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Abstract

Major, minor, and trace element geochemistry as well as iron oxidation state

and isotopes were investigated in serpentinites and olivine-talc fels present along

a metamorphic gradient in the Bergell contact aureole (Central European Alps)

to evaluate element mobility during serpentine. This aureole is an ideal target to

study dehydration of mantle rocks due to the increase in temperature from

greenschist facies conditions (350�C) to amphibolite facies conditions (750�C) at
low pressures of 0.4 GPa. Petrography and geochemistry document several

events of fluid–rock interaction and metamorphism. Serpentinization of the

mantle rocks started on the ocean floor. Subsequent Alpine regional metamor-

phism led to the formation of antigorite-serpentinites containing olivine and

diopside. These antigorite-serpentinites were transformed into olivine-talc fels in

a large part of the contact-aureole. Bulk-rock major and trace element composi-

tions maintain the geochemical signature of the precursor antigorite-serpenti-

nites. No apparent changes are indeed observed despite the fact that major

dehydration reactions occurred. In addition, changes neither in Fe3+/Fetot ratio

nor in δ56Fe values were observed. Local composition variations of antigorite-

serpentinites and olivine-talc fels reflect chemical heterogeneities related to pro-

tolith composition and serpentinization processes on the ocean floor prior to

contact metamorphism. Hence, prograde dehydration reactions occurring dur-

ing contact metamorphism did not induce substantial element mobility, change

in redox state, or isotopic fractionation in these contact metamorphic rocks.

KEYWORD S
iron isotopes, olivine-talc fels, redox state, serpentinite breakdown, trace elements

1 | INTRODUCTION

The serpentine minerals are the main carriers of water in
low to medium temperature mantle rocks (Ferrand, 2019,

Ulmer & Trommsdorff, 1995). Serpentine dehydrates and
releases volatiles to the overlying mantle wedge when
heated during subduction (Deschamps et al., 2013;
Marchesi et al., 2013; Scambelluri et al., 2019). Previous
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studies have shown that, even before serpentine minerals
react out of the rock, phase transition from lizardite,
or chrysotile, to antigorite is associated with the release
of fluid compatible elements (Li, B, Sr, Sb or Cs,
e.g., Lafay et al., 2013; Vils et al., 2011). At higher meta-
morphic grades, the breakdown of antigorite also pro-
duces fluids enriched in those fluid-compatible elements,
as suggested by studies of the chemical composition of
serpentinite rocks and metaperidotites, as well as fluid
inclusion studies (Deschamps et al., 2013; Peters
et al., 2017; Scambelluri et al., 2019). The behaviour of
some elements during dehydration reactions is well estab-
lished, but the redox effects of fluids escaping subduction
zones still remains largely unknown; both reduced
(e.g., Piccoli et al., 2019) and oxidized fluids (e.g., Debret &
Sverjensky, 2017) can be produced depending on the envi-
ronment and the serpentinites oxidation degree (Evans &
Frost, 2020; Frost & Beard, 2007). The large fluid discharge
during serpentinite breakdown in convergent systems may
account for intense metasomatism in the nearby units,
and is one of the drivers of mantle wedge weakening
(Reynard, 2013; Rutter & Brodie, 1988) and is responsible
for important rheological changes within mantle units
(Dilissen et al., 2018; Ganzhorn et al., 2019; Hirth &
Guillot, 2013; Reynard, 2013).

Much progress has been made in recognizing initial
oceanic crust geochemistry and geometry even after such
rocks are deformed during subduction and exhumation of
ophiolitic units. Good examples are the recently described
Aiguilles Rouges oceanic core complex in the Western
Alps (Decrausaz et al., 2021) and the ultramafites from
Erro Tobbio (Scambelluri et al., 2001). Nevertheless, these
relict structures do not provide the possibility to study a
continuous metamorphic profile in a serpentinite unit, in
contrast to contact metamorphic environments, in which
serpentinites can be followed up-grade along a short dis-
tance to olivine-fels, as it is the case in the Bergell area
(Central European Alps; Trommsdorff & Evans, 1972).

In the Bergell area, the high-temperature metamor-
phic gradient leads to the dehydration of the antigorite
+ olivine + diopside schists in the host rocks of the aure-
ole to olivine + anthophyllite fels at the contact over
approximately a 2-km distance (Figure 1). This allows the
investigation of the geochemical evolution of ultramafic
rocks along a continuous metamorphic gradient from
greenschist facies conditions (<400�C) to amphibolite
facies conditions (�750�C) at constant pressures of
�0.4 GPa. Here, antigorite breaks down to talc + olivine
at a temperature of about 550�C producing a large
amount of water. The talc + olivine paragenesis remains
stable up to a temperature of approximately 680�C
(Bromiley & Pawley, 2003; Chernosky et al., 1985;
Evans, 1977; Trommsdorff & Evans, 1972). A drawback

of this geodynamic setting is that extrapolation of the cur-
rent results to subduction zone environments is compli-
cated due to the fact that mass transport depends on
infiltrating fluid volumes, fluid flow geometry and ele-
ment solubility strongly depend on the pressure, not only
on the temperature (e.g., Dolejš & Manning, 2010;
Eugster & Baumgartner, 1987).

In this paper, we present bulk rock major and trace
elements concentrations, Fe2+/Fe3+ ratios and Fe isotope
compositions of rocks from the Bergell contact aureole.
Based on these geochemical data, we discuss element
mobility, changes in iron oxidation state and iron isotope
compositions during serpentine breakdown.

2 | GEOLOGIC SETTING

The Malenco unit is an ophiolite nappe located in the
Central Alps (Figure 1a). It separates the Penninic and
Austroalpine nappe stacks. The nappe consists of serpen-
tinized peridotites with minor amounts of gabbros, along
with some fragments of granulite facies lower crustal
rocks (Figure 1b,c; see also Müntener & Hermann, 2001).
The Platta-Malenco unit has been interpreted as a former
ocean-continent transition (OCT) from the ancient Adria-
tic hyperextended margin (Müntener & Hermann, 2001).
The nappe underwent greenschist facies regional meta-
morphism (450�C, 0.4–0.7 GPa; Guntli & Liniger, 1989)
during Alpine convergence, at about 65 Ma (Jäger, 1973;
Picazo et al., 2019). Metamorphism resulted in the forma-
tion of antigorite, olivine, diopside, chlorite, and magne-
tite schists, with accessory phases like Ti-clinohumite
and sulfides (Evans & Trommsdorff, 1974).

The Austro-alpine-Penninic nappe stack was intruded
by the Tertiary Bergell intrusive suite 32–30 Ma ago
(Samperton et al., 2015). The intrusion consists of a
sheet-like 2- to 3.5-km-thick tonalite. In the south-eastern
part, the contact is subvertical and dips 70� towards east.
The ultramafic rocks on the eastern side of the pluton are
affected by contact metamorphism over a distance of
about 2 km. Layering, interpreted to be primary mantle
layering, strikes at a high angle to the contact in many
places (Müntener & Hermann, 1996) and remains visible
in the contact-metamorphosed rocks (Figure 2a,b). The
NE part of the aureole displays nearly vertical lithological
layering oriented roughly to 120� (normal to the intrusive
contact, see dominant lithological layering in Figure 1).
The SE part of the aureole displays a subhorizontal litho-
logical layering oriented 50� to 60� (Figure 2a). An incipi-
ent foliation is subparallel to the lithological layering
between the tonalite and the Insubric Line (Figure 1c).

