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Articlf? history: Serpentinites are one of the major components of the oceanic lithosphere and are stable in the slab and the man-
Received 20 November 2012 tle wedge up to 100-150 km depth in subduction zones. During oceanic mantle hydration and alteration, they
Received in revised form 7 August 2013 trap trace and fluid mobile (FME: B, Li, As, Sb, Rb, Ba, Cs, Sr, U and Pb) elements that participate to elemental

Accepted 13 August 2013

Available online 20 August 2013 transfer occurring between the dehydrating slab and the mantle wedge in subduction context. The Lanzo massif

is an eclogitized oceanic lithosphere that preserved its oceanic structure and recorded different steps of

Editor: D.B. Dingwell serpentinization/de-serpentinization from oceanic lizardite to prograde antigorite in subduction context, up to
its dehydration and secondary olivine crystallization, and finally retrograde antigorite during massif exhumation.

Keywords: It constitutes a suitable place to study trace element behavior during serpentinization/de-serpentinization pro-

Lizardite cesses and associated chemical transfers between the different envelopes of the oceanic lithosphere and the

Antigorite mantle wedge.

Trace element Geochemical analyses of serpentine and associated minerals show that the serpentinization/de-serpentinization of

g&sgziccﬁlgrll’osl’here the Lanzo massif took place in a relatively closed system without significant trace element transfer between the

different parts of the oceanic lithosphere. In the deeper part of the lithosphere, from the slightly serpentinized
mantle peridotites (SSP, <20% serpentinization) to the paleo-Moho, composed of massive serpentinites (MS,
80% serpentinization), the trace elements mobility is reduced. The chemical composition of lizardite and antigorite
is homogenized with the local degree of serpentinization: in SSP, serpentine veins composition is inherited from
the host mineral while, in MS, their composition is homogenous between destabilized phases at the scale of the
outcrop (~5 m). In the shallowest part of the oceanic lithosphere, from the paleo-Moho to the oceanic paleo-
seafloor, the serpentinites are foliated (FS, >90% serpentinization). In that zone, the alpine deformation enhances
the mobility of trace elements and permits their redistribution and the homogenization of antigorite composition
at massif scale. Locally, in the SSP and MS, the crystallization of metamorphic veins of ~1-2 m corresponds to chan-
nelized fluid flows that allowed fluid transfers — and thereby trace elements - to longer distance.
The successive crystallizations of antigorite and then olivine are accompanied by a diminution of some FME (B, Li,
As, Sb, Ba, Rb) and Eu contents attesting that these elements are removed from slab to mantle wedge during
subduction.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction (Hattori and Guillot, 2007). The dehydration of the upper part of the

subducted slab (oceanic sediments and altered peridotites and

Subduction represents one of the major processes of mass transfer gabbros), down to 130-160 km (Wunder and Schreyer, 1997), is re-

on Earth. Serpentinites contain up to 13% H,O and represent a large sponsible for the fluid and element transfers to the mantle wedge. It

