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Abstract: In the Cogne area (Aosta Valley, Western Italian Alps), magnetite mineralization occurs associated with different types of
serpentinite (pseudomorphic, rodingitic and magnetite-rich serpentinites), which are also heterogeneous in terms of bulk chemical
composition, mineral assemblage and mineral chemistry.

The mineralization is hosted by a lizardite-, �chrysotile-bearing serpentinite showing a pseudomorphic texture after oceanic
peridotite. It contains fine-grained magnetite showing oscillatory zoning with Cr-poor cores (� 0.4 wt.% Cr2O3), which are
surrounded by Cr-rich inner euhedral rims (up to 17.0 wt.% Cr2O3), mantled in turn by partially resorbed Cr-bearing outer rims
(� 2.0 wt.% Cr2O3). This dramatic variation of Cr content in magnetite is described by the exchange vector Fe3þ Fe2þCr3þ

-1 (Mn, Zn,
Ni) 2þ

-1. The absence of Cr-rich spinel cores suggests that the source of chromium was the Cr-Tschermak component of the
orthopyroxene, made available during the serpentinization-related breakdown. In these rocks, lizardite, the primary serpentine phase,
is partially overgrown by prograde antigorite, indicating that serpentinization occurred under relatively low-T conditions in a pre-
orogenic (i.e., oceanic) setting, and was followed by an Alpine metamorphic re-equilibration.

Rodingitic serpentinite and serpentinite rich in magnetite are composed of, in highly variable amounts, diopside (locally with
inclusions of partially disordered graphite), calcite, magnetite, andradite/hydroandradite, prograde olivine, brucite and serpentine
(mostly antigorite but also relict lizardite), with minor chlorite and accessory apatite. Magnetite content can be very high. In these
rocks, magnetite is exceptionally Cr-poor (almost Cr-free). Such almost Cr-free magnetite is characterized by significant Fe2þ$Mg
substitution (2–15 mol.% MgFe2O4). Crystal-chemical investigations confirm that Mg, as in magnesioferrite, shows a strong
preference for the octahedral site. Due to Fe2þ $ Mg substitution, the Fe2þ content available for Fe2þ – Fe3þ electron hopping in
the octahedral site decreases leaving Fe3þ in excess and giving rise to a charge increase. Additionally, a small Fe3þ - Fe2þ disorder is
present at the tetrahedral site (Fe2þT ¼ 0.07 apfu).

The bulk-rock compositions and the mineral associations of rodingitic serpentinite and serpentinite rich in magnetite point to a
strong metasomatism and iron mobilization sustained by CO2-bearing fluids, developed at the expense of the host serpentinite. These
processes likely occurred on the Tethyian seafloor, mediated by fluids sourcing from hydrothermal vents.

Thermodynamic modelling suggests that mineral assemblages observed in the Cogne area are consistent with a process of
serpentinization coupled with Ca (�Al) metasomatism at 300–360�C. This might have been driven by carbon-saturated C-O-H
fluids characterized by CO2 contents comparable to present-day seawater, capable of fixing the redox potential of rocks close to the
fayalite–magnetite–quartz buffer. Nevertheless, magnetite and associated Fe-Ni sulphides suggest slight variations in fO2 (and fS2)
conditions recorded, ranging from relatively reducing (magnetite–heazlewoodite–pentlandite � pyrrhotite) towards rather oxidizing
(magnetite–millerite–pyrite) assemblages.

Key-words: Cogne; magnetite; hydrothermalism; structure refinement; serpentine minerals; micro-Raman; COH fluids.

Introduction

Magnetite of the Cogne ore deposit, associated with the
serpentinite of the Piemonte ophiolite nappe (NW Alps,
Italy), is known for being very Fe-rich and Cr-free (Stella,
1921; Compagnoni et al., 1979, 1981; Diella et al., 1994;
Rossetti et al., 2009). This magnetite differs from

apparently similar mineralizations of the adjacent Mt.
Avic ultramafic massif (ore deposits of Lago Gelato,
Ussel, and Valmeriana; e.g., Stella, 1921; Rossetti et al.,
2009; Dal Piaz et al., 2010) and other serpentinites of the
Western Alps (e.g., Lanzo Massif, Kaczmarek &
Müntener, 2008 and references therein; Balangero,
Rossetti & Zucchetti, 1988a and b), characterized by the
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occurrence of magnetite with Cr-rich cores, suggesting
growth after chromite contained within ultramafites
(Diella et al., 1994; Rossetti et al., 2009; Della Giusta
et al., 2011) and/or relics of Cr-rich spinel. The recent
mention of Cr-rich magnetite (Cr2O3 up to �12 wt.%)
found as micrometric idiomorphic crystals in serpentine
in the Liconi mine, near Cogne (Martin et al., 2009), has
again raised the question of the possible metamorphic
derivation of the Cogne magnetite from primary Cr-rich
spinel as proposed by Diella et al. (1994).

The magnetite mineralization of Cogne is similar to
those reported by Routhier (1963) in Corsica serpentinites
and by Gahlan et al. (2006) in the hydrothermal deposit of
Bou Azzer (Morocco). Enrichments in magnetite crystals
are reported also in oceanic abyssal serpentinized perido-
tites (Alt & Shanks, 1998; Beard & Hopkinson, 2000; Bach
et al., 2006; Evans, 2011; Klein et al., 2014). According to
recent studies carried out in the Ocean Drilling Program
(ODP) and the Deep Sea Drilling Project (DSDP), magne-
tite formation and peridotite serpentinization go hand-in-
hand (e.g., Mével, 2003; Bach et al., 2006; Frost & Beard,
2007; Evans, 2011; Nadoll et al., 2014). Other authors
noticed a link between an exponential increase of magnetic
susceptibility and the decrease in density of the abyssal
peridotites undergoing hydration at mid-ocean ridges (Toft
et al., 1990; Dyment et al., 1997; Klein et al., 2014).
Several studies were also focused on the hydrothermal
fluids associated with serpentinization (e.g., Charlou
et al., 1998; Beard & Hopkinson, 2000; Klein et al.,
2009; Jones et al., 2010; Berndt et al., 2014) and to meta-
somatic reactions (e.g., Frost & Beard, 2007).

In this paper, we present new data on magnetite and
associated minerals in the serpentinites of the Cogne
mining area. As noted by Gahlan et al. (2006), very few
analytical studies have been published on magnetite, in
particular concerning detailed mineral- and crystal chem-
istry. Therefore, the first part of this paper deals with the
characterization of the Cogne magnetite from the petro-
graphic to the chemical and mineralogical point of view. In
the second part, we report the investigation of microtex-
tures and minerals associated with magnetite, i.e., serpen-
tine, garnet, pyroxene, chlorite and Fe-Ni sulphides. These
data are of primary importance in order to envisage pro-
cesses and environments of formation of this deposit,
which are examined in the Discussion section.
Abbreviations used for mineral names follow Whitney &
Evans (2010).

Geological outline and previous studies

The Cogne area has been the most famous iron mining
district of the Alps since the 15th century (Jervis, 1873;
Stella, 1921; Compagnoni et al., 1979; Castello, 1981). It
is located north of the Gran Paradiso massif (Fig. S1a and b
freely available online as Supplementary Material linked to
this article on the GSW website of the journal, http://eur-
jmin.geoscienceworld.org/). Magnetite was extracted from

a mineralized lens associated with a serpentinite body 2.5
km long, embedded together with blueschist-facies calcs-
chists and marbles of the Piemonte nappe (Aouilletta Unit,
Dal Piaz et al., 2010) along the southern Montzalet slope
(Cogne Faisceau, Elter, 1971) (Fig. S1c), above the tectonic
contact with the underlying Grivola-Urtier eclogitic unit
(Dal Piaz et al., 2010). Compagnoni et al. (1981) suggested
that magnetite formation was related to the serpentinization
of the mantle peridotite exhumed on the ocean floor of the
Tethys, followed by Alpine metamorphism. The serpenti-
nite extends from the Grauson valley (Larsinaz mine, alti-
tude 1900 m) to the Grand’Eyvia valley where three main
galleries (Costa del Pino, 2027 m a.s.l., Colonna, 2406 m
a.s.l., and Liconi, 2520 m a.s.l.) were excavated across the
serpentinite to attain the magnetite orebody. The exploita-
tion of the Cogne orebody yielded around 15 million tons of
magnetite (Bethaz, 1987), corresponding to 6 million tons
of iron, between 1909 and 1979. Analyses by Stella (1921)
on the ore mineral show Fe content ranging between 58 and
68 wt.% with an average content of 63 wt.%. Analyses by
Compagnoni et al. (1979) on the coarse-grained magnetite,
called ‘‘cumulitic magnetite’’ because of its resemblance to
cumulitic chromite, show traces of Mg, Ca and Al, a low Ti
content (140 ppm) and a very low Cr content (7 ppm), with
more Co (570 ppm) and Zn (780 ppm). The very low
amount of Cr is of particular interest because it differenti-
ates the Cogne ore from other nearby magnetite mineraliza-
tions associated to serpentinites, e.g., Plan des Tuves (Stella,
1921); Mt. Avic (Stella, 1921; Compagnoni et al., 1979,
1981; Diella et al., 1994; Rossetti et al., 2009). According to
Di Colbertaldo et al. (1967); Compagnoni et al. 1979, 1981)
and Dal Piaz et al. (2010), the magnetite of the Cogne
orebody is associated with low amounts of pyrite, chalco-
pyrite and pyrrhotite. Co-Ni sulphides and alloys have never
been found in any of the previous studies, whereas they are
common in the serpentinites of the Mt. Avic and in the
Lanzo ultramafic massif (Rossetti & Zucchetti, 1988a and
b; Zucchetti et al., 1988; Diella et al., 1994).