The intrusion depth of the tonalite is constrained by
the presence of andalusite and garnet-cordierite-biotite
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assemblages consistent with a maximum pressure of
0.35 GPa (e.g., Wenk, 1973) for the north-eastern contact
of the Bergell. By contrast, igneous hornblende barome-
try indicates a pressure of 0.45 to 0.65 GPa for the eastern

Bergell margin (Davidson et al., 1996; Reusser, 1987).
The contact metamorphism of the tonalite is well
mapped and documented by several isograds. The follow-
ing description is based on the classical work by

F I GURE 1 Tectonic maps of the

Bergell intrusion area (a) and maps of

the two contact-metamorphosed

domains (b and c) investigated in the

eastern side of the Bergell tonalite

intrusion. Metamorphic zones are

drawn on the basis of the detailed map

from Montrasio et al. (2005) and our

personal mineral assemblages

identification. Samples from this study

are reported as circle (the exact

coordinates are provided in Table S1),

with the typical paragenesis observed.

Stars represent location where Jack-

straw textures were observed.

Hexagons represent the location of

samples from Trommsdorff and Evans

(1972) study and lozenges represent

localities where anthophyllite has been

recognized by Pfiffner and Weiss

(1994). Anth: anthophyllite, Atg:

antigorite, Ol: olivine, Tlc: talc, Tr:

tremolite
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Trommsdorff and Evans (1972) and Trommsdorff and
Connolly (1996). The major isograds are shown in
Figure 1b,c. The first isograd is marked by the appear-
ance of tremolite at the expense of diopside and antigor-
ite, resulting in the paragenesis of olivine + serpentine
+ tremolite + chlorite + magnetite. At higher tempera-
tures, antigorite breaks down to olivine and talc, result-
ing in a paragenesis of olivine + talc + tremolite
+ chlorite + magnetite. At the highest metamorphic
grades, talc breaks down to anthophyllite (anthophyllite
+ olivine + tremolite + chlorite + magnetite). Locally,
enstatite can be found at the contact due to anthophyllite
breakdown. Modal abundances of individual phases can
vary significantly, depending on the protolith (see discus-
sion below). Samples collected for the present study were
selected to minimize rare retrograde alteration after the
contact metamorphism. Trommsdorff and Connolly
(1996) estimated that the tremolite-in isograd occurred at

500�C (at 0.35 GPa), producing about 1.4 wt% water, and
the antigorite breakdown to olivine and talc occurred at
530�C producing 4.4 wt% of water in their model
composition.

The aureole is divided into two main domains:
(1) The serpentinites and (2) the olivine-talc fels. The
distinction between these two domains is marked by
the appearance of talc and the disappearance of ser-
pentine, that is, the talc-in isograd (Figure 1b,c). This
isograd was drawn based on our observations
(Figure 1c) and was extrapolated using the isograds
from the Malenco geological map (Montrasio
et al., 2005). Our observations are in good agreement
with previous mapping and a recent detailed investiga-
tion of metamorphic veins in the N-E part of the
aureole (Clément et al., 2019). Location and additional
petrographic data are reported in the supporting infor-
mation (Table S1).

F I GURE 2 (a) Photographs

showing preserved mantle layering

in the southeastern part of the

aureole and (b) close up view

illustrating the layered aspect of the

olivine-talc fels related to primary

composition. (c) Photographs of

olivine-talc fels. (d) Serpentinite and

olivine-talc fels having comparable

chemical composition found in the

northeastern part of the aureole.

Atg: antigorite, Ol: olivine, Mag:

magnetite, Tr: tremolite, Tlc: talc

380 LAFAY ET AL.

 15251314, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12699 by C
ochrane France, W

iley O
nline L

ibrary on [08/10/2024]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3 | SAMPLING STRATEGY AND
SAMPLE DESCRIPTION

Seventy-five samples, collected from 45 locations, were
analysed for bulk rock chemical compositions. Three
areas were targeted: the first one is Alpe Zocca, north-
east of the tonalite (Figure 1b); the second and third areas
are located south-east of the intrusion, at the uppermost
part of the Valle Airale and the Valle di Preda-Rossa,
respectively (Figure 1c). The samples were collected from
both sides of the serpentine breakdown reaction to talc
+ olivine. In addition, the Val Airale area extends to
within the anthophyllite zone.

We focused our investigations on diopside and/or
tremolite-poor serpentinites and olivine-talc fels, though
some of these samples contained up to 30 modal% by vol-
ume tremolite. The serpentinite breakdown isograd is
readily mapped in the field. The tremolite-in and
anthophyllite-in isograds are based on our samples, as
well as the map of Clément et al. (2019) for the N-E area.
Details of sample mineralogy, modal abundance of the
major mineral phases, and coordinates of samples loca-
tion are reported in the supporting information
(Tables S1 and S2). Contact metamorphic minerals are
easily recognizable (e.g., Figure 2c,d). Olivine formed
during antigorite breakdown can be easily recognized
around the isograd, where they form large and tabular
crystals. Olivine produced at the tremolite isograd is how-
ever difficult to spot in the field and in thin section,
because little minerals are formed, and olivine is already
present from brucite breakdown inferred to have hap-
pened during the regional metamorphism
(Trommsdorff & Connolly, 1996). Chlorite is stable in all
rocks collected and is the only major aluminium-rich
phase.

4 | ANALYTICAL METHODS

4.1 | Mineralogy identification

Polished thin sections were examined by optical micros-
copy using transmitted and reflected light to determine
the microstructural features and the distribution of index
minerals. The modal estimates of the index minerals are
based on point counting and least-square fitting methods
using mineral and bulk-rock compositions. They are
reported in Table S2.

The mineralogy and composition of the index phases,
magnetite, and sulfide for a selection of serpentinite and
olivine-talc fels were verified using scanning electron
microscope and microprobe analyses (see Tables S3, S4,
S5, and S6).

4.2 | Raman spectroscopy

In situ Raman spectroscopy was used to identify serpen-
tine phases in samples. Analyses were conducted at the
Institut des Sciences de la Terre (University of Lausanne)
using a Horiba HR Raman-FTIR spectrometer, consisting
of an Olympus BX41 confocal microscope coupled to a
800-mm focal-length spectrograph. A 532.12-nm
frequency-doubled Nd-YAG continuous-wave laser was
focused on the sample with laser power at the sample
surface of 19 mW. The Raman signal was collected in
backscattered mode and calibrated with a silicon stan-
dard. The sampled volume was a few μm3 using a 100�
objective. Acquisition time for measurements was
5 � 30 s using a 1800 lines/mm grating. Spectra were
recorded and interpreted using the software LabspecTM
4.14.

4.3 | Whole rock major elements
measurements

Whole rock samples (cored or sampled with a hammer)
were crushed using a tungsten mill to avoid contamina-
tion with additional SiO2; contamination with tungsten,
niobium, and tantalum might have occurred and hence
these elements are not used in the discussion. Powdered
samples were first dried at approximately 110�C. Loss on
ignition (LOI) was determined by heating the sample to
1050�C for 2 h. Glasses were made by fusing 1.2 g of dried
sample with 6 g of lithium tetraborate at 1300� for
3.5 min in a Pt-crucible. The disks were quenched into a
homogeneous glass disk. Twenty serpentinites and
54 olivine-talc fels glasses were analysed by X-ray fluores-
cence using a Philips PW 2400 spectrometer at the ISTE
laboratory (University of Lausanne). The international
geostandards BR, UB-N, and PCC-1 were used as quality
control. Uncertainties in XRF analyses are �0.5 wt.% (2σ)
for major components (SiO2, MgO, Fe2O3, Al2O3, CaO)
and �0.01 wt% for minor elements (TiO2, MnO, Na2O,
K2O, Cr2O3, NiO).