and essential reservoir of fluids and trace elements in subduction zone conducts to modify the composition of metasomatized mantle wedge
peridotites and thus that of arc magmas.
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first 3 to 6 km, they are highly serpentinized into lizardite and chryso-
tile as a result of seawater circulation (Canales et al., 2000; Mével,
2003; Andreani et al., 2007). Recent results revealed that the oceanic
serpentinization causes an enrichment of peridotite in trace elements,
in particular fluid mobile elements (FME: B, Li, As, Sb, Rb, Ba, Cs, Sr, U
and Pb) and, in the most altered samples, in light rare earth elements
(LREE; Paulick et al., 2006; Vils et al, 2008; Andreani et al., 2009;
Morishita et al., 2009; Kodolanyi et al., 2012). The serpentinites are a
vector of trace element transfer through subduction zones until their
dehydration around 150 km (Wunder and Schreyer, 1997). The sub-
duction of the oceanic lithosphere causes first the transformation of
lizardite and chrysotile into antigorite and then of antigorite into olivine
+/—orthopyroxene +/—chlorite by dehydration (Evans, 2004;
Scambelluri et al., 2004; Padron-Navarta et al., 2010). The chemical
composition of the fluid released during these reactions is determinant
for both estimating elemental transfers between subducted slab and the
mantle wedge and better understanding other processes like arc
magma production at depth. This composition has been evaluated in
several studies using different approaches. Some authors assess the
chemical composition of fluid released by the slab by comparing the
composition of oceanic serpentinites with mantle wedge serpentinites.
They proposed that the mantle wedge is highly contaminated by B, Li,
Cs, Cl, Sr, As and Sb-rich fluids (Savov et al., 2005, 2007; Deschamps
etal, 2010, 2011; Kodolanyi and Pettke, 2011). However, those studies
do not directly estimate the transfers associated with the different de-
hydration serpentine reactions along the subduction history of the
slab down to its dehydration. Vils et al. (2011) completed those obser-
vations by measuring the composition in Be, Li and B of serpentine
from several alpine ophiolites recording different metamorphic condi-
tions during the lizardite to antigorite transition. They observed large
losses of Li and B during the lizardite to antigorite transition but, a quan-
titative assessment of light element loss was limited because those dif-
ferent serpentine units had different initial chemical composition and
have undergone different reaction pathways. Scambelluri et al. (2001,
2004) also tried to assess the composition of fluid released by the slab
at shallower depth during the antigorite dehydration. They presented
trace element analyses of fluid inclusion trapped in secondary olivine
and orthopyroxene, interpreted as representative of the fluid released
during antigorite break down. Those are enriched in Rb, Sr, Cs, Pb, Li, B
and alkalis and are depleted in HFSE. Garrido et al. (2005) confirmed,
by studying dehydrated assemblages, that serpentine dehydration is a
source of fluid leaching large ion lithophile element (LILE), Pb and Sr
from the slab to the mantle wedge.

The trace element composition of fluid released by serpentine tran-
sition phases, from lizardite breakdown to antigorite and then olivine, is
commonly estimated by referring to several massifs that recorded
different (de-)serpentinization steps (e.g. see references above). The
Lanzo massif is, to our knowledge, the only oceanic lithosphere where
the different metamorphic stages have been preserved form oceanic hy-
dration to subduction dehydration (Groppo and Compagnoni, 2007;
Debret et al., 2013). Furthermore, its oceanic structure has been pre-
served during subduction. Hence, it constitutes a unique opportunity
to follow, during subduction, the different metamorphic reactions and
their associated element transfer occurring in an oceanic lithosphere.
We present a systematic chemical study of serpentinite in bulk rock
and of their forming minerals (primary mantle minerals, the oceanic
lizardite, the prograde antigorite, the dehydrated assemblages and the
retrograde antigorite).

2. Geological setting and petrological background

The Lanzo massif is an ultramafic eclogitized body located 30 km at
the North-Western of Torino (Italy). To the west, the massif is bordered
by meta-ophiolites and the Schistes Lustrés unit, to the south and east
it is bounded by sediments of Po plain and to the north by the high
pressure continental unit of Sesia. The entire massif is dominated by

plagioclase peridotites surrounded by an envelope of serpentinites
(Boudier, 1978; Miintener et al., 2005). Earlier structural, petrographic
and geochemical studies have shown that the massif is composed of
fertile Iherzolitic peridotites impregnated by asthenospheric melts dur-
ing the massif exhumation in an ocean-continent transition context
(OCT, Nicolas et al, 1972; Bodinier, 1988; Piccardo et al, 2007a,
2007b; Kaczmarek and Miintener, 2008). We focus our study in the
northern part of the massif where the oceanic structure is preserved
(Lagabrielle et al., 1989; Pelletier and Miintener, 2006; Debret et al.,
2013). The oceanic paleo-seafloor is marked by the presence of oceanic
meta-basaltes, meta-quartzite associated with metasediments, and
meta-ophicarbonates bordering locally an ultramafic unit (Fig. 1). This
unit is made of 3 compartments: the center is composed of slightly
serpentinized peridotites (SSP, <20% serpentinization), it is surrounded
by a thin zone of massive serpentinites (MS, ~80% serpentinization) and
then by an envelope of foliated serpentinites (FS, fully serpentinized) of
3-5 km large. The contact between the MS and the SSP corresponds to a
paleo-Moho (Fig. 1; Debret et al.,, 2013). The different lithologies com-
posing the massif record different steps of serpentinization from ocean-
ic hydration to subduction dehydration at a metamorphism peak
estimated in eclogitized metagabbros at 2-2.5 GPa and 550-620 °C
(Pelletier and Miintener, 2006).