Investigated samples and analytical methods

As described by previous authors (e.g., Compagnoni et al.,
1979; Rossetti et al., 2009), the Cogne ultramafic body is
mostly composed of antigorite serpentinite variably
enriched in magnetite passing, towards its margins, to Ca-
rich rocks like garnet- and diopside-bearing serpentinite.
Similar Ca-rich rocks, generally considered the product of
intense metasomatism as a consequence of serpentinization
of surrounding peridotite, are generally named rodingites
(e.g., Frost & Beard, 2007 and references therein); conse-
quently, the term ‘‘rodingitic serpentinite’’ is adopted
throughout this paper to describe serpentinites strongly
enriched in diopside and garnet. A detailed description of
the field relationships in the Cogne area is not within the
scope of this paper. The study is instead focused on a few
samples that, based on the petrographic study of a large
number of samples from the entire Cogne area (cf. Martin
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et al., 2006), have been selected because they show peculiar
features (e.g., textural and/or mineralogical pre-meta-
morphic relics) or are representative of a rock- and/or
mineralization-type. The studied rocks are (i) serpentinite
with pseudomorphic texture after oceanic peridotite (sam-
ple CO15, hereafter named pseudomorphic serpentinite,
Table 1; Fig. 1a); (ii) rodingitic serpentinite (sample
CO14; Table 1; Fig. 1b); and (iii) serpentinites rich in
magnetite (CO17, CO18, CO24, GP45) (Table 1; Fig. 1c
and d). Rock samples were collected in the Costa del Pino,
Colonna and Liconi mining areas (Fig. S1a). The selected
samples were analysed using X-ray fluorescence (XRF),
powder (XRPD) and single crystal X-ray diffraction, elec-
tron microprobe analysis and micro-Raman spectroscopy.
Details of the analytical procedures and operating condi-
tions are available as Supplementary Material.

Results

Petrography of the magnetite-bearing rocks

A summary of the microtextures and mineral associations
found in the investigated rocks is reported in Table 1.
Below, we describe in detail the macro- and microscopic
characters of the samples.

Pseudomorphic serpentinite CO15. The hand-specimen
is a dark-green rock displaying mm-sized light brown

rounded patches, crosscut by vein generations from mm-
to sub mm- thickness (Fig. 1a). On the microscale, most of
the rock is composed of serpentine (þ magnetite) with a
relict mesh texture after olivine (Fig. 2a). The light brown

Table 1. Sample location, rock type, mineralogy, magnetite abundance, and general texture of the studied serpentinites.

Coordinates

Sample
Mining

site N E Altitude
Serpentinite

type Mineralogy
Mag

abundance Main textural features

CO15 Liconi 45�36’45.2’’ 06�22’51.6’’ 2662 m pseudomorphic Srp þMag (Cr-
bearing) þ Pn þ
Hzl � Py � Po

ca. 4
vol.%

Mesh-textured serpentinite
with pseudomorphic
texture after oceanic
peridotite

CO14 Liconi 45�36’47.9’’ 07�23’46.6’’ 2484 m rodingitic Srp þ Di þ Adr þ
Chl þ Mag (Cr-
free) þ Cal � Ap

moderate Fine-grained grano-
lepidoblastic texture

CO17 Larsinaz 45�37’09.4’’ 07�22’38.7’’ 2300 m magnetite-rich Srp þ Di þ
(OH)Adr þMag
(Cr-free) þ Cal

high Coarse-grained
granoblastic Mag within
intergranular Srp-Di-
Adr-rich matrix

CO18 Larsinaz 45�37’08.3’’ 07�22’35.52’’ 1980 m magnetite-rich Srp þ Di þ Chl þ
Mag (Cr-free) �
Ap

high Granoblastic Mag
cemented by (and
intergrown with) Srp-Di-
Chl � Ap

CO24 Costa
del
Pino

45�36’35.8’’ 07�22’40.6’’ 2010 m magnetite-rich Srp þ Ol þ Chl þ
Mag (Cr-free) þ
Brc � Pn � Hzl
� Po

high Granoblastic Mag
embedded in fine-
grained Srp-Ol-Chl-Brc-
rich matrix

GP45 Grauson
River

45�37’7.98’’ 07�22’22.25’’ 1800 m magnetite-rich SrpþMag (Cr-free)
� Brc

very high Coarse-grained
granoblastic Mag within
intergranular Srp-Brc
matrix

Adr, andradite; Ap, apatite; Brc, brucite; Cal, calcite; Chl, chlorite; Di, diopside; Hzl, heazlewoodite; Mag, magnetite; Ol, olivine; Pn,
pentlandite; Py, pyrite; Po, pyrrhotite; Srp, serpentine. Mineral abbreviations according to Whitney & Evans (2010).

Fig. 1. Magnetite-bearing rocks. (a) Serpentinite with pseudo-
morphic texture after oceanic peridotite (CO15; Liconi gallery); (b)
rodingitic serpentinite (CO14, from Liconi): cm-scaled aggregates
of magnetite with radiating arrangement; (c) serpentinite with
rounded black lenses of well crystallized magnetite (CO17, from
Larsinaz); (d) serpentinite rich in mm-scaled magnetite (GP 45, from
Grauson River). (online version in colour)
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patches correspond to bastitic pseudomorphs of serpentine
and very fine-grained magnetite replacing primary mineral
phases (probably orthopyroxene; Fig. 2b). Veins contain
very fine-grained lizardite-rich matrix (no mesh texture)
(see micro-Raman section) overgrown by idiomorphic,
lamellar to prismatic, antigorite (Fig. 2c). Veins also con-
tain bastitic intergrowth of mm- sized prismatic crystals
completely replaced by orange to yellowish serpentine,
mostly lizardite. The contact between the rock matrix and
the veins is sharp. Locally, relics of dismembered matrix
aggregates are found within the veins. Magnetite (ca. 4
vol.% of the rock) is heterogeneously distributed. Within
the matrix, it occurs at the rims of olivine pseudomorphs as
disseminations of irregularly shaped to rounded, 2–3 mm
sized, grains (Fig. 2a). Where the pseudomorphic mesh
texture is poorly preserved, magnetite is coarser grained
(� 15–20 mm), subhedral and more abundant. Fine-grained
magnetite disseminations also occur within bastitic pseu-
domorphs (Fig. 2b). Magnetite is instead a very minor
phase within the veins (,,1 vol.%), where it occurs as
scattered small grains (avg. 20 mm). Locally, larger grains
occur (50–80 mm), often intergrown with euhedral antigor-
ite (Figs. 2c and S2a). Sulphides (Figs. S2b and S2c, see
composition in the mineral chemistry section), as rounded
to irregularly shaped crystals, are heterogeneously distrib-
uted and ,,1 vol.%. Their distribution in the matrix,
though highly variable, broadly matches that of magnetite:
where the pseudomorphic mesh texture is well preserved
they are very fine-grained; they become more abundant
and coarser-grained (� 30–100 mm) in portions where the
mesh textures are poorly preserved. They are always inter-
grown with serpentine and magnetite. Sulphides are
instead quite rare in the veins.

Rodingitic serpentinite CO14. The hand-specimen
shows aggregates of magnetite with a radiating arrange-
ment (Fig. 1b), embedded in a whitish matrix. The magne-
tite aggregates are mm-scaled and elongated, indicating an
incipient foliation (Fig. 3a). Microscopically, magnetite
appears recrystallized and contains inclusions of serpen-
tine, calcite (Fig. 3b) and, occasionally, amoeboid inclu-
sions of garnet. The light-coloured matrix is fine-grained
and is composed of diopside, serpentine, calcite, garnet and
chlorite. Diopside forms aggregates of mm-scaled idio-
morphic crystals (Fig. 3b) enclosing prismatic serpentine,
garnet and trails of fluid inclusions. Serpentine is present in
elongated crystals, commonly prismatic if enclosed in
pyroxene, or nearly lamellar if enclosed in garnet and
magnetite. Garnet in the matrix is found in polygonal
aggregates including serpentine. Interstices in garnet
aggregates are commonly filled by magnetite. Chlorite is
a minor phase; when present in idiomorphic crystals (�1
mm), it shows bending and undulatory extinction. Among
accessory minerals, apatite occurs within the serpentine–-
garnet matrix. Mineral quantities in this rock were deter-
mined by X-ray powder diffraction: diopside 55 wt.%,
calcite 15 wt.%, magnetite 15 wt.%, andradite 8 wt.%
and antigorite 7 wt.%.