The FeO content was quantified for 60 samples
(18 serpentinites and 42 olivine-talc fels) by titration.
About 200 mg of sample powder was dissolved in a
solution of sulfuric and hydrofluoric acids and spiked
with ammonium vanadate (NH4VO3) following the
method of Wilson (1960). The solutions were analysed
by colorimetry using a UV/Vis Perkin Elmer Lambda
25 spectrophotometer. The calibration curve used four
standards with FeO compositions of 1.25 wt.% (NIM-L),
3.58 wt.% (SY-3), 5.17 wt.% (DR-N), and 8.63 wt.%
(MRG-1) and a blank solution. The error on the stan-
dards were better than 3% relative. Duplicate analyses
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on samples and standards give reproducibility better
than 0.1 wt.%. Bulk analyses were corrected for the
measured Fe2+/Fe3+ ratios and analyses are reported in
Table S3.

4.4 | Whole-rock trace elements
measurements

Trace element abundances in samples were measured
on pieces of Li-tetraborate glasses using a quadrupole
spectrometer Agilent 7700 coupled to a GeoLas 200M
ArF excimer ablation system at ISTE laboratory
(University of Lausanne). NIST SRM612 was used as
internal standard. The laser was operated with 10- to
20-Hz pulsing rate and a beam size of 90 μm. Prior to
analysis, the clean glass surface was ablated with a
short series of laser shots. The background was
measured for 360 s to maximize sensitivity. Trace ele-
ment concentrations were determined on the average of
three repeated ablation intervals of 60 s and using bulk
SiO2 previously measured by XRF as an internal stan-
dard. Raw data were reduced off-line using the LAM-
TRACE software (Jackson, 2008). Results are reported
in Table S3.

4.5 | Whole-rock iron isotopes
measurements

Bulk Fe isotope compositions were measured on a selec-
tion of 21 samples (100-mg subsampling of crushed sam-
ples) and are presented in Table S3. Chemical separation
of iron was performed in a clean room (Saint-Etienne) by
anion exchange chromatography following the methods
established by Busigny et al. (2014) and Dauphas et al.
(2004) and slightly modified in order to totally dissolve
Cr-spinel and magnetite. Iron isotope analyses were car-
ried out on a MC-ICP-MS (Multi-Collector Mass Spec-
trometer) Neptune Plus at LMV Clermont-Ferrand.
Simultaneous analyses of masses 54, 56, 57, 58 were per-
formed and interferences of 54Cr and 58Ni were corrected
through the measurements of 53Cr and 60Ni. Fe isotopes
were measured on a high-resolution mode. Sample solu-
tions were directly introduced into the plasma torch
using a nebulizer introduction system. The combination
of the nebulizer and the high-resolution mode allows
interferences to be resolved while maintaining a stable
signal throughout the entire analysis session. Analysed
samples follow the mass fractionation line confirming
that no interference on Fe masses occurred during the
measurements. Instrumental mass bias was corrected
using the standard bracketing method (Dauphas

et al., 2009). The 56Fe/54Fe and 57Fe/54Fe ratios are
expressed using the conventional δ notation in per mil
(‰) deviation relative to IRMM-524 reference material
(Craddock & Dauphas, 2011). Iron isotope composition
of two international geo-standards IF-G and BCR-2 were
analysed during each sample run to test the accuracy of
the method. Mean δ56Fe values of IF-G and BCR-2 were
0.642 � 0.053 (1σ, n = 12) and 0.084 � 0.063 (1σ; n = 11)
in agreement with published data in Busigny et al.
(2014). The reproducibility on samples is assessed
through the analyses of three to four replicates with
2σ < 0.05‰.

5 | RESULTS

5.1 | Petrographic characteristics of
serpentinites and olivine-talc fels

5.1.1 | Serpentinites

Here, we classify as serpentinite all rocks below the talc-
isograd. They are dominantly composed of antigorite
(>50% by volume; Figure 2d), with variable proportions
of olivine, chlorite, magnetite, clinopyroxene, and tremo-
lite. For estimates of the modal abundance of samples,
see Table S2.

Serpentinites in the aureole are weakly foliated anti-
gorite serpentinites (confirmed by RAMAN spectroscopy,
see Supporting Information). Serpentines occur in two
textures: (1) Antigorite forms a homogeneous matrix
composed of tiny blades (< 200 μm in length) or (2) as
millimetre-size minerals (Figure 3a,b). These two textures
likely correspond to former mesh and bastite textures
typically found in serpentinites (Wicks &
Whittaker, 1977). Olivine is commonly found as round
crystals of few tens to hundreds of micrometres. They
form layers and networks within the antigorite matrix.
Serpentinites, which are not or slightly affected by the
aureole (over a 1-km distance of the contact) contain
regional metamorphic diopside porphyroblasts
(Trommsdorff & Evans, 1972) and have identical antigor-
ite textures (Figure 3a) to the contact metamorphosed
serpentinites. Tremolite is typically present as randomly
oriented or radial aggregates of idiomorphic crystals, up
to several millimetres in size, that grew during contact
metamorphism. Magnetite is present either as submilli-
metric oriented and elongated aggregates underlying a
discrete planar layering (Figure 2d) or as micrometric
euhedral crystals disseminated within the antigorite
matrix. Furthermore, magnetite may additionally form
small rods reflecting pristine mesh textures. In some
cases, sulfides (pentlandite only) were found associated
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with the magnetite (see Supporting Information). Magne-
tite is present throughout the aureole. While grains seem
to increase in size towards the intrusion it is not possible
to establish clear cut reaction or recrystallization behav-
iour driving this.

No or very little retrograde alteration can be observed
in these serpentinites. The microstructure are either pro-
grade related to the regional metamorphic event during

the upper Cretaceous (outermost aureole) or due to con-
tact metamorphic recrystallization.

5.1.2 | Olivine-talc fels

Olivine-talc fels are easily recognizable in the field due
to their bimodal red and white surface alteration

F I GURE 3 Thin-section

photomicrographs of representative

samples (top: normal light; bottom:

cross polarized light). (a) Serpentinite

from outside of the aureole (�3000 m

from the contact E) containing rare

clinopyroxene relics, (b) serpentinite

with minor amount of metamorphic

olivine (1800 m SE), (c) Jack-straw

textured olivine-talc fels with

centimetre-scale, planar olivine within a

talc matrix (�750 m NE). (d) Olivine-

talc fels with granoblastic olivine

(<100 μm in size) with talc blades and

isolated magnetite (�860 m SE). Atg:

antigorite, Chu: Clinohumite, Cpx:

clinopyroxene, Ol: olivine, Mag:

magnetite, Serp: serpentine, Tlc: talc,

Tr: tremolite
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colour (Figure 2c). They are massive, in places with a
layering marked by magnetite and/or chlorite bands
reflecting the original layering. The talc-in isograd is
surprisingly sharp and occurs over a few tens of meters
in the field. Some partially reacted olivine-talc domains
occur either as zones or as vein-like structures within
the serpentinites close to the talc-in isograd (see also
Clément et al., 2019). On the other side of the reaction
isograd, some pods of relict massive serpentinites can
be found inside the olivine-talc zone (see Lafay
et al., 2019). Proportion of olivine, talc, and tremolite
greatly varies within the olivine-talc fels (Table S2)
reflecting variations in protolith and original bulk rock
chemistry.