The SSP were refertilized in OCT context by percolation and impreg-
nation by MOR-type melts (Miintener et al., 2005; Piccardo et al.,
2007a). They consist mostly of spinel or plagioclase lherzolites with
minor pyroxenites, harzburgite and dunite (Boudier, 1978; Bodinier,
1988; Piccardo et al., 2007a, 2007b; Kaczmarek and Miintener, 2010).
The petrographic evolution of ultramafic rocks from Lanzo massif has al-
ready been investigated in a previous study (Debret et al., 2013). Three
stages of serpentinization have been reported. The SSP preserves an
oceanic step of serpentinization marked by lizardite vein crystallization,
the low pressure polymorph of the serpentine (Agrinier and Cannat,
1997; Bach et al,, 2004), crossing the orthopyroxene and the olivine
(Fig. 2a). Those veins display a planar wall and a string of magnetite in
their centers. When the hydration is more important, the slightly
serpentinized peridotites are divided by a network of serpentinized
channels with a width of up to 2 mm. In these channels, the lizardite
crystallizes as mesh or bastite texture replacing the olivine and the
orthopyroxene (Fig. 2b). Mesh textures consist of a gray homogenous
area of serpentine with undulatory extinction delimited by rims with
a fibrous aspect and a fine string of magnetite. Bastite textures consist
of white serpentine lamellae oriented parallel to the original cleavages
of the pyroxene. The clinopyroxene is poorly affected by the oceanic
serpentinization.

During the subduction, the lizardite is destabilized into antigorite, the
high-temperature/high-pressure (HT/HP) polymorph of the serpentine
(Bromiley and Pawley, 2003). This serpentine phase change can be writ-
ten as: Liz + Bru — Atg (Evans, 2004) or Liz — Atg + MgO + H,0
(Vils et al,, 2011) or Liz + SiO, — Atg + H,0 (Schwartz et al.,, 2013).
In SSP, this episode is recorded by the crystallization of antigorite veins
crossing the clinopyroxene, the orthopyroxene and the olivine. The for-
mation of antigorite has been observed at the expense of the lizardite
veins, meshes and bastites (Fig. 2a), confirming that its crystallization
postdates the oceanic stage. In MS, the prograde antigorite crystallizes
at the expense of the lizardite and the relics of primary minerals of the
peridotite. It crystallizes as homogenous area of >100 pum.

At P/T peak, the antigorite breaks down to secondary olivine. In
the SSP, this episode is marked by the crystallization of a secondary ol-
ivine, as minute grains of ~50 pm, in the center of antigorite veins, re-
placing the magnetite and the antigorite. In the MS, it is marked by
de-serpentinized pseudomorphs of mesh texture: the mesh core is re-
placed by antigorite and the mesh rims by minute grains of secondary
olivine (Fig. 2c).

During the exhumation, in the MS and FS, the previous textures are,
respectively, partially to fully obliterated by the crystallization of a ret-
rograde antigorite and chlorite (Fig. 2d). The growth of chlorite is
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Fig. 1. Geological map of the studied area of Lanzo massif (modified after Pelletier and Miintener, 2006). LZXX: samples localization.

Fig. 2. (a) Microphotograph (plane polarized light) of a SSP. Prograde antigorite veins (Atg1) cross lizardite veins (Liz) and olivine. (b) Microphotograph (cross polarized light) of an oce-
anic serpentinized channel crossing the SSP. The channel is composed of serpentinite in mesh or bastite texture. (¢) Microphotograph (plane polarized light) of an eclogitized mesh like
texture in a MS (sample LZ27a): the centre is composed of mantle olivine (Ol) partially destabilized in antigorite and the rims consist of minute secondary olivine (0I2) associated with
antigorite lamellas. (d) Microphotograph (cross polarized light) of a FS. The retrograde antigorite (Atg2) mark the foliation of the rock. Mineral abbreviations are from Whitney and Evans

(2010).
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associated to spinel destabilization into chromite, magnetite and chlo-
rite. The crystallization of retrograde antigorite is associated to a high al-
pine deformation stage. Locally, their crystallization has been observed
at the expense of secondary olivine.