Fig. 2. Photomicrographs of pseudomorphic serpentinite (CO15). (a)
Serpentinite, relict mesh texture: olivine is completely replaced by
serpentine and very fine-grained magnetite disseminations occur at
mesh rims. (b) Serpentinite, detailed view of a bastitic intergrowth
(ba) replacing primary silicates (probably orthopyroxene); such
intergrowth contains a concentration of very fine-grained magnetite,
in part chromiferous (grains D1-D5 in Table 3). (c) Vein, very fine-
grained lizardite matrix overgrown by prismatic antigorite; scattered
magnetite also occurs. (online version in colour)
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Serpentinites rich in magnetite. Hand-specimen CO17
shows subhedral mm-sized magnetite in a whitish matrix
(Fig. 1c). Microscopically, magnetite cores contain pris-
matic inclusions of serpentine, tiny serpentine fibres (Fig.
S3a) and negative crystals. Subhedral diopside contains
small inclusions of calcite, magnetite, serpentine, and gar-
net. Garnet commonly seals fractures within the magnetite
crystals and is associated with calcite and minor serpen-
tine. Additionally, it may occur intergrown with diopside
and serpentine within magnetite crystals (Fig. S3b) or may
be present as skeletal relics within diopside in contact with
magnetite. Sample CO18 is characterized by sub-mm sized
aggregates of magnetite crystals embedded in a coarse-
grained matrix of serpentine, minor diopside, chlorite and

apatite. Typical associations are serpentine þ chlorite and
chlorite þ diopside. Serpentine is always euhedral and
prismatic when associated with chlorite. Diopside appears
subhedral to anhedral. Chlorite is present in large (up to 1
mm) fan-shaped crystals. In sample CO24, recrystallized
magnetite occurs in the form of rounded aggregates of
small crystals (up to a few mm in size) embedded in a
brownish matrix composed of serpentine, chlorite, olivine
and brucite (see micro-Raman section). Olivine occurs as
small rounded mm-scaled grains dispersed in the serpentine
matrix. Brucite and chlorite are also included as euhedral
crystals in large magnetite crystals. Brucite can in turn
include serpentine. Sulphides are present in very low
amount, apart from very fine-grained pyrrhotite and pen-
tlandite (� heazlewoodite) inclusions in magnetite.
Sample GP45 was collected from the Grauson River near
Gimillian (Fig. S1a). The rock is composed of mm-scaled
magnetite in very high amounts in a serpentine and brucite
matrix (Fig. 1d).

Composition of the magnetite-bearing rocks

Whole-rock X-ray fluorescence analyses of the selected
samples are reported in Table 2. Serpentinites show a large
variation in Fe2O3 contents, from 6.75 wt.% Fe2O3 in
pseudomorphic serpentinite CO15 to 79.1 wt.% Fe2O3 in
magnetite-rich serpentinite CO18, reflecting the relative
abundance of magnetite (Table 1). Therefore, the higher
the Fe2O3 the lower the SiO2 content (38.2 wt.% in sample
CO15, and 9.69 wt.% in sample CO18) and the MgO
content as well (38.5 wt.% in CO15, and 8.30 wt.% in
CO18). In sample CO15, the loss-on-ignition value is
high (13.7 wt.%), revealing the high amount of serpentine
and the high degree of hydration of the rock. Rodingitic
serpentinite CO14 shows a high Ca content (12.7 wt.%
CaO), reflecting the abundance of diopside, andradite and
calcite. All of the analysed rocks have very low TiO2

content (�0.04 wt.%). Concerning minor and trace ele-
ments, Cr, Ni, S and Pb are relevant in pseudomorphic
serpentinite CO15 (2389, 2387, 718, and 262 ppm, respec-
tively); S and Ni are clearly a proxy for the occurrence of
Fe-Ni sulphides, whereas Cr is related to the occurrence of
Cr-rich magnetite (see below). The high contents of Co in
magnetite-rich serpentinites CO24 and CO18, 358 and 333
ppm, respectively, confirm the abundance of magnetite in
these samples.

Mineral chemistry of magnetite

In rodingitic serpentinite and serpentinites rich in magne-
tite, magnetite compositions are characteristically Cr-free,
homogeneous and very similar to those already known for
the Cogne ore mineral (Stella, 1921; Compagnoni et al.,
1979; Diella et al., 1994; Rossetti et al., 2009). Average
compositions are listed in Table 3. Iron is the only trivalent
ion present in the ideal quantity (2.000 atoms per formula
unit (apfu)). The only appreciable substitutions are those of
the divalent iron Fe2þ by Mg (minimum � 0.02 apfu in

Fig. 3. Petrographic features in rodingitic serpentinite CO14. (a)
Elongated magnetite aggregates in matrix composed of diopside,
garnet and serpentine (transmitted light); (b) back-scattered electron
image of magnetite aggregates in matrix composed of andradite,
idiomorphic crystals of diopside and elongated, prismatic to lamellar,
serpentine. Calcite is present in poikilitic crystals included in
andradite.
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CO14 B, maximum � 0.15 apfu in GP45) and by minor
amounts of Mn (up to �0.02 apfu). Ti content is quite low
(�0.001 apfu). The Mg content determined is in agreement
with that already reported for Cogne magnetite (0.3–8.0
wt.% MgO) (e.g., Stella, 1921; Compagnoni et al., 1979;
Rossetti et al., 2009; Della Giusta et al., 2011).

In contrast with Cr-free magnetite, presumed to be dis-
tinctive of Cogne in earlier studies, we will show that
magnetite can contain high amounts of Cr. In pseudo-
morphic serpentinite, magnetite was analysed in different
microtextural sites corresponding both to mesh textures
after olivine (B, C, E, Table 3; Fig. 2a) and to bastites
after orthopyroxene (A, D, Table 3; Fig. 2b). Magnetite
compositions are highly variable (Table 3). In particular,
X-ray maps show that crystals are highly zoned in Cr
(Fig. 4). Magnetite cores are almost Cr free, surrounded
by Cr rich euhedral rims (up to 17.0 wt.% Cr2O3), mantled
in turn by partially resorbed magnetite characterized by
�2.0 wt.% Cr2O3 (Table S1). In all analyses, Cr is posi-
tively correlated with Mn and negatively correlated with
Fe. Additionally, Ni and Mn contents are on average 0.007

apfu and�0.020 apfu, respectively, both higher than in Cr-
free magnetite. Zn content is quite variable. Chromium is
clearly negatively correlated with Fe3þ (Fig. 5a) and Fe2þ

(Fig. 5b) and positively correlated with Mn (Fig. 5c) and
Zn (Fig. 5e). From Cr-bearing magnetite in pseudomorphic
serpentinite to Cr-free magnetite in rodingitic serpentinite,
we can follow, with decreasing Cr (or increasing Fe3þ), the
compositional changes occurring in the Cogne magnetite:
Fe3þ substitutes Cr, and Fe2þ substitutes the divalent ions
Mn, Zn and Ni. These substitutions can be described by the
exchange vectors Fe3þ Fe2þ Cr3þ

-1 (Mn, Zn, Ni) 2þ
-1.

Conversely, Mg substituting Fe2þ is always appreciable
and independent of Cr content (Fig. 5f). The Cogne Cr-free
magnetites can thus be defined as members of the magne-
tite–magnesioferrite series with compositions close to pure
magnetite (2–15 mol.% MgFe2O4). Magnesium in magne-
tite also influences the cation distribution, as shown below.

Crystal chemistry of magnetite

The first crystal-structure refinements of pure (Cr-free)
magnetite from Cogne were performed by Rossetti et al.
(2009) together with Cr-spinels from Mt. Avic.

For our study, structural investigations were undertaken
by means of single-crystal X-ray diffraction to determine the
two independent geometric variables: the cell parameter (a)
and the oxygen position parameter (u) (Table S4). The two
single crystals studied here are derived from Cr-free mag-
netite aggregates and mm-scaled blasts in serpentinites rich
in magnetite, CO24 and GP45. In the magnetite crystal
structure, the tetrahedral site is predominantly occupied by
Fe3þ (inverse structure), and the octahedral sites are occu-
pied by both Fe2þ and Fe3þ. Conversely, in chromite, for
example, the tetrahedral site is predominantly occupied by
Fe2þ (normal structure). The spinel structures are generally
largely inverse or largely normal rather than completely of
one type or the other, the dominant ion in a given site being
present at a maximum of �95 %.