Contact metamorphic olivine occurs as prismatic,
elongated subhedral porphyroblast up to a few centi-
metres in size close to the isograd (Lafay et al., 2019)
or as a few hundreds of micrometre-sized polygonal or
rounded crystals forming a granoblastic texture
(Figure 3d) at higher metamorphic grade. These varia-
tions in size and textures reflect differences in reaction
kinetics (Lafay et al., 2019). Olivine porphyroblasts
contain numerous inclusions of antigorite, magnetite,
chlorite, tremolite, and talc. In some localities—
especially in the vicinity of the talc-in isograd—olivine
has a plate-like shape with a high aspect ratio, up to
20:1, forming a Jack-straw texture (Figure 3c and
Evans & Trommsdorff, 1974; Lafay et al., 2019). The
large olivine crystals are either arranged in a criss-
crossed pattern or are randomly oriented (Figure 3c).
Talc forms fined-grained lepidoblastic flakes or is
present as coarser crystal that does not exceed a few
hundred micrometres (Figure 3c,d). The size of talc
mineral is comparable with that of its antigorite
precursor and magnetite is generally absent from the
talc-rich aggregates.

Tremolite forms individual prismatic crystals or is
present as acicular crystals in aggregates. Its proportion
in the olivine-talc fels is commonly less than 10%, except
for a few samples that were collected in the southeastern
Preda-Rossa area (see Table S2 where it constitutes up to
31%). Magnetite is present as oriented submillimetric
aggregates or as individual crystals of a few micrometres
in size (Figure 2d and Supporting Information). Sporadi-
cally, pentlandite is associated with magnetite. Chlorite
abundance increases in the olivine-talc fels relative to
serpentinites (Table S2). Anthophyllite has been
observed as fibrous crystals whose sizes are up to several
hundred microns at Preda-Rossa and up to 250 m from
the contact with the tonalite intrusion. In one sample
from Preda Rossa (SE part of the aureole) at about
240 m from the contact, enstatite was observed as tiny
tabular crystals intergrown with olivine (see Supporting
Information).

5.2 | Geochemistry of serpentinites and
olivine-talc fels

5.2.1 | Major element compositions

The bulk rock volatile content, expressed as loss on igni-
tion (LOI), of serpentinites ranges between 7.5 and
12.95 wt%, while that of olivine-talc fels varies between
2.2 to 10.5 wt%. All oxide values were normalized to
100% on an anhydrous basis for representation into
binary diagrams to avoid effects based on volatile con-
tent. Common characteristics to all samples are that their
SiO2 concentrations vary from 40.8 to 49.9 wt.%, while
their concentrations in MgO vary between 36.4 and
47.5 wt.%. This corresponds to MgO/SiO2 ratios of 0.80 to
1.15 (Table S3). Al2O3 content ranges between 0.27 and
4.38 wt.%, with 0.008 < Al2O3/SiO2 < 0.1 and CaO con-
tents never exceed 4.9 wt.%. Approximately half of the
samples collected have less than 0.5 wt.% CaO.

The compositions of most of the samples fall along a
mantle partial melting trend, as seen in the CaO versus
Al2O3 and MgO/SiO2 versus Al2O3/SiO2 diagrams
(Figure 4). These two diagrams are typically used to illus-
trate fertile (Ca and Al-rich) to refractory (dunitic) man-
tle compositions. A few samples are depleted in CaO,
while others are enriched. The seven Ca-rich olivine-talc
fels samples are all from Alpe Zocca (Figure 4b). Based
on the CaO versus Al2O3 diagram, we defined five groups
of samples, each reflecting a protolith (Figure 4a,b): for-
mer dunite (A), Ca-poor harzburgite (B), harzburgite (C),
Ca-rich harzburgite (D), and lherzolite (E). Lherzolites,
harzburgites, and dunites define the mantle trend shown
in Figure 4. A similar observation was made by Müntener
et al. (2010), and the compositions of serpentinites out-
side the aureole, showing a regional metamorphism only,
fully overlap the composition fields of serpentinites inside
the aureole.

FeOTotal (FeO + Fe2O3) content varies from 3.94 to
10.21 wt.% in serpentinites and 7.08 to 13.27 wt.% in
olivine-talc fels. The Mg-number (Mg#), taking into
account only FeO, varies from 0.88 to 0.94 for all rocks
where Fe2+ content was determined (average at 0.9). A
group of 7 serpentinites, plotting in the upper Mg-value
range (0.93 < XMg < 0.95; Figure 5a) and which seem to
have escaped the talc-in reaction, was collected in serpen-
tinite lenses found inside the talc-in isograd and is essen-
tially composed of dunites and Ca-poor harzburgites.

5.2.2 | Iron redox state and iron isotope
compositions

The bulk Fe3+/Fe2+ ratio varies between 0.4 and 2.35 in
serpentinites (Figure 5a) and between 0.15 and 3.36 in
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olivine-talc fels (Figure 5b). The values cluster for both
serpentinites and olivine-talc rocks between 0.5 and 1.5.
Only 5 samples, classified as Ca-poor harzburgite or
dunites, have a Fe3+/Fe2+ ratio greater than 2 (Figure 5).
While there is an inverse trend between Fe2+ and Fe3+ in
Figure 5a,b, there is no correlation between Mg# and
Fe3+/Fetot nor is there a correlation of this ratio with LOI
(Figure 5c) or CaO/Al2O3 ratios (Figure 5d). Generally,
scatter in Fe3+/Fetot ratios is larger in the less fertile rock
types, dunites and Ca-poor harzburgites, than in lherzo-
lite and harzburgite rock types (Figure 5c–e).

Bulk rock δ56Fe values vary from �0.12 to +0.14 ‰
(Figure 6). Their values correspond to the range reported
for other alpine serpentinites (Debret et al., 2016) and
mantle peridotites (Beard et al., 2003; Craddock
et al., 2013; Dauphas et al., 2009; Weyer & Ionov, 2007;
Williams & Bizimis, 2014). A large scatter is observed
when plotting δ56Fe values against Fe3+/Fetot ratios
(Figure 6a). However, a slight positive correlation exists
between δ56Fe values and Fe3+/Fetot ratios, except for
two serpentinite samples (a meta-dunite and a meta-
harzburgite). If the two samples are excluded, the

F I GURE 4 Binary elementary concentrations diagrams: (a,b) CaO versus Al2O3 for serpentinites and olivine fels respectively and (c,d)

MgO/SiO2 versus Al2O3/SiO2 diagrams for serpentinites and olivine fels, respectively. They illustrating the position of contact aureole rocks

following the melting trend and the departure of this trend for rocks defined as Ca-poor and Ca-rich harzburgite. Compositions are

recalculated on a volatile free basis. Symbol distinction was made on the basis of the assumed rock protolith defined from figure (a,b) with a

distinction between dunite, harzburgite, Ca-poor and Ca-rich harzburgite as well as lherzolite. Data from the aureole after Trommsdorff and

Evans (1972) and data from far-field serpentinite after Müntener et al. (2010) are also reported for comparison. The primitive mantle values

(PM) are from McDonough and Sun (1995). In (c,d), the bulk silicate evolution trend so-called “terrestrial array” after Jagoutz et al. (1979) is
reported and the typical fields for serpentinite after dunite and serpentinite after lherzolite are from Deschamps et al. (2013) (D). en:

enstatite, ol: olivine, tlc: talc

LAFAY ET AL. 385

 15251314, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12699 by C
ochrane France, W

iley O
nline L

ibrary on [08/10/2024]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F I GURE 5 Legend on next page.
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correlation coefficient is 0.28, which is relatively low. No
correlation between δ56Fe values and Al2O3/SiO2 ratios is
observed. Literature values show the same amount of
variability and an absence of correlation for samples from
various Alpine serpentinites and partially reacted serpen-
tinites. The δ56Fe values of serpentinites and olivine-talc
fels do not show any correlation with the LOI or the
metamorphic imprint within the Bergell contact aureole.