Locally, a network of metamorphic veins composed of antigorite,
secondary olivine +/— chlorite, with a width of several cm, crosses
the SSP (Fig. 3a) and the MS (Fig. 3b). Those veins are described in detail
by Debret et al. (2013), however for clarity some major characteristics
will be introduced here briefly. Those veins are zoned (Fig. 3c-d),
their center is composed of secondary olivine associated with prograde
antigorite or chlorite and their rims display retrograde antigorite. The
secondary olivine crystallized at the expense of prograde serpentine
or chlorite and the retrograde antigorite crystallized on the prograde as-
semblages. The host rock is poorly de-serpentinized and displays similar
textures as describe previously (e.g. Fig. 2e).

3. Analytical procedures
3.1. Whole rock analyses

To study the compositional variations during serpentinization pro-
cesses and the element transfers between the slab and the mantle
wedge, we analyzed 14 samples of the different lithologies composing
the massif. Four samples of SSP and nine samples of serpentinite (MS
and FS) were selected through the serpentinization front (Fig. 1). Sam-
ple modal, major and trace element compositions are reported in
Tables 1 and 2.

All samples were cut away from weathered surface, pen marks and
sticker residues. They were crushed with an anvil and a hammer and
powdered in an agate ring-mill.

Whole rock glasses for major elements were prepared with 100 mg
of sample powder and with the addition of 300 mg of Li-Metaborate
(dilution coefficient of 2000). Major element concentrations were
determined by ICP-AES at the Laboratoire Magmas et Volcans of
Clermont-Ferrand (France). Concentrations were calibrated against
the DR-N basaltic glass standard using the values given in Govindaraju
(1994). Precision on samples were determined on repeated analyses
of reference basalt BHVO. This typically resulted in a <1% precision for
all the measured elements.

Trace element concentrations (Li, Sc, Ti, V, Co, Ni, Cu, Zn, As, Rb, Sr, Y,
Zr, Nb, Mo, Cd, Sb, Cs, Ba, Rare Earth Elements (REE), Hf, Ta, W, Pb, Th,
and U) were determined at Géosciences Montpellier (University Mont-
pellier 2, France) using an Agilent 7700 x quadrupole ICP-MS. 100 mg of
powdered samples and 50 mg of powdered standards were prepared
following the HF/HClO4 procedure described in Ionov et al. (1992) and
Godard et al. (2000). The samples were analyzed after a dilution in
2%HNOs of 1000 for the trace element depleted serpentinites and peri-
dotites and reference peridotite JP1, and of 2000, 4000 and 8000 respec-
tively for the increasingly trace element enriched reference rock
materials UBN, BIR and BEN. Element concentrations were measured
by external calibration, except for Nb and Ta that are calibrated by
using Zr and Hf, respectively, as internal standards. This technique is
an adaptation to ICP-MS analysis of the method described by Jochum
et al. (1990) and aims at avoiding memory effects due to the introduc-
tion of concentrated Nb-Ta solutions in the instrument. The Helium
cell gas mode of the Agilent 7700x was used to measure Ti, V, Co, Ni,
Cu, Zn, As, Mo and W while removing polyatomic interferences. The
external precision and accuracy of the analyses were assessed by mea-
suring as unknown four rock standards: BEN and BIR basalts, JP-1 peri-
dotite and UBN serpentinite. Our results show good agreement between