The spinel cell parameter (a) is quite sensitive to chemical
composition (Hill et al., 1979) and is an increasing function
of both tetrahedral and octahedral bond distances (Hafner,
1960). The cell parameter values (a) are: a¼ 8.398(4) Å for
magnetite crystal from sample CO24, and a¼ 8.401(3) Å for
magnetite crystal from sample GP45 (Table S4), both of
them just slightly higher than in pure magnetite (a ¼
8.3949 Å, Nakagiri et al., 1986) (see Supplementary
Material for details of cell parameter measurements). After
the X-ray data collection, the two magnetite crystals from
samples CO24 and GP45 were analysed with the electron
microprobe (Table 3).

Besides the cell parameter, the structural investigations
allowed the determination of (i) the tetrahedral and octa-
hedral bond distances (and thus, inverse or normal struc-
ture) by means of the oxygen position parameter u (Table
S4) and (ii) the possible presence of atomic species repla-
cing Fe, by means of the refined tetrahedral- and octahe-
dral-site occupancies. In the single crystals studied here,
the tetrahedral site is fully occupied by Fe atoms (site

Table 2. Whole-rock analyses of pseudomorphic serpentinite
(CO15), rodingitic serpentinite (CO14) and serpentinites rich in
magnetite (CO18, CO24).

wt.% CO15 CO14 CO18 CO24

SiO2 38.22 35.24 9.69 15.11
TiO2 0.02 0.02 0.02 0.04

Al2O3 0.97 0.45 0.38 0.30
Fe2O3 6.75 27.36 79.08 54.72
MnO 0.12 0.20 0.34 0.46
MgO 38.49 19.10 8.30 21.28
CaO 0.07 12.67 1.75 0.10
Na2O 0.03 0.01 0.01 0.01
K2O 0.01 0.01 0.01 0.01
P2O5 0.01 0.01 0.01 0.03
L.O.I. 13.65 4.95 0.04 7.56
Total 98.33 100.00 99.62 99.61
ppm
S 718 50 117 212
Sc 22 ,5 ,5 9
V 34 10 25 19
Cr 2389 9 8 26
Co 125 120 333 358
Ni 2387 106 85 29
Cu 9 26 81 23
Zn 54 61 95 121
Ga ,5 ,5 7 ,5
Rb 5 6 9 8
Sr 3 10 4 6
Y 5 ,3 ,3 ,3
Zr 9 10 35 16
Nb 3 ,3 ,3 ,3
Ba ,10 ,10 ,10 ,10
La ,10 ,10 12 26
Ce ,10 13 21 ,10
Nd 21 29 37 31
Pb 262 ,5 ,5 ,5
Th ,3 10 10 11
U ,3 ,3 ,3 4
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occupancy� 1.00, Table S4), whereas Fe occupancy in the
octahedral site is , 1.00, indicating that the Mg atoms
present in the Cogne magnetite (Mg � 0.10 apfu in
CO24; � 0.15 apfu in GP45; Table 3) are mainly situated
here. According to the procedure described in Della Giusta
et al. (2011), the crystal-chemical formulae of the two
investigated crystals are calculated as:

IV Fe3þ0:91Fe
2þ

0:09

� �VI
Fe3þ1:08Fe

2þ
0:76Mg 0:15Mn 0:01

� �
O4

for single crystal GP45; and

IV Fe3þ0:91Fe
2þ

0:07 Mg 0:02

� �VI
Fe3þ1:08Fe

2þ
0:82

�

Mg0:08 Mn0:02ÞO4

for single crystal CO24:

Also in these two magnetites, the occupancy of the domi-
nant tetrahedral Fe3þ is � 90 % (largely, but not comple-
tely, inverse structure); small quantities of the divalent iron
also remain in this site. These data compare well with those
already reported for the Cogne magnetite by Rossetti et al.
(2009) and by Della Giusta et al. (2011). Both Fe2þ in
magnetite and Mg in magnesioferrite have a strong pre-
ference for the octahedral site.

Cogne magnetites were compared with the spinels from
Mt. Avic serpentinite massif. The affinity in composition
between them is shown in the Cr vs. Fe3þ trend (Fig. 6a).
However, there are some appreciable and intriguing
differences:

Fig. 4. Colorized X-ray maps of Cr in magnetite (pseudomorphic serpentinite CO15). Crystals display oscillatory zoning, with Cr poor cores
(ca. 0.3-0.4 wt.% Cr2O3) mantled by Cr rich euhedral rims (ca. 17.0 wt.% Cr2O3), in turn surrounded by subhedral magnetite characterized by
ca. 2.0 wt.% Cr2O3. (online version in colour)

Fig. 5. Diagrams Cr vs. Fe3þ (a), vs. Fe2þ (b), vs. Mn (c), vs. Ni (d), vs.
Zn (e), vs. Mg (f) (apfu: atoms per formula unit) showing the Cogne
magnetites characteristics (all point analyses: Tables S1, S2, and S3).
Filled circles: Cr-bearing magnetites (CO15). Open circles: Cr-free
magnetites (CO14, CO17, CO18, CO24, GP45).
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(1) Chromite relics are abundant in the spinel grains from
the Mt. Avic (Diella et al., 1994; Fontana et al., 2008;
Rossetti et al., 2009; Della Giusta et al., 2011); thus,
the chromite to magnetite transformation can be fol-
lowed starting from the most Cr-rich (i.e., Cr � 1.4
apfu; normal structure) to the almost Cr-free compo-
sitions (inverse structure) (Fig. 6a). The transition
from chromite, e.g.:

IV Fe2þ0:9 Fe
3þ

0:1

� �VI
Cr3þ1:3Fe

3þ
0:6Fe

2þ
0:1

� �
O4;

to chromian magnetite, e.g.:

IV Fe2þ0:1Fe
3þ

0:9

� �VI
Cr3þ0:3Fe

3þ
0:8Fe

2þ
0:9

� �
O4;

implies a complete redistribution of the cations
between the tetrahedral and octahedral sites.
Moreover, in the Mt. Avic spinels, this transformation
is also accompanied by a symmetric change in Ti
content, yielding a bell-shaped trend (Fig. 6a, inset).

As described by Della Giusta et al. (2011), the
R2þ

2TiO4 component increases, going from chromite
to magnetite, favouring the transition from normal to
inverse structure.

(2) In the Cogne mineralization, chromite relics have
never been found; our data show that the Cr vs.
Fe3þ trend starts at chromian magnetite (i.e., Cr �
0.5 apfu) rather than at chromite, and ends up at pure
magnetite. Moreover, Fig. S4a shows the quite low
content of Ti in all of the Cogne magnetite
compositions.

(3) Cogne magnetite compositions are poorer in Fe2þ

(Table 3; Fig. 6b) and richer in Mn and Mg (Fig.
S4b,c) than the Cr-bearing magnetite from Mt.
Avic. This characteristic also constrains the intra-
crystalline cation distribution: less Fe2þ in the M
site means less Fe3þ necessary for Fe2þ-Fe3þ elec-
tron hopping (Verwey & de Boer, 1936).
Consequently, Fe3þ in excess of that necessary for
electron hopping gives higher values to iron formal
valence with respect to Cr-magnetites from Mt. Avic.
This appears to be the main characteristic of all of the
refined magnetite structures from Cogne.

Chemistry of other minerals

Serpentine. In pseudomorphic serpentinite CO15 the
micro-Raman and mineral-chemistry data clearly reveal
the occurrence of serpentines with different structures
and composition (Fig. 7, Table 4). Within the mesh-tex-
tures, the serpentine replacing olivine is mainly lizardite,
as shown by Raman peaks at 690 � 2 cm�1 and at around
385 cm�1 (Fig. 7a). The position of the latter peak (which
is at 388 cm�1 in Al-free lizardite) suggests the occurrence
of some Al substitution, in agreement with the mineral-
chemistry data. Lizardite found in the mesh-textures
(Table 4, column 1) is characterized by Si lower than 2
apfu and Al � 0.1 apfu, so part of the Al is used to fill the
tetrahedral sites (e.g., Mellini & Viti, 1994; Viti & Mellini,
1998; Mével, 2003; Rinaudo et al., 2003). It is the most Al-
and Fe2þ-rich among the CO15 serpentines. Additionally,
it contains small amounts of Cr, but lacks Ni, Ti, and Ca.
The mesh-like lizardite is overgrown and commonly
rimmed by antigorite (diagnostic Raman peaks at
684–685 and 1045 cm�1, Fig. 7b). Antigorite (column 2
in Table 4) is characterized by Si higher than 2 apfu and by
a sum of octahedral cations significantly lower than 3 apfu,
with a Mg/Si ratio lower than lizardite (Fig. S5). The
bastitic intergrowths replacing orthopyroxene are also
composed of very fine-grained lizardite, brownish to
white in colour; it shows Si lower than 2 apfu, and extre-
mely low Al present (Table 4, column 3), indicating that
Fe3þ could substitute Si in the tetrahedral sites (see also
Rozenson et al., 1979; Wicks & O’Hanley, 1988; Klein
et al., 2009); the presence of Fe3þ is also suggested by the
sum of cations exceeding 5 per 7 oxygens when assuming
all iron as Fe2þ(Table 4). It contains small amounts of Ni
but lacks Cr. The intergrowths are crosscut by very thin (up