5.2.3 | Minor and trace element
compositions

Similar compositions in minor elements are observed in
the distinct serpentinites and olivine-talc fels groups. The
samples have indeed a quite homogeneous NiO content
with average values of 0.29 wt.% (0.18–0.49 wt.%).

Generally, slightly higher NiO values were measured in
dunites and Ca-poor harzburgites compared with lherzo-
lites and harzburgites (Figure S6). Lherzolites and Ca-
rich harzburgites display a higher MnO content (0.14 to
0.23 wt.%, average at 0.18 wt.%) than dunites and Ca-
poor harzburgites (0.11 to 0.21 wt.%, average at 0.14 wt.
%). There is a positive correlation between TiO2 and
Al2O3 contents, which increase from dunitic to lherzolitic
rocks (Figure S6). The Ca-rich harzburgites are enriched
in MnO but depleted in TiO2 (below 0.03 wt.%). There is
no correlation for any element with LOI or with the prox-
imity to the intrusion.

Based upon minor elements characteristics, we show
trace element compositions of serpentinites and olivine-
talc fels within the Bergell aureole according to the rock
types defined by their major element compositions (see
Figure 4). They are displayed in Figures 7–9. Trace

F I GURE 5 Binary diagrams showing: (a,b) Fe3+ versus Fe2+ (the dashed ellipse surrounds the Fe-poor serpentinites) for serpentinites

and olivine fels respectively (c,d) Fe3+/Fetot versus loss on ignition (LOI) for serpentinites and olivine fels respectively, (e) boxplot Fe3+/Fetot

for the different lithologies recognized in the field area, (f) Fe3+/Fetot versus CaO/Al2O3. This illustrates the broad field of composition for

contact aureole ultramafic rocks and the independence of both iron oxidation state and isotope composition with metamorphic imprint and

the independence between this two parameters. Data for meta-serpentinites (Lz-Serp.: Lizardite serpentinites and Atg [Atg + Ol]-Serp.:

Antigorite and antigorite + olivine serpentinites) from other alpine localities (Lanzo, Monte-Maggiore, and Montgenèvre ophiolite; Debret

et al., 2013, 2014, 2016) are shown as a comparison in binary diagram (c to e).

F I GURE 6 Binary diagrams showing: (a) δ56Fe versus Fe3+/Fetot and (b) δ56Fe versus Al2O3/SiO2. The linear regression in (a) as the

following expression: f(x) = 0.16x � 0.035 with a r2 of 0.28. δ56Fe data for abyssal peridotites from Craddock et al. (2013) and data from

other alpine localities (Lanzo, Monte-Maggiore, and Montgenèvre ophiolite; Debret et al., 2016) are shown as a comparison.
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element concentrations in serpentinites and olivine-talc
fels show little variation within each rock classification,
with a few exceptions. Lherzolites have higher concentra-
tions of Sr and heavy rare earth elements (HREE) than
all other rock types (Figures 7a,b and 8e). The (Eu/Eu*)
ratios for serpentinites and olivine-talc fels are compara-
ble with those reported for abyssal and subducted serpen-
tinites and all trace element compositions fall within the
range of values found in the literature data (refer to

Deschamps et al., 2013, and reference therein). Rocks
plotting on the melting trend in the CaO/Al2O3 diagram
show concentrations of Sr between those of Ca-poor (low
Sr content) and Ca-rich (high Sr content) harzburgites
(Figure 7a). The distribution in Sr concentration seems to
reflect mostly rock fertility (i.e., HREE and Al2O3) and
correlates well with CaO enrichment (Figure 7c).

All chondrite-normalized REE patterns (McDonough
& Sun, 1995) are slightly to strongly depleted (Figure 8)

F I GURE 7 Binary diagrams showing (a) Sr versus Yb concentrations, (b) (Eu/Eu*)N ratio versus Yb, ((Eu/Eu)N* = Eu/((Sm + Gd)/2))

normalized to chondrite, (c) Sr content versus CaO/Al2O3 ratios, (d) Cs/U versus Rb/U demonstrating the consistency of trace element

composition in each ultramafic rock groups. Note the peculiar trend between Sr content and CaO/Al2O3, the Ca-poor harzburgite being the

more depleted rocks and the abyssal peridotites being extremely enriched in Sr. Symbol distinction was made based on major element

geochemistry as defined in Figure 4, white and black correspond to serpentinites and olivine-talc fels, respectively. Data for from far-field

peridotites/serpentinites (Müntener et al., 2010), data for subduction zone serpentinites (review from Deschamps et al., 2013), data for

abyssal and mid-ocean-ridge (MOR) serpentinites (Kodol�anyi et al. 2012; Paulick et al., 2006), data for other meta-serpentinites and olivine-

talc fels from other alpine localitie (Debret et al., 2013; Lafay et al., 2013; Peters et al., 2017; Scambelluri et al., 2014) and data for forearc

serpentinites (Peters et al., 2017) are also reported. Dotted line in (c) is eyeball fit for Ca-poor and Ca-rich harzburgites.
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F I GURE 8 Chondrite-normalized REE patterns of serpentinites (left) and olivine fels (right) derived from dunites (a), Ca-poor

harzburgites (b), harzburgites (c), Ca-rich harzburgites (d), and lherzolites (e), respectively demonstrating the good overlay between

serpentinites and olivine-talc fels rocks and the consistency of REE composition in each rock group and the good correlation between REE

patterns and the assumed rock types (more detail in the text). Normalization values are from McDonough and Sun (1995).
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and can be divided into three groups whose variations in
concentrations reflect the magmatic precursor. The first
group, including dunites, harzburgites, and Ca-rich
harzburgites, displays a concave-upward shape. Ca-poor
harzburgites have a flat pattern or show a slight increase
between light rare earth elements (LREE) and HREE
(Figure 8b). Lherzolites are slightly depleted in LREE
with a flat pattern between mid-REE and HREE exhibit-
ing concentrations comparable with that of chondrite
(Figure 8e). Harzburgites and Ca-rich harzburgites have
similar REE patterns: They display a positive Eu anomaly
and most are enriched in Sr (Figures 7c and 8c,d).
Dunites and Ca-poor harzburgites display a negative Eu

anomaly (Figures 7b and 8a,b) and are also characterized
by depletion in Sr.

