. Concentrations of FME from preserved to partially serpentinized 858 

peridotites (0 – 75 vol. %) show minor differences among serpentine generations, with a slight gain 859 

in the majority of FME at the Liz to Atg transition. Fluid-mobile element concentrations increase 860 

with increasing serpentinization degree towards the basal tectonic contact, and this is explained by 861 

the infiltration of metamorphic fluids during subduction. Such FME patterns across the Monte 862 

Maggiore serpentinization front are similar to those described across the serpentinization front at the 863 

base of the forearc mantle wedge serpentinites from the Semail ophiolite, Oman, and opposite to 864 

subducted oceanic serpentinites from Lanzo Massif, western Alps. The Monte Maggiore FME 865 

distribution acquired from the upward migration of serpentinizing fluids is therefore preserved and 866 

might be diagnostic of such type of environments in subduction zones.  867 
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 1196 

Captions 1197 

Figure 1: Geological map and interpretative cross section of the Monte Maggiore massif, modified after Jackson and 1198 

Ohnenstetter (1981), Debret (2013), Basch et al. (2018), Fabbri et al. (2018), and the present study. The map colour codes 1199 

refer to lithologies and, for ultramafic rocks, the degree of serpentinization. Open diamonds, squares, triangles, and circles 1200 

refer to the nature of the protolith, while green, yellow, orange and blue refer to the characteristic serpentine assemblages 1201 

described in Section 4.1.3. 1202 

 1203 

Figure 2. a) Panoramic view of the Monte Maggiore massif, with interpreted geology. The regional foliation in the 1204 

Centuri gneiss is shown by black dashed lines, with spacing marking the intensity of the deformation. Viewpoint position 1205 

is reported in Fig. 1. b, c, d) Outcrop-scale pictures of the contact zone between the Monte Maggiore massif and the 1206 

Centuri gneiss:  massive serpentinite at about 20 m (b) and 5 m (c) above the contact and the contact zone with Centuri 1207 

mylonite (d). Sampling spots marked with symbol “*”. e, f, g) Photomicrographs of sample collected from the outcrops 1208 

shown in panels b, c, and d. These rocks highlight the general absence of deformation in serpentinites from the basal 1209 

portion of the Monte Maggiore body, and the strong strain localization inside the Centuri geniss, here represented by a 1210 

Na-amphibole-Epidote-rich folded layer found inside the Centuri mylonite. 1211 

 1212 

Figure 3: Interpretative, not-to-scale log of the Monte Maggiore serpentinization front, field features and petrographic 1213 

images. a-d: Field images. e-n: photomicrographs under cross polarized light. a) Preserved peridotite crosscut by thin 1214 

gabbro dykelets, with chlorite halo (black wall). The presence of Ca-Al minerals inside these structures, as well as the 1215 

comparison with thicker equivalents, allowed us to infer their igneous origin. b) Partially serpentinized peridotite with 1216 

oriented dark Liz/Atg veins. c) Deformed, partially serpentinized peridotite with a network of Atg2 veins and pyroxenes 1217 

relicts. d) Massive serpentinite with altered pyroxenes. e) Liz vein network crosscut by Atg1 veins in preserved 1218 

peridotite. Sample COR22-17. f) Partially serpentinized peridotite with Liz/Atg veins with associated metamorphic 1219 

olivine (M-Ol) in the centre; Atg2 growing on the rims of Liz/Atg and at the expenses of primary olivine (P-Ol). Atg3 1220 

growing at the expense of M-Ol and Liz/Atg. Sample COR21-79. g) Network of Atg2 veins in a deformed partially 1221 

serpentinized peridotite, successively replaced by static Atg3 blades. Sample COR22-13. h) Massive serpentinite 1222 

characterized by Liz/Atg veins replaced by static Atg3 blades. In the right corner of the image, closeup of Atg3 1223 

https://doi.org/10.1126/sciadv.abj2515


replacing primary clinopyroxene (P-Cpx) and a crosscutting Atg4 vein. Sample COR21-64l. Additional mineral 1224 

abbreviations are defined in the text. Serp = serpentinized. 1225 

 1226 

Figure 4.a-b) Images of partially serpentinized peridotites in cross-polarized light (a) and backscattered electron (BSE) 1227 

(b).  Note P-Opx rimmed by a corona of metamorphic clinopyroxene (M-Cpx) and former site of plagioclase (ex-Pl). Ex-1228 

Pl site is replaced by epidote (Ep) and chlorite (Chl). Sample Cor21-79. c-d) Photomicrographs of a partially serpentinized 1229 

peridotite in cross polarized light (c) and BSE (d). P-Opx being is replaced by Atg2, M-Cpx, and M-Ol. The BSE image 1230 

shows the presence of an inner corona of M-Cpx and a brighter rim of M-Ol. Note that M-Ol is brighter than P-Ol in BSE, 1231 

indicating higher Fe contents in the former (see also Vitale Brovarone et al., 2020). Sample Cor21-80 e-f) 1232 

Photomicrographs of a serpentinite in cross polarized light (e) and BSE (f). P-Ol and P-Opx are completely replaced by 1233 

Liz/Atg mixtures, M-Cpx and Mag are preserved along the cleavage of the ex-Opx. Sample Cor21-64f. 1234 

 1235 

Figure 5: Backscattered electron images of serpentine microstructural features. a) Atg1 veins growing at the expense of 1236 

Liz network. Sample COR21-30.  b) Blades of Atg2 propagating through fractures in primary olivine. Sample COR21-1237 

51a (P-Ol). c) Liz/Atg veins network, with M-Ol growing in the center, Atg2 replacing P-Ol at the border of the veins 1238 

and At3 replacing M-Ol. Cor21-79 d) Detail of Liz/Atg veins associated with metamorphic olivine (M-Ol) and magnetite 1239 