Fig. 6. Diagram showing Cr vs. Fe3þ (a), and Cr vs. Fe2þ (b) (apfu:
atoms per formula unit) in spinels from Cogne, this study (filled
circles, Cr-bearing magnetites; open circles, Cr-free magnetites),
and from Mt. Avic serpentinites (triangles) (Rossetti et al., 2009;
Della Giusta et al., 2011).
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to � 3 mm thick) veinlets composed alternatively of lizar-
dite (generally Al-poor) or chrysotile (Fig. 7c). When
cross-cutting relationships are observed, chrysotile post-
dates lizardite. Within the larger veins, the very fine-
grained serpentine groundmass is mainly composed of
lizardite. The position of the SiO4 tetrahedra bending
modes (387–388 cm�1) suggests a low Al content.
Locally, the shift of the peak up to 390 cm�1 suggests the
occurrence of very fine-grained chrysotile intergrown with
lizardite. The groundmass is overgrown by prismatic anti-
gorite, showing the same chemical composition as antigor-
ite in the host serpentinite. The orange to yellowish
serpentine overgrowing the prismatic crystals in the veins
is composed of lizardite, whose composition matches that
of lizardite from the bastitic intergrowths replacing ortho-
pyroxene described above. It is crosscut by different gen-
erations of micrometre-thick veinlets of lizardite and
locally, chrysotile.

The presence of both antigorite and chrysotile in the
Cogne mineralized rocks was already reported by
Compagnoni et al. (1979); Diella et al. (1994), and
Rossetti et al. (2009), and that of antigorite by Di
Colbertaldo et al. (1967). Conversely, the occurrence of
lizardite has never been reported previously.

In rodingitic serpentinite CO14, X-ray powder diffrac-
tion and micro-Raman analyses confirm that serpentine is
mainly antigorite. Two distinctive compositions are
reported in Table 4. One, relative to serpentine associated
to diopside, is characterized by Si in excess of 2 apfu and
with an octahedral sum significantly lower than 3 apfu
(column 5). Additionally, small amounts of Ca are detected
(0.013 apfu), but the large standard deviation may indicate

a mixed analysis with Ca-rich minerals (e.g., calcite, diop-
side). The other (column 4), relative to mm-scaled euhedral
lamellar serpentine enclosed in garnet and magnetite, is
characterized by higher Al and Fe, and lower Si contents
than the first one. However, the presence of a small peak at
382–383 cm�1 in some antigorite spectra suggests the
occurrence of antigorite þ lizardite intergrowths, at least
locally.

In serpentinite rich in magnetite CO17, micro-Raman
analyses on serpentine show spectra typical of antigorite,
commonly intergrown with chlorite and, locally, diopside.
As in sample CO14, antigorite is present with two compo-
sitions, distinctive for Si and Al. The one generally asso-
ciated with magnetite and garnet has the highest Fe2þ

content (0.130 apfu; Table 4, column 6) among the studied
serpentines. Serpentine enclosed in diopside shows rele-
vant Fe2þ as well (0.091 apfu; column 7) but lower Al and
higher Si contents than the first one. In sample CO18,
serpentine (antigorite, column 8) is quite similar to one of
the antigorites in sample CO17 (i.e., column 7). In sample
CO24, two types of serpentine are recognizable, both well
crystallized in the matrix. Rather low Al and Fe contents
(Table 4, column 9) correspond to antigorite, while lizar-
dite (column 10) is quite similar to that of column 3 in
sample CO15 (i.e., very low Al content and probably
tetrahedral Fe3þ). The microstructural observations clearly
show that antigorite overgrows lizardite.

To summarize the analysis of the serpentines, the most
Fe-rich serpentine (Fe2þ ¼ 0.130 apfu) is found in sample
CO17, namely the serpentine generally associated with
magnetite and garnet. Ni is detected in trace amounts
(0.003 apfu) only in lizardite of the pseudomorphic ser-
pentinite CO15, characterized by a very low Al content
(0.005 apfu) and probably by tetrahedral Fe3þ.
Additionally, only in sample CO15, Cr is detected
(� 0.01 apfu), both in the mesh-like lizardite and in the
antigorite neoblasts.

Garnet. In rodingitic serpentinite CO14 and in ser-
pentinite rich in magnetite CO17, microtextural rela-
tionships indicate garnet crystallization
contemporaneous to diopside (which commonly
encloses garnet relics), magnetite, calcite and serpen-
tine. Table 5 shows andradite compositions in both
samples. Recasting analyses into end-member compo-
nents (following Locock, 2008) gives � 98 mol%
andradite in CO14 and � 95 mol% andradite in
CO17. In CO14, Ca (3.011 apfu) is the only cation
present at the dodecahedral site. The small amounts of
Mg and Mn may be assigned to the octahedral site, in
addition to Fe3þ and to Al. Determination of the cell
edge by means of XRPD analysis gives 12.0579(2) Å,
nearly identical to the value of pure andradite
(12.058(1) Å; Novak & Gibbs, 1971). The micro-
Raman analyses do not show evidence of structural
OH within CO14 garnet. In sample CO17, the common
presence of garnet þ serpentine intergrowths renders
garnet analyses difficult (Fig. S3b). However, reliable
analyses were possible on garnet filling magnetite

Fig. 7. Selected micro-Raman spectra from the Cogne serpentinite.
For all spectra, the relevant peaks in the high-wavenumber region are
also shown. (a) mesh-textured lizardite; (b) neoblastic antigorite
overgrowing lizardite; (c) chrysotile veinlet within a bastitic inter-
growth after orthopyroxene; (d) coarse-grained brucite. a–c, sample
CO15, d, sample CO24.
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fractures. Small amounts of Ti (0.016 apfu) are present.
Its remarkable standard deviation (Table 5) points to a
non homogeneous distribution, as already reported by
Basso et al. (1984) in hydrogarnets from the Voltri
massif and by Müntener & Hermann (1994) in a tita-
nian andradite from the Malenco ultramafics. In CO17
garnet, there are, however, some other aspects to be
investigated in more detail: even considering all iron as
ferric, a remarkable surplus of cations (8.051 cations
for 12 oxygens; Table 5) remains. Moreover, Si defi-
ciency is significant; even allocating the total Al to the
tetrahedral site, the (Si þ Al) sum does not give 3 apfu.
If analyses are recalculated according to Locock
(2008), Fe3þ is used to fill the remainder of the tetra-
hedral sites. Additionally, the oxide total is sometimes
� 1 % lower than 100 % (see Table S6), suggesting the
presence of additional elements not detectable by
microprobe (e.g., hydrogen at the tetrahedral site). For
this reason, a micro-Raman analysis was performed on
the same grains used in the chemical analysis. The
presence of structural OH in CO17 garnet is clearly
shown by the occurrence of a small, but distinct, vibra-
tion peak at ca. 3540 cm�1, coupled with a lower-
intensity peak at 3610 cm�1 (Fig. S6). These are very
close to the value of 3545 cm�1 obtained with Raman
spectroscopy for hydroschorlomite in hydrothermally
altered basalt (Hole 1256D, ODP Leg 206: Laverne
et al., 2006). Moreover, they closely match the value
of 3555 cm�1 for (hydrous) andradites in serpentinites
obtained by infrared spectroscopy (Amthauer &
Rossman, 1998). The very low intensity of the OH
vibration peaks suggests a low H2O content in this
andradite. Recalculation of the hydrous formula
(Locock, 2008), with a rather low H2O content (tenta-
tively, 1 % H2O) improves charge balance with respect
to the anhydrous analysis (Table 5); a small deficit of
oxygens persists on the basis of 8 cations, which points
to the presence of only ferric iron. Small amounts of Al
are still needed to fill the remainder of the tetrahedral
site because (Si þ H4) , 3 apfu; Fe3þ (1.955 apfu) is
dominant in the octahedral site; the remainder of this
site is filled by small amounts of Al and Ti. The
dodecahedral site is not completely occupied by Ca
(2.927 apfu), so the small amounts of Mg present may
be assigned to this site. Andradite and hydroandradite
are not uncommon in a number of serpentinite para-
geneses (Basso et al., 1984; Frost & Beard, 2007 and
references therein). From the same locality as specimen
CO17 (Larsinaz), an andradite sample (94.1 mol%
andradite, analysis reported also in Deer et al., 1997),
was collected and described by Sanero (1935) as a
‘‘honey-yellow topazolite encrusting serpentinite’’.