Extended trace element patterns, normalized to prim-
itive mantle values of McDonough and Sun (1995), are
characterized by a positive anomaly in Pb, comparable
with abyssal peridotites (Deschamps et al., 2013;
Kodol�anyi et al., 2012; Paulick et al., 2006), and to a
lesser extent in U (Figure 9), irrespective of the rock
types. Trace element patterns are similar for serpentinites
and olivine-talc fels (Figure 9a vs. Figure 9b and
Figure 9c vs. Figure 9d). All serpentinites and olivine-talc
fels samples are enriched in some incompatible trace ele-
ments (Sb, Cs, and As) when compared with primitive

F I GURE 9 Primitive mantle normalized REE patterns of serpentinites (left) and olivine fels (right) from the Bergell contact aureole

illustrating the good agreement between serpentinites and olivine-talc fels trace element compositions. Each panel was drawn for a different

inferred mantle protolith: (a,b) dunites, Ca-poor harzburgites and harzburgites, and (c,d) lherzolites and Ca-rich harzburgites. Primitive

mantle normalizing values from after McDonough and Sun (1995). Data for mid-ocean-ridge (MOR) and abyssal serpentinites (A.S. after

Kodol�anyi et al. 2012) and literature values of serpentinites from the Malenco complex (M. after Müntener et al., 2010) are shown for

comparison.
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mantle, with a group of samples being highly enriched in
Sb (1000� PM) and As (200� PM). These samples belong
to several different rock types. Serpentinites and olivine-
talc fels have moderate Sr/Pb ratios between 0.1 and
20, slightly lower than values of far-field serpentinites
and about 1 to 3 orders of magnitude below the highest
ratios reported for abyssal serpentinites (Figure 9).
Enrichment in U (i.e., U/Th and U/Nb ratios) in contact-
metamorphosed rocks with respect to mantle peridotite is
similar to enrichment in far-field serpentinites and
slightly serpentinized peridotites and to enrichment
reported for other alpine ophiolites (Figure 9b and
Figure 9c) but is usually a few orders of magnitude below
the one reported for abyssal serpentinites. The Fe-poor
serpentinites do not show any particular trace element
signature.

6 | DISCUSSION

6.1 | Protolith compositions and
metamorphic sequence

Mantle heterogeneities are well preserved in regional
metamorphic serpentinites (Müntener & Hermann, 1996)
despite serpentinization on the ocean floor and greens-
chist facies metamorphism. Our field work and petro-
graphic study show that this is similar for rocks within
the aureole (see also Evans, 1977; Müntener &
Hermann, 1996; Trommsdorff & Evans, 1972) despite ini-
tial and subsequent contact metamorphism leading to
serpentinites dehydration. Observed geochemical trends
are not related to regional metamorphism and cannot be
attributed to deserpentinization but are instead attributed
to protolith heterogeneity. Herein, no systematic chemi-
cal changes were found in the aureole, besides loss of
water by metamorphic reactions.

The rocks investigated in the present study cover a
wide range of compositions reflecting the submeter to
decameter-thick mantle layering formed by mantle pro-
cesses, such as partial melting and refertilization
(Müntener et al., 2010; Müntener & Hermann, 1996).
These mantle rocks are recognizable throughout the aure-
ole. This general feature is observed in abyssal serpenti-
nites and in other Alpine serpentinites and metaperidotites
(e.g., Debret et al., 2013; Lafay et al., 2013; Scambelluri
et al., 2014). Indeed, the serpentinites within the aureole
range from typical dunites to lherzolites and retain some
of the hall-mark textures of oceanic serpentinization, such
as mesh textures. Initial serpentine polymorphs (lizardite/
chrysotile) obviously reacted to antigorite during Alpine
regional metamorphism (Figure 10b), which reached
temperatures of 400–450�C (Guntli & Liniger, 1989).

Metamorphic diopside and olivine formed by brucite
breakdown during the regional greenschist facies.

The contact metamorphic overprint is manifested by
the simultaneous disappearance of clinopyroxene and
appearance of tremolite (Figure 10a). The isograd of ser-
pentinite breakdown to talc forms a sharp and sinuous
boundary in the field and the complete transformation of
most rocks occurs in less than a few tens of meters of
this. At the lowest grade, a few talc + olivine veins
crosscut the rocks, indicating that dehydration occurred
preferentially where water could escape in veins (see
Clément et al., 2019). We found a few serpentinite lenses
up to a hundred meters from talc-in isograd. This serpen-
tinite preservation could be due to kinetic inhibition of
the talc-forming reaction or to fluid pressure increase
during initial dehydration (Padr�on-Navarta et al., 2011).
Another simpler explanation could be, in the case of the
Bergell aureole, the change in rock composition. Indeed,
these serpentinite pods correspond to former dunitic
rocks layers in harzburgitic rocks and they systematically
show lower Fe contents, which results in slightly higher
temperatures of serpentinite destabilization (Figure 11
and Supporting Information).

There is substantial recrystallization involving mag-
netite, as attested by a general change in magnetite grain
size. Indeed, fine-grained magnetite occurring in the
matrix after serpentinite breakdown (talc-in isograd) is
due to ferric iron released by antigorite, as observed by
Vieira Duarte et al. (2021) in hydrous ultramafic rocks
from Cerro del Almirez. Aluminium released from anti-
gorite produces chlorite, leading to its recrystallization
(Padr�on-Navarta et al., 2013). New olivine is formed by
antigorite breakdown, leading to Jack straw olivine near
the talc-in isograd (Figure 10b) and euhedral olivine
throughout the contact aureole. The southeastern area
studied is thus an excellent example of preservation of
the original mantle heterogeneities (Preda-Rossa,
Figure 2a).

6.2 | Mobility of elements, oxidation
state, and iron isotopes during contact
metamorphism

6.2.1 | Element mobility during contact
metamorphism

The composition of the Malenco ultramafic rocks are
similar to abyssal serpentinites (Deschamps et al., 2013;
Kodol�anyi et al., 2012), with marked enrichments in Pb,
U as well as in As, Sb, Ba, Rb, and Cs (Pettke et al., 2018)
with respect to primitive mantle (Figure 9). With respect
to concentrations in alkali elements, Cs and Rb, plot in
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the fields of other Alpine ophiolites (Peters et al., 2017;
Scambelluri et al., 2019). Enrichment in alkali and chal-
cophile elements was already present in the regional
metamorphic serpentinites and is not further modified by
the contact metamorphism. These chemical

characteristics have been previously interpreted as a con-
sequence of infiltration of sediment-derived fluids during
subduction in other ophiolite settings (Deschamps
et al., 2013; Lafay et al., 2013; Marchesi et al., 2013; Peters
et al., 2017; Scambelluri et al., 2019; Savov et al., 2005).