(Mag), rimmed by Atg2 replacing P-Ol, and Atg3 replacing M-Ol. Sample Cor21-36. e) Detail of interface between P-1240 

Cpx replaced by Atg3 and former P-Ol replaced by a network of Liz/Atg associated with magnetite, partially substituted 1241 

by Atg3. Sample Cor21-22f. f) Liz/Atg matrix in a serpentinite associated with Mag, crosscut by a fracture filled with 1242 

Atg4 devoid of opaque minerals. COR21-22f. 1243 

 1244 

Figure 6: Representative Raman spectra of the identified serpentine generations and metamorphic olivine. On the left 1245 

low frequencies (200–1200 cm−1), on the right OH stretching (3600 to 3750 cm−1) ranges. Grey bands identify the 1246 

characteristic bands for antigorite (373, 1044, 3670, 3700 cm−1). Liz, Liz/Atg and M-Ol characteristic peak are reported 1247 

next to the spectra. 1248 

 1249 

Figure 7: Major element results and comparison with previous studies. a) Results of CIPW normalization (Kelemen et 1250 

al., 1992) for variably serpentinized samples in a ternary Ol, Opx, Cpx diagram. b) MgO/SiO2 vs. Al2O3/SiO2 diagram; 1251 

The Terrestrial Array should represent the initial composition of harzburgite and lherzolite for different elemental ratios 1252 

(Jagoutz et al., 1979; Hart and Zindler, 1986). c) MgO vs SiO2  recalculated without LOI content. d) positive correlation 1253 

between MgO/(MgO+FeO) and Fe2O3/Fetot.   1254 



 1255 

Figure 8: Chondrite-normalized REE patterns (a-f), and primitive mantle-normalized selected trace element patterns (g-1256 

n) of serpentine minerals and M-Ol from preserved and partially serpentinized peridotites. Chondrite and primitive mantle 1257 

values from Sun and McDonough (1989).  Olivine composition from Basch et al. (2018), orthopyroxene and 1258 

clinopyroxene composition from Rampone et al. (2008). 1259 

 1260 

Figure 9: Chondrite-normalized REE patterns (a-c) and selected trace element patterns normalized to the primitive mantle 1261 

(d-f) of serpentine minerals from serpentinites. Chondrite and primitive mantle values from Sun and McDonough (1989). 1262 

Olivine composition from Basch et al. (2018), orthopyroxene and clinopyroxene composition form Rampone et al (2008). 1263 

 1264 

Figure 10: Concentrations of Li, B, Sr, Cs, Ba, Rb, Pb, and U in the serpentine generations recognized, subdivided into 1265 

preserved-partially serpentinized peridotites (0 - 75 vol. % serp.) and serpentinites (75 - 100 vol. % serp.). Boxplot colours 1266 

refer to each generation. Number in parentheses indicates the number of analyses for each generation, including analyses 1267 

bdl which cannot be represented in this graph. 1268 

 1269 

Figure 11: Potential serpentine evolution models of Monte Maggiore massif (MM). Generic P-T path geometries are 1270 

from Syracuse et al., 2010 and Holt and Condit (2021). a) Serpentine mineralogical evolution of Monte Maggiore 1271 

explained by prograde heating during subduction (Schwartz et al., 2013). b) Serpentine mineralogical evolution of Monte 1272 

Maggiore explained by silica addition, favouring the formation of antigorite relative to lizardite at lower T. c) Serpentine 1273 

mineralogical evolution explained by evolving subduction zone thermal gradients with subduction maturity (Holt and 1274 

Condit, 2021). The latter hypothesis would result in opposite serpentine polysome chronology (antigorite to lizardite) 1275 

than that observed here, and it is therefore discarded (see text for details). 1276 

 1277 

Figure 12: Bar plots and median value showing in situ Li, B, Sr, and Ba concentrations for Monte Maggiore (this study), 1278 

Semail ophiolite (Prigent et al., 2018) and Lanzo Massif (Debret et al., 2013b) serpentinites across serpentinization fronts. 1279 

The dataset of each locality is subdivided in two groups referring to the relative distance of the samples from the tectonic 1280 

contact. For Monte Maggiore and Lanzo, the serpentinization degree was taken in account to distinguish the two classes 1281 

and is reported at the bottom of each bar plot. The number of analyses for each bar is reported on top. For the Semail 1282 

ophiolite, each analysis refers, as reported by Prigent et al. (2018), to a mean of multiple analyses, therefore the median 1283 

value is not reported. 1284 



 1285 

Figure 13: Models of FME distributions across serpentinization fronts in the different settings. a) Sketch of subduction 1286 

zone system (modified after Zhang et al., 2021) illustrating the environments of hydration and dehydration of the 1287 

considered localities. SO: Semail Ophiolite, MM: Monte Maggiore massif, ET: Erro-Tobbio massif, Lz: Lanzo. b) Close-1288 

up of the MM case study, interpreted here as a slice of subducted oceanic mantle coupled to the overlying mantle wedge 1289 

and overlying the Alpine slab. See also Scambelluri and Tonarini (2012) for a similar reconstruction for the Erro-Tobbio 1290 

massif, Western Alps. c) Interpretative sketches summarizing the origin of fluids involved in the serpentinization fronts 1291 

in, from left to right, the Semail ophiolite, Monte Maggiore massif, and Lanzo. The Semail ophiolite and the Monte 1292 

Maggiore massif were infiltrated by metamorphic fluids, resulting in an enrichment of FME at the base of the 1293 

serpentinization front, as discussed here. The Lanzo massif profile may instead represent the result of dehydration and/or 1294 

deformation (Debret et al., 2013b) or inherited oceanic serpentinization patterns. 1295 
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