Pyroxene. In the rodingitic serpentinite CO14 and in the
magnetite-rich serpentinites CO17 and CO18, clinopyrox-
ene diopside occurs. It crystallizes in the serpentine matrix
as mm-sized euhedral prisms (Fig. 3b). The composition of
diopside is very homogeneous (Tables 5 and S7). In sample
CO14, diopside is close to the end-member composition

(� 0.02 Fe apfu). In CO17 and CO18, the Fe contents are
slightly higher (� 0.08 and � 0.04 apfu, respectively).

Chlorite. Chlorite is present in rodingitic serpentinite
CO14 and in magnetite-rich serpentinites (i.e., CO18 and
CO24 samples), with a clinochlore composition (Table 5
and Fig. S7), characterized by small amounts of Fe2þ (�
0.5 apfu) and Mn substituting Mg (� 10 apfu). Chlorite
grown with calcite in sample CO14 has more Al (� 5.0
apfu), trending towards amesite (Table 5, first column; Fig.
S7), and is also richer in Fe (1.3 apfu). Notably, in sample
CO24, chlorite enclosed in magnetite probably contains
small amounts of Fe3þ, as suggested by the total cation
sum exceeding 20 apfu (Tables 5 and S8).

Olivine. Olivine is present in the magnetite-rich serpen-
tinite (CO24 sample) as mm-scaled grains dispersed in the
serpentine matrix, associated with brucite and chlorite.
This olivine is a nearly pure forsterite (� 98 mol.%),
with minor Mn content (� 0.02 apfu), lacking Ni, Cr and
Ti (Tables 5 and S9).

Brucite. Euhedral sub-mm-scaled grains of brucite were
recognized in magnetite-rich serpentinite CO24, enclosed
in magnetite, as coarse-grained flakes within pressure sha-
dows around magnetite and also as very fine-grained inter-
growths with lizardite. Brucite shows a typical micro-
Raman spectrum characterized by strong peaks at 444
cm�1 and 3651 cm�1 (Fig. 7d). Brucite composition is
reported in Tables 5 and S9. It contains small amounts of
Fe (� 0.06 apfu) and very small amounts (� 0.01 apfu) of
Mn and Al.

Sulphides. Pentlandite (Ni,Fe)9S8, heazlewoodite Ni3S2,
millerite NiS and/or godlevskite Ni9S8 and pyrite occur in
pseudomorphic serpentinite CO15 (Table 6). Chromian
magnetite can grow together with pentlandite in submilli-
metric assemblages in the serpentine matrix. Pentlandite
and heazlewoodite intergrowths can be present as alternat-
ing sub-micrometric lamellae (,10 mm, Fig. S2c); other
assemblages such as pentlandite–millerite and/or godlevs-
kite–heazlewoodite have been recognized by means of
electron-microprobe analysis, although their intimate asso-
ciation can commonly give rise to overlapping analyses
(Fig. S8). According to Misra & Fleet (1973), the Ni-Fe
contents of natural pentlandite vary systematically with the
type of assemblage; in CO15 pentlandite, the Ni quantity is
in agreement with that found in the assemblages: (1)
Pn–Hzl; (2) Pn–Py; (3) Py–Ml (–Vl), all sulphides present
in sample CO15. Pentlandite, the most common sulphide,
contains on average � 28 at.% of Ni and � 23 at.% of Fe
(Co � 2 at.%). Heazlewoodite is Co-free (Fe � 2 at.%;
Table 6). Pyrite is rarely detected. No native metals or
alloys were recognized, in contrast to the serpentinized
ultramafics of Mt. Avic (Diella et al., 1994) and
Balangero (Rossetti & Zucchetti, 1988a and b).

Graphite. In sample CO18, micro-Raman analyses car-
ried out on elongated opaque inclusions in diopside, up to
10 mm long and parallel to the cleavage (Fig. 8), revealed a
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stronger band at 1591 cm�1, and a second, broader and less
intense band at ca. 1342 cm�1. According to Beyssac et al.
(2002), these inclusions are identified as partially disor-
dered graphite.

Discussion

Magnetite, serpentinite and the seafloor

Magnetite mineralizations in orogenic serpentinite
appear to be relatively scarce (e.g., Singh &
Srivastava, 1980; Gahlan et al., 2006). Although magne-
tite is a typical product of serpentinization, it rarely
occurs to give economic concentrations and Cogne
represents so far, in terms of grade and tonnage, a
unique deposit worldwide (Routhier, 1963). This sug-
gests that formation of economic-grade magnetite depos-
its within serpentinite requires particular conditions.
Compagnoni et al. (1981), based on the recognition of
a primary stratigraphic cover on the Cogne serpentinite,
suggested an oceanic origin of the magnetite concentra-
tion. A relationship with an ocean-floor setting is now
further supported by recent findings in modern serpenti-
nite-hosted hydrothermal systems. Hydrothermal depos-
its hosted in serpentinized peridotite and gabbro at the
Lost City vent site (Mid-Atlantic Ridge; Kelley et al.,
2001, 2005) are directly akin to deposits reported from
Alpine ophiolites. However, magnetite is only a trace-to-
rare mineral in present-day marine metalliferous deposits
(Li & Schoonmaker, 2003), although magnetic anoma-
lies observed at slow and intermediate spreading ridges
seem to confirm the presence of abundant magnetic

minerals (Dyment et al., 1997; Klein et al., 2014). A
number of serpentinization reactions, proposed to
describe the formation of magnetite through alteration
of the peridotite Fe-bearing silicates, can produce mag-
netite at low T (50–300�C; e.g., Evans, 2011). Because
of the mineral abundance in peridotite, olivine hydration
is the principal process that generates serpentine and
magnetite through reactions such as

(1) olivine þ H2O ¼ serpentine þ magnetite þ H2

(Mével, 2003);
(2) olivine þ H2O ¼ lizardite þ magnetite þ brucite
þ H2 (McCollom & Bach, 2009);

(3) olivine þ H2O þ O2 ¼ serpentine þ brucite þ
magnetite (Frost, 1985; Frost & Beard, 2007).

In these reactions, the ferrous iron contained in olivine as a
fayalite component is partially oxidized to ferric iron,
forming magnetite. The serpentinization can involve also
orthopyroxene (e.g., Frost & Beard, 2007). In this case, the
formation of magnetite requires the oxidation of the ferro-
silite component; taking into account the end-members
forsterite, ferrosilite, serpentine, and magnetite, the reac-
tion can be balanced as follows:

18 Mg2SiO4 þ 6 FeSiO3 þ 24 H2Oþ 1 O2

¼ 12 Mg3Si2O5 OHð Þ4þ 2 Fe3O4

The mineralogical and petrological record from Cogne

Serpentinites from Cogne display heterogeneous bulk
composition, trace-element content, mineralogical

Table 6. Average microprobe compositions of pentlandite (Pn)
and heazlewoodite (Hzl) in pseudomorphic serpentinite CO15.

Pn Hzl

wt.% av. (53) av. (4)

S 32.78 (17) 26.85 (20)
Fe 27.35 (35) 2.21 (68)
Co 2.19 (17) 0.08 (10)
Ni 36.07 (19) 71.68 (85)
Cu 0.01 (1) 0.00 (0)
Zn 0.03 (5) 0.04 (3)
As 0.00 (0) 0.01 (2)
Ag 0.02 (1) 0.03 (3)
Pb 0.04 (2) 0.06 (7)
Total 98.48 100.96
at.%
S 47.23 (12) 39.87 (30)
Fe 22.62 (24) 1.88 (58)
Co 1.72 (14) 0.07 (8)
Ni 28.38 (14) 58.12 (66)
Cu 0.01 (1) 0.00 (0)
Zn 0.02 (4) 0.03 (2)
As 0.00 (0) 0.01 (1)
Ag 0.01 (1) 0.01 (1)
Pb 0.01 (1) 0.01 (2)

Number in parentheses refers to standard deviation.

Fig. 8. Inclusion of graphitic material (black, oriented, elongated
crystal) in diopside from serpentinite rich in magnetite (CO18).
The inset shows the micro-Raman spectrum, indicating to partially
disordered graphite as suggested by the D1 defect band at 1342 cm�1

(Beyssac et al., 2002 and references therein). The black, rounded
inclusions are magnetite crystals; some very small, strongly elon-
gated solid inclusions occur parallel to the graphite crystal and did
not yield a Raman spectrum, probably because of their very fine-
grained size. (online version in colour)
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assemblage and mineral chemistry. The investigated sam-
ples provide new constraints on the characteristics of this
famous magnetite deposit, which allow speculation on the
genesis of the ore.