F I GURE 1 0 (a) Series of diagrams illustrating the thermal aureole of Bergell tonalite in a heterogeneous serpentinized ultramafic unit

leading to the progressive displacement of metamorphic isograds until the actual (t2) position; t0 correspond to the time at which the

intrusion take place in the serpentinite unit (after regional metamorphism). Primary layering controls metamorphic paragenesis and

serpentinite chemical signature remains preserved. (b) Compilation sketch summarizing the textural evolution of metamorphosed

peridotites from (a) mesh and bastite textured serpentinites mainly composed of lizardite and chrysotile after oceanic serpentinization

(inspired by Rouméjon et al., 2018), (b) HT serpentinite marked by antigorite overprinting and the appearance of metamorphic olivine then

olivine-talc fels and olivine-anthophyllite fels characterized by (c) coarse elongated tabular olivine in a talc matrix near the talc-in isograd

and (d) a granoblastic texture and the presence of intergranular talc and talc patches inside the aureole. Atg: antigorite, Chl: Chlorite, Ctl:

chrysotile, Lz: lizardite, Ol: olivine, Tlc: talc, Tr: tremolite
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In Malenco, the serpentinites underwent accretion and
metamorphism into greenschist facies. We conclude that
the concentrations in LILE (e.g., Rb and Sr) and HREE
(like Yb) largely reflect the inheritance of the protolith
compositions, which in turn reflect mantle layering
(as proposed in Figure 10), and the variable oceanic alter-
ation by seawater (Scambelluri et al., 2014) before Alpine
orogeny. Gabbro intrusions into the oceanic lithosphere,
triggering and sustaining hydrothermal circulation and
then alteration, may also lead to enrichment in fluid
mobile elements (e.g., 1000 � As, Sb) (Deschamps et al.,
2012).

Antigorite breakdown produces up to 250 kg/m3 of
water. The effect of this large amount of released water
can be assessed with our data by comparing element
compositions and isotopic compositions of serpentinites
and olivine-talc fels (Figures 8 and 9). Surprisingly, we do
not find any systematic differences in the chemical pat-
terns, with the exception of the volatile loss reflected in
the LOI values. Variations and characteristics of the ele-
ment patterns are similar for both serpentinites and
olivine-talc fels. Hence, we argue that any differences
observed within each group—the serpentinites and the
olivine-talc fels—reflect chemical differences inherited

F I GURE 1 1 (a) Map of the north-western parts of the aureole where serpentinite bodies (white stars) were found within the olivine-

talc fels, the shaded part corresponds to the domain between the first occurrence of talc and the disappearance of serpentinite bodies

approaching the intrusion. (b) Isobaric T–XMg pseudosection at 0.4 GPa in the FMSH system considering an antigorite crystallography. The

shaded area highlights the difference in temperature for talc appearance between Fe-poor serpentinite (XMg � 0.94) and an average Malenco

serpentinite composition (XMg � 0.90), (the temperature difference represented here is 22�C and can reach 45�C for a XMg differences of 0.8).

(c) Example of serpentinite lense (corresponding to sample 28) within olivine-talc fels (corresponding to sample 28b)
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from the mantle protolith and overprinted by oceanic ser-
pentinization. Indeed, Sr and Eu display positive or nega-
tive anomalies, consistent with what is expected from
mantle trends and similarly to samples from other locali-
ties in the Malenco ophiolite (Müntener et al., 2010) and
to abyssal serpentinites (Kodol�anyi et al., 2012). Hence,
depletion or enrichment in CaO, relative to the mantle
trend, in some of the Malenco samples involves either a
leaching or an addition of Ca from/to the original perido-
tite (Figure 4a,b). The trend is visible in low-grade and
high-grade samples. We conclude that they reflect inten-
sive fluid–rock interaction that occurred during serpenti-
nization. Enrichments in Sr and Ca towards Ca-rich
harzburgites could be a consequence of refertilization
due to plagioclase crystallization as suggested by
Müntener et al., (2010) and Niu et al. (1997).

Overall, no significant changes in major, minor, trace,
or REE element concentrations due to dehydration dur-
ing antigorite breakdown to olivine and talc were identi-
fied in the contact aureole of the Bergell intrusion. All
chemical heterogeneities documented in the Malenco
ultramafic rocks are either due to mantle partial melting,
refertilization, or ocean floor serpentinization.

6.2.2 | Behaviour of Fe and Fe isotope
composition during serpentine breakdown

Ocean floor serpentinization produces serpentinites with
higher Fe3+/Fetot ratios than their precursor mantle rocks
that contained predominantly ferrous iron (Evans, 2008).
Minerals produced during serpentinization of olivine,
such as serpentine and magnetite, or during alteration of
Cr-spinel, such as ferritchromite, contain a significant
amount of ferric iron. For serpentine minerals, the
amount of ferric iron is dependent on the degree of alter-
ation and the temperature of serpentinization reaction
(Andreani et al., 2013; Klein et al., 2014). In that sense,
whole rock Fe3+/Fe(tot) ratio can be used as a proxy of
hydration degree in abyssal systems (Evans, 2008), even
if it remains non-linear and variable according to the geo-
dynamic context (Frost et al., 2013).

The high Fe3+/Fetot ratios (up to 0.8) measured in
most of the Malenco rocks likely reflect an important ser-
pentinization degree of the Malenco units, during which
Fe3+ was produced and included into serpentine min-
erals and magnetite prior to contact metamorphism epi-
sode. Despite the high degree of oxidation, no haematite
was observed. Here we show that serpentine breakdown
during contact metamorphism did not change the Fe3+/
Fe2+ ratio, since the observed Fe3+/Fetot variations are
similar for serpentinites and olivine-talc fels. Based on
the preservation of this Fe3+/Fe2+ ratio during massif

dehydration due to contact metamorphism, it seems
likely that this ratio was also not modified during earlier
Alpine prograde metamorphism that produced metamor-
phic antigorite, diopside, and some olivine. This would
hence imply that the observed variations are likely
related to the initial mantle lithology and to the heteroge-
neous initial serpentinization process, which resulted in
from complete alteration to preservation of nearly 90% of
the mantle mineralogy (Müntener et al., 2010). The het-
erogeneous nature of serpentinization will lead to the for-
mation of rock-dominated and fluid-dominated domains
(Paulick et al., 2006). In addition, experimental and ther-
modynamic investigations have shown that kinetics of
serpentinization, as well as temperature, vary strongly
(Allen & Seyfried, 2003). A lower Fe3+/Fetot is predicted
in serpentinites formed from clinopyroxene-rich rocks
than in serpentinite formed from olivine-rich mantle
rocks, whatever the serpentinization temperature (Klein
et al., 2013).

δ56Fe values of serpentinites and olivine-talc fels
range between �0.12 to 0.14 ‰ and are within the over-
all range of δ56Fe values reported for upper mantle and
abyssal peridotites (�0.10 to +0.12 ‰, Craddock
et al., 2013; Weyer & Ionov, 2007). No correlation exists
between Fe isotope compositions and enrichment in LOI
and in LILE, or with the increase in U/Th and U/Nb
ratios, factors that monitor the progress of serpentiniza-
tion (e.g., Deschamps et al., 2013; Kodol�anyi et al.,
2012). There is also no correlation between Fe isotope
composition and Al2O3/SiO2. Nevertheless, a slight posi-
tive correlation exists between the δ56Fe values and the
Fe3+/Fetot ratios, especially for the olivine-talc fels
(Figure 5a), likely indicating a very small enrichment in
56Fe with oxidation degree. As δ56Fe values ranges are
similar for the serpentinites and the olivine-talc fels, we
can hypothesize that the very small isotopic enrichment
may be related to (1) the primary compositions of the
mantle rocks and (2) the previous processes, such as
fluid–rock interaction processes that monitor the pro-
gress of serpentinization, and not to contact metamor-
phism. Indeed, Craddock et al. (2013) demonstrated that
mantle peridotites preserved a chondritic Fe isotope
composition and small variation may reflect the degree
of melting or subtle differences, such as oxidation state
and fugacity, in mantle domains. In addition, similar
interpretations were suggested for high pressure rocks in
Groix (Brittany, France, in El Korh et al., 2017). The lack
of differences in δ56Fe values as a function of metamor-
phic grade in the contact aureole (Figure 10c) may sug-
gest that no fractionation occurs with increasing
temperature. We conclude that dehydration reflecting a
mass loss of 10% is not able to change the δ56Fe values
nor the oxidation state.
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7 | CONCLUSIONS

The contact aureole of the Bergell intrusion represents a
remarkable field laboratory to investigate progressive ser-
pentinite dehydration, since chemical variations can be
studied along short distances over which major metamor-
phic gradients occur. Serpentinites to olivine-talc fels and
anthophyllite-talc fels transitions within the Bergell
contact aureole do not lead to visible major and trace
element changes. In fact, no chemical variations were
documented by our data, with the exception of a decrease
in volatile content, reflected by LOI. The observed chemi-
cal distributions in ultramafic rocks reflect the differences
in protolith nature and in the signature inherited from
ocean floor serpentinization processes. The protolith
remains visible through its mineralogy and major ele-
ment geochemistry.