The pseudomorphic serpentinite is the host rock of
the magnetite ore. Magnetite (�Cr-bearing) occurs in
relatively low amounts both in the serpentine pseudo-
morphs after olivine, in bastitic pseudomorphs after
orthopyroxene and in the serpentine cross-cutting
veins. Serpentine crystallized statically as lizardite and
chrysotile, partially overgrown by antigorite. The
occurrence of lizardite has never been reported pre-
viously in Cogne serpentinites. Lizardite and chrysotile
are minerals found in low-T serpentinites, such as those
exposed on the seafloor (Mével, 2003) or in ophiolite
complexes not affected by metamorphism (e.g., the
serpentinites of Elba Island: Viti & Mellini, 1998). In
the Central and Western Alps, lizardite occurs in ser-
pentinites affected by low- and medium-T blueschist-
facies metamorphism, e.g. Totalp (Peters, 1965);
Queyras and Chenaillet (Schwartz et al., 2013). The
presence of antigorite replacing lizardite probably indi-
cates a prograde formation. According to Schwartz
et al. (2013), in the Western Alps, lizardite is progres-
sively replaced by antigorite between 320 and 390�C,
i.e., with increasing T. In most serpentinites of the
Western Alps, antigorite, associated with magnetite, is
the typical serpentine phase stable during Alpine meta-
morphism (Compagnoni et al., 1979, 1981; Groppo &
Compagnoni, 2007; Fontana et al., 2008; Debret et al.,
2013). The pseudomorphic serpentinite does not con-
tain Cr-spinels or magnetite with Cr-rich cores, which
have been instead observed in other Western-Alps
deposits (e.g., Mt. Avic; Diella et al., 1994; Rossetti
et al., 2009). We show in Fig. 4 a previously unre-
ported oscillatory zoning in magnetite, characterized by
Cr-poor cores and Cr-rich inner euhedral rims with up
to 17.0 wt.% Cr2O3. The outer rims appear partially
resorbed and are characterized by ca. 2.0 wt.% Cr2O3.
This zoning could be related to hydrothermalism, pro-
moting dissolution-precipitation processes. We now
propose that magnetite, as a product of in situ serpen-
tinization, can be Cr-bearing. Chromium likely derives
from the Cr-Tschermak component of the serpentinized
orthopyroxene (cf. Cannat et al., 1992; Miura et al.,
2011). Taking into account the end-members forsterite,
ferrosilite, Cr-Tschermak, serpentine, and chromite, we
balanced this possible reaction:

4 Mg2SiO4 þ 1 FeSiO3 þ 1 MgCr2SiO6 þ 6 H2O
¼ 3 Mg3Si2O5 OHð Þ4þ 1 FeCr2O4

(It is interesting to note that, in pseudomorphic serpenti-
nite, lizardite and antigorite do contain Cr (� 0.01 apfu).

According to the ODP and DSDP studies on the abyssal
serpentinized peridotites, serpentinization should attain
60–70 % before magnetite formation peaks (Bach et al.,

2006). Moreover, a recent study of serpentinized perido-
tites recovered during the ODP shows that abundant mag-
netite (up to � 6 wt.%) is formed at 200–300�C during
serpentinization, whereas, at lower T, serpentinites are
magnetite-poor (�0.5 wt.%) and contain Fe-rich brucite
instead (Klein et al., 2014). The same study suggests that
H2 generation during serpentinization is not uniquely
dependent on magnetite formation, but other sources of
H2 include the formation of ferric serpentine, (hydro-)an-
dradite and iowaite. The relatively high magnetite content
of the pseudomorphic serpentinite (ca. 4 vol.%) suggests
that at Cogne, serpentinization occurred within the stability
field of lizardite at T well above 200�C. Fe-Ni sulphides
are associated to magnetite. These have been commonly
observed in oceanic serpentinites (e.g., Delacour et al.,
2008; Schwarzenbach et al., 2012). The sulphur content
measured in the pseudomorphic serpentinite of Cogne (718
ppm) is in the range of the oceanic (e.g., 50–860 ppm, Alt
& Shanks, 1998) and Ligurian serpentinites
(Schwarzenbach et al., 2012). The absence of alloys and
the coexistence of pentlandite and heazlewoodite in the
sample suggests that serpentinization occurred at moderate
fO2 - fS2 conditions, in agreement with a complete degree
of serpentinization (Frost, 1985). However, the association
of magnetite with pyrrhotite, heazlewoodite, pentlandite,
millerite and pyrite, is not an equilibrium assemblage. It
implies strong variations in fO2 (and fS2) from
relatively reducing (magnetite–heazlewoodite–pentlandite
� pyrrhotite) towards rather oxidizing
(magnetite–millerite–pyrite) conditions (Frost, 1985;
Schwarzenbach et al., 2012). Serpentinization on the
ocean floor may, in fact, occur at redox conditions that
range from highly reducing to strongly oxidizing (Alt &
Shanks, 1998; Schwarzenbach et al., 2012). Based on the
thermodynamic modelling of Frost (1985; Fig. 9), the
opaque mineral assemblages allow the definition of the
serpentinization conditions for Cogne in terms of oxygen
fugacity (see also next section) and total sulphur species.
The estimated values (log �S� –2 to –1; log fO2� –36 to
–30) suggest a total serpentinization at intermediate to
rather oxidizing redox conditions. These conditions differ-
entiate the Cogne pseudomorphic serpentinite from Mt.
Avic serpentinites, where Diella et al. (1994) described
native metals (mainly Ni-Fe alloys) in equilibrium with
magnetite and Fe and/or Ni sulphides (especially pyrrho-
tite, pentlandite and heazlewoodite). Similarly to Mt. Avic,
Ni-Fe alloys, corresponding to strongly reducing condi-
tions, were also reported in other metamorphic serpenti-
nites from the Western Alps (Balangero; Lanzo;
Sampeyre: Rossetti & Zucchetti, 1988a and b).

Compared to the pseudomorphic serpentinite, the bulk-
rock compositions of rodingitic and magnetite-rich serpen-
tinites show higher contents of Fe and lower amounts of Cr
and volatiles (Table 2). These samples contain a higher
amount of antigorite (but lizardite is often still recogniz-
able), brucite and small olivine crystals characterized by a
very high Mg content (Fo98). Silica and calcium are rele-
vant in andradite-, diopside- and calcite-bearing samples,
suggesting metasomatism sustained by CO2-bearing
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fluids. Graphite inclusions within diopside indicate car-
bon-saturation of the metasomatizing fluid.

Thermodynamic modelling of serpentinites

The mineralogical associations found in the serpentinites
of Cogne suggest oceanic serpentinization and metaso-
matic processes, which were probably mediated by fluids
from hydrothermal vents on the Tethyian seafloor.
Although it is impossible to directly access the chemical-
physical conditions of such fluids, by analogy with data
collected during oceanic surveys, we can assume a T of �
350�C and log fO2 of� –30 (cf. Tivey, 1995; Fig. 3). Vent
fluids can contain variable amounts of carbon species, such
as CO2 and CH4. The CO2 content ranges from less than or
equal to the total CO2 levels present in seawater (� 2.5
mmol/kg; XCO2 [¼CO2/(H2Oþ CO2)] ¼ 4.5	10�5; log
XCO2 ¼ –4.35) to one order of magnitude more than sea-
water (German & Von Damm, 2003). The CH4 and H2

species, much less abundant than CO2 in most hydrother-
mal systems, can be enriched only in ultramafic systems
(German & Von Damm, 2003) where they are produced by
serpentinization reactions (e.g., McCollom & Bach, 2009;
see above). The occurrence of graphite in equilibrium with
C-O-H fluids (e.g., Miura et al., 2011) is of primary interest
because, in this case, fluid composition and redox potential
are strictly linked to each other. In graphite-saturated C-O-
H fluids (GCOH fluids; Connolly, 1995), the redox poten-
tial fixes the fluid composition and vice versa. If the redox

buffer capacity of rocks can be exhausted, as in the case of
high fluid/rock ratios, the redox potential would be con-
trolled externally by C-O-H fluids. The composition of the
C-O-H fluid and therefore the redox conditions in force
during the oceanic serpentinization and metasomatism
recorded by the Cogne rocks can be deduced from the
mineral assemblages observed, containing, in addition to
magnetite (�Cr-bearing) and serpentine, carbonates (cal-
cite), graphite, brucite, chlorite, diopside and almost pure
andradite and hydroandradite garnet. In particular, andra-
dite and hydroandradite garnet has been described in
hydrothermal veins in oceanic massive serpentinites (e.g.,
Beard & Hopkinson, 2000; Frost & Beard, 2007; Ménez
et al., 2012). The low-temperature stability of andradite in
C-O-H fluids has been investigated experimentally by
Taylor & Liou (1978). Along the hematite-magnetite
(HM) buffer, the authors suggested the following reaction:

3 SiO2 quartz½ 
 þ 3CaCO3 calcite½ 

þ 1=4 Fe2O3 hematite½ 

þ 1=2 Fe3O4 magnetite½ 
 þ 1=8O2

¼ Ca3Fe2Si3O12 andradite½ 
 þ 3CO2 (1)

They demonstrated that the formation of andradite garnet
at low temperature is favoured by low XCO2 in the COH
fluid and low pressures. At 500 bar, corresponding to 5000
m below sea level, andradite could form at 400�C with
XCO2 � 0.1 but the maximum possible XCO2 diminishes
asymptotically with decreasing temperature. The reaction
of Eq. 1 can be applied only to quartz- and carbonate-