Debret et al. (2014) proposed that progressive serpen-
tinite dehydration in convergent systems is accompanied
by a decrease in bulk rock Fe3+/Fetot ratios due to the
production of oxidizing fluids. Their hypotheses are
based on an observed decrease in magnetite content at
the lizardite-antigorite transition and during early stage
of metamorphic olivine formation. Conversely, Piccoli
et al., 2019 argued for the release of reduced fluids on the
basis of phase equilibrium calculations and as sulfides-
oxides-alloys are commonly observed in ophiolites. Our
study agrees with Piccoli et al. (2019) in that no change
in Fe3+/Fetot ratios was observed during the breakdown
of serpentine. Hence the massive amount of fluid loss
does not significantly change the oxidation state at that
point. Similar conclusion were obtained at the Cerro de
Almirez and Alpine ultramafic bodies and from thermo-
dynamic calculations up to eclogite facies conditions
(Bretscher et al., 2018; Evans & Frost, 2020; Padr�on-
Navarta et al., 2011; Piccoli et al., 2019; Scambelluri
et al., 2014). Instead, in the case of the Malenco serpenti-
nites, the protolith composition and the serpentinization
degree are the main parameters controlling the Fe3+/
Fetot ratios.

We conclude that the original signature and
distribution of the peridotites geochemistry has a strong
resilience to protracted metamorphic events. The poten-
tial geochemical changes and isotopic fractionation
accompanying antigorite breakdown in ophiolites must
be considered according a great importance to the
inherited serpentinite composition.
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FIGURE S1: (a-b) examples of talc (Tlc-a) pseudomor-
phic after anthophyllite in Talc + olivine metaperidotite
containing no Ca (PR-03 and PR-01). c) False colour BSE
image showing the distinction between oriented talc
matrix. Prograde antigorite (Atg) inclusions and retro-
grade lizardite (Lz) forming late veins crosscutting olivine
porphyroblast. Corresponding RAMAN spectra for

serpentine are reported (Azo-17). d) BSE photo micro-
graph of chlorite (Chl) + olivine (ol) + tremolite
(Tr) meta-peridotite containing prismatic enstatite (En).
Corresponding EDS spectra are provided (PR-16).
FIGURE S2: Examples of BSE impages where large Cr-
rich magnetites (Mag) aggregates as an alteration result
of Cr-spinel can still be recognized throughout the con-
tact aureole. Isolated magnetite crystals droplets can also
be recognized in antigorite (Atg) serpentinite (a) and in
talc (Tlc) + olivine (Ol) + tremolite (Tr) + chlorite (Chl)
fels (b to d). Those magnetite are the result of serpentini-
zation reaction then antigorite breakdown. Examples of
pentlandite (Pen) + magnetite association in serpentinite
(e) and in olivine + enstatite fels (f).
FIGURE S3: Ca-Si-(Mg + Fe2+) ternary diagram for ser-
pentinites and meta-peridotites within the Bergell contact
aureole. Data from Trommsdorff and Evans (1972) and
Müntener et al. (2010) are also reported as comparison.
Symbol distinction was made on the basis of sample
locality. Compositions for both serpentinite (serp.) and
metaperidotite (M.P.) stand within the tremolite (tr)-
olivine (ol)-enstatite (en) triangle. di: diopside. Tlc: talc.
FIGURE S4: (a and b) Representation of the loss of igni-
tion (L.O.I.) of serpentinites and olivine fels found within
the Malenco contact aureole as a fonction of the distance
with the tonalite intrusion contact. c) Major element
composition of serpentinites and olivine fels (in oxide wt.
%) and total Fe cation as a function of L.O.I.
FIGURE S5: Binary diagrams showing: a) MnO versus
NiO concentration. b) TiO2 versus Al2O3 concentration.
c) Al2O3/SiO2 ratios versus Yb concentration. and d)
(Eu/Eu*) ratio versus Yb. (Eu/Eu* = Eu/([Sm + Gd]/2)))
demonstrating the consistency of trace element composi-
tion in each ultramafic rock groups defined in the Mal-
enco contact aureole. Symbol distinction was made based
on major element geochemistry as defined in Figure 4.
Data for mid-ocean-ridge (MOR) and abyssal serpenti-
nites (Kodol�anyi et al. 2012) and data from partially ser-
pentinized peridotites (Müntener et al. 2010) and meta-
peridotites from Trommsdorf and Evans (1972) are
shown as a comparison.
TABLE S1: Localities. coordinates and overview of key
observations.
TABLE S2: Index mineral modes of representative ultra-
mafic rocks studied calculated by least-squares regression
(Modfit written by L.- P. Baumgartner). It is considered
that all ferric iron goes in magnetite and all aluminium
goes in chlorite. Which means that magnetite and chlo-
rite mode are maximum proportion while serpentinite
mode is a minimum.
TABLE S3: Mineral composition (in oxide wt.%) for
index minerals in selected serpentinites and Olivine +

talc fels samples collected within the Malenco contact
aureole. Ol: olivine. Serp: serpentine. Tlc: talc. Tr:
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tremolite. Cpx: climopyroxene. Chl: chlorite.
S.D. Standard deviation.
TABLE S4: Mg for selected serpentinites and olivine-talc
fels and Mg for corresponding index minerals.
TABLE S5: Oxide composition (in wt.%) for magnetite in
selected serpentinites and Olivine + talc fels samples col-
lected within the Malenco contact aureole.
TABLE S6: Elemental composition (in wt.%) for pent-
landite in one serpentinite and selected Olivine fels
within the Malenco contact aureole
TABLE S7: Bulk rock major element (anhydrous) con-
centrations obtain by X-ray fluorescence on Li-
tetraborate glasses and loss of ignition after samples calci-
nation at ISTE Lausanne. When not analysed (na) by wet
chemistry and colorimetry all iron is considered as Fe3+.
Trace element concentrations were measured at ISTE

lausanne on pieces of Li-tetraborate glasses using a quad-
rupole spectrometer Agilent 7,700 coupled to a GeoLas
200 M ArF excimer ablation system using NIST SRM612
standard. Bulk Fe isotope were determined using Nep-
tune Plus Multi-Collector Mass Spectrometer at the
Laboratoire Magmas et Volcans (LMV) Saint-Etienne.
Table A7: Analyses on NIST standards (30 analyses)
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heterogeneities and serpentinization signature
during antigorite dehydration: The example of the
Bergell contact aureole. Journal of Metamorphic
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