Fig. 9. Thermodynamic modelling of oceanic serpentinization and hydrothermal metasomatism. (a) Composition diagram for the C-O-H
system at 500 bars and 350�C. Graphite-saturated fluids (GCOH fluid; cf. Connolly, 1995) plot on the thick black line. (b) Composition of
GCOH fluids as a function of X(O)¼ [O/(Oþ H)]. Fluid speciation and oxygen fugacity are on the left and right vertical axes, respectively.
Iron–wüstite (IW) and hematite–magnetite (HM) buffers are also shown for comparison. (c) Isobaric binary diagram for the system CFMAS
þ COH, where the composition of the system varies between the pseudomorphic serpentinite CO15 (left) and the rodingitic diopside þ
andradite rock CO14 (right). The fluid in equilibrium with the mineral assemblages is assumed to contain the maximum possible amount of
H2O (see a, b and text for further details) For mineral abbreviations cf. Table 1; Act: actinolite. (online version in colour)
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bearing rocks. Serpentinites do not contain quartz; there-
fore the following reaction could be envisaged in this case:

3=2Mg3Si2O5 OHð Þ4 lizardite½ 
 þ 3 CaCO3 calcite½ 

þ 2=3 Fe3O4 magnetite½ 
 þ 1=6O2 þ 3=2H2O
¼ 1 Ca3Fe2Si3O12 andradite½ 

þ 9=2 Mg OHð Þ2 brucite½ 
 þ 3 CO2 (2)

To our knowledge, this reaction has not been investigated
experimentally. The thermodynamic modelling of the
reaction of Eq. 2 (Fig. S9) has been performed with the
Perple_X computer package (http://www.perplex.ethz.ch;
Connolly, 1990) and the database of Holland & Powell
(1998), updated to 2004 (hp04ver.dat). As for Eq. 1, the
formation of andradite at low T is favoured by very low
XCO2 in the C-O-H fluid. At T ranging from 250 to 400�C,
the required log XCO2 is –5 to –4, matching the XCO2 of
seawater (see above). Figure 9 (a,b) illustrates the thermo-
dynamic modelling of a graphite-saturated C-O-H fluid
(GCOH fluid) at 500 bar and 350�C. In natural rocks,
graphite passes easily overlooked in petrographic observa-
tions, but it may occur as an accessory phase more fre-
quently than previously believed. In the analysed samples
of Cogne, we recognized graphite using Raman spectro-
scopy (sample CO18), so that we can assume that fluids
involved were saturated in carbon. Since X(O) ¼ [O/(O þ
H)], Figure 9b shows that fluids are nearly binary mixtures
of H2O þ CO2 for X(O).1/3 and H2O þ CH4 for X(O) ,
1.3. At X(O) ¼ 1/3, the content of water is maximum and
the fluid is composed almost only of H2O. All of the other
species, including CO2, are present in very minor amounts,
from 10–3 to 10–6 molar fractions, comparable to the XCO2

of seawater. Figure 9b also shows the fO2 parameter vary-
ing in function of X(O) (dashed curve). Fluids with X(O) ,
1/3 are ‘‘reduced’’, displaying low fO2 values (log fO2 ,
–34), while fluids with X(O) . 1/3 are ‘‘oxidized’’ with
high fO2 values (log fO2 . –29). Fluids with maximum
H2O content display a poorly defined log fO2, broadly
approaching the fayalite–magnetite–quartz (FMQ) buffer
(log fO2 ¼ –32). This value agrees well with the estimates
of Tivey (1995; Fig. 3) concerning the fO2s of oceanic
hydrothermal vents and with the sulphide paragenesis
found in the Cogne rocks.

The constraints on the fluid composition allowed the con-
struction of a binary phase diagram at 500 bar and 350�C,
ranging from two representative bulk-rock compositions
(Table 2): 1) pseudomorphic serpentinite CO15 and 2) rodin-
gitic andradite-, diopside- and calcite-bearing rock CO14. At
CO15, this T�X diagram represents a model for the serpen-
tinization of a peridotite in the pure FMS þ COH system.
The former peridotite undergoes hydration, becoming a mag-
netite� brucite-bearing serpentinite. In fact, brucite has been
observed in serpentinite CO24 associated to olivine (Fo98)
neoblasts. According to Fig. 9c, prograde forsterite is
expected to grow at the expense of brucite and lizardite
above� 400�C. Towards rodingitic serpentinite, the diagram
is a model for increasing contents of Ca, Fe and Al. Below
400�C, and for low degrees of metasomatism, the expected
association should contain clinochlore and calcite in addition

to lizardite, magnetite and brucite. Higher degrees of meta-
somatism will stabilize andradite at T , 360�C and diopside
at T . 360�C in brucite-free rocks. Eventually, for composi-
tions close to CO14, andradite and diopside coexist even at T
,360�C, and calcite becomes metastable. At T , 300�C,
diopside should be replaced by amphibole, never observed in
the investigated samples.

Thermodynamic modelling suggests that mineral assem-
blages observed at Cogne match a process of seafloor ser-
pentinization and Ca (�Al) metasomatism at 300–360�C
conveyed by carbon-saturated C-O-H hydrothermal vent
fluids characterized by CO2 contents comparable to pre-
sent-day seawater, capable of fixing the redox potential of
rocks close to the FMQ buffer (Fig. 9b).

The same hydrothermal fluids probably mobilized the
iron and concentrated magnetite. As shown by Gahlan
et al. (2006), the existence of magnetite veins in serpenti-
nite proves that hydrothermal fluids can efficiently act as
carriers of iron. Considering the palaeoenvironmental set-
ting (close to the ocean floor), iron was probably trans-
ported by the uprising heated sea waters as Cl complexes;
complexation of iron with chloride ligands is indeed a
major process affecting iron solubility in hydrothermal
solutions (Wood & Samson, 1998). The distribution of Cr
inside the magnetite grains of the pseudomorphic serpen-
tinite (Fig. 4), which shows strong oscillatory zoning, may
be explained by a process of selective leaching by hydro-
thermal fluids. Such a process involves an early formation
of Cr-bearing magnetite (as a product of in situ serpentini-
zation), followed by episodes of selective leaching of iron
(and ‘‘residual’’ Cr enrichments) due to interaction with
hydrothermal solution. Once brought to solution, the iron
would have been redeposited – and concentrated – as
magnetite, possibly as a consequence of the strong thermal
and geochemical barrier of the ocean floor.

Conclusions

Serpentinites from Cogne display heterogeneous bulk
composition, trace-element content, mineralogical assem-
blage and mineral chemistry. The investigated samples
provide new constraints on the characteristics of the big-
gest serpentinite-hosted magnetite ore deposit worldwide.

At Cogne, two types of magnetite are found: (i) Cr-
bearing and (ii) Cr-free magnetite.

The former shows oscillatory zoning, with Cr-poor cores
surrounded by Cr-rich rims (up to 17 wt.% Cr2O3). This
magnetite shows compositions pertaining to inverse spinel
structure (i.e., magnetite). It is distinct from magnetite
observed in other Western-Alps deposits characterized by
Cr-rich cores (� 45 wt.% Cr2O3) corresponding to normal
spinel structure (i.e., chromite). Cogne Cr-bearing magnetite
is associated with lizardite, never having been reported pre-
viously in Cogne serpentinites, in a completely serpentinized
peridotite due to low-temperature oceanic serpentinization,
very weakly overprinted by Alpine metamorphism. We infer
that Cr-bearing magnetite is produced by low-temperature
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(200–300�C) serpentinization. Chromium probably derives
from the Cr-Tschermak component of the serpentinized
orthopyroxene.

The Cr-free magnetite, known as ‘‘Cogne magnetite’’,
displays a nearly total inverse structure (Fe2þT ¼ 0.07
apfu) and is characterized only by a small Fe2þ $ Mg
substitution (2–15 mol% of magnesioferrite, MgFe2O4).
The Cr-free magnetite occurs in serpentinites associated
to antigorite (� lizardite), calcite and almost pure andra-
dite/hydroandradite, � diopside, � chlorite, � olivine and
� brucite, suggesting strong metasomatism sustained by
CO2-bearing fluids. The new finding of partially disor-
dered graphite inclusions within diopside indicates car-
bon-saturation for the metasomatizing fluid.

The mineral assemblages observed at Cogne match a
process of seafloor serpentinization and Ca (�Al) metaso-
matism at 300–360�C related to the circulation of carbon-
saturated hydrothermal vent fluids characterized by CO2

contents comparable to present-day seawater. The relict
mineral assemblages, the crystal chemistry and geochemical
data supported by thermodynamic modelling demonstrate
the peculiarities of the Cogne ore deposit, suggesting that it
may represent a Jurassic equivalent of modern serpentinite-
hosted hydrothermal systems within an ocean-floor setting.
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