Fig. 3. (a) Network of parallel metamorphic veins crossing the SSP. The vein is orange with a white centre in relief at the outcrop surface. (b) MS crossed by relief metamorphic veins. The
veins are zoned: their centre is orange (012) and green (chlorite or Atg1) and the rims are dark blue (Atg2). The contact with the host rock is diffused. (c) Microphotograph (cross polarized
light) of the centre part of a metamorphic vein crossing the SSP. Secondary olivine (012) grows into parallel fractures cutting prograde antigorite. (d) Microphotograph (plane polarized
light) of a relief vein crossing MS. Vein centre is composed of secondary olivine and chlorite (Chl). Retrograde antigorite replaces these two minerals. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Sample major and modal composition.
Rock LZ35b LZ19 LZ17a Lz7 LZ27a1 1734d LZ30 LZ26¢ L726a RO1 LZ8b LZ14b Lz5
Nature Lherz Lherz Lherz Dunite MS MS MS MS FS FS FS FS FS
Protholite Lherz Lherz Harz Harz
Sio, 43.21 41.89 42.64 40.20 40.03 40.08 39.70 40.51 40.44 39.70 38.82 39.03 37.86
ALO5 417 2.99 2.64 0.52 233 3.27 2.30 2.55 235 2.85 224 2.37 1.79
Fe,04 8.19 8.87 8.86 6.82 8.45 7.30 6.16 5.78 5.58 8.14 9.73 842 8.09
MgO 36.42 38.58 39.49 43.38 38.55 36.47 39.77 38.52 39.01 36.04 37.06 38.13 35.94
Ca0 3.95 3.13 2,62 0.10 1.46 331 - 1.09 0.05 2.10 0.09 0.02 157
Na,0 0.44 0.15 0.09 - 0.34 031 0.10 - - 0.22 0.11 0.35 0.07
K,0 - - - - 0.25 0.21 0.08 - - 0.17 0.89 0.32 -
TiO, 0.16 0.12 0.09 0.01 0.07 0.12 0.03 0.02 0.03 0.10 0.09 0.07 0.09
MnO 0.13 0.13 0.13 0.09 0.14 0.08 0.12 0.10 0.12 0.12 0.10 0.04 0.12
H,0" 0.06 - 0.13 0.07 0.10 0.00 0.02 0.08 0.10 0.06 0.08 —0.01 0.07
H,0™ 243 343 2.96 8.46 7.83 8.88 11.72 10.92 11.75 1040 11.02 11.35 14.24
Total 99.15 99.29 99.64 99.64 99.53 100.02 100.00 99.57 99.43 99.90 100.22 100.10 99.84
MODE
Serp 0.08 0.16 0.14 0.16 0.75 0.74 0.97 0.91 0.96 0.77 0.79 0.94 0.73
0ol 0.64 0.63 0.67 0.71 0.07 0.03 - 0.03 0.03 0.13 <0,01 - 0.09
CPx 0.08 0.08 0.06 - 0.04 0.04 - 0.04 - 0.07 <0,01 - 0.03
Opx 0.09 0.06 0.07 0.1 - - - - - - - - -
Chl - - - 0.03 0.12 0.09 <0,01 0.02 - 0.02 0.06 0.02 0.11
Tre - - - - 0.02 0.1 - - - <0,01 0.13 - 0.04
Pl 0.11 0.07 0.06 - - - - - - - - -
Other <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 0.02 <0,01 <0,01 <0,01 <0,01 0.04 <0,01

The modal composition was obtained by calculation. H20™: loss by evaporation; H20™: loss on ignition; MS: Massive Serpentinite; FS: Foliated Serpentinite.

Table 2
Whole rock trace element analysis of the different lithologies composing the massif.

Sample LZ35b LZ19 LZ17a Lz7 LZ27A L734d LZ30 L726¢ LZ26a RO1 LZ8b LZ14b LZ5
Nature Lherz Lherz Lherz Dunite MS MS MS MS FS FS ES ES FS

Li 3.097 0.803 2.828 0.606 1.144 0.446 0.006 0.081 0.027 0.161 0.049 0.005 2.003
Sc 13.372 11.751 13.041 5.091 7.873 10.646 11.582 12483 11.233 12.684 9.182 11.431 8.903
Ti* 0.085 0.064 0.049 0.002 0.041 0.069 0.023 0.012 0.015 0.056 0.054 0.040 0.052
\Y 72.078 61.763 65.530 18.784 37.480 57.292 54.404 61.188 50.867 65.646 58.611 56.825 47.017
Co 8319 9.100 9.924 8.124 9.728 8.577 7.141 6.923 7.613 9.786 9.393 7.981 9.577
Ni* 0.199 0.224 0.211 0.259 0.213 0211 0.089 0.120 0.115 0.225 0.128 0.182 0224
Cu 31.382 18.096 21414 0.499 4116 6.342 2.785 6.179 7.492 9.372 11.577 1574 11.290
Zn 43.493 47.981 42.820 38.711 35.278 36.180 43304 38.103 37.225 50.157 47.145 28.871 38.504
As 0.057 0.049 0.046 0.037 0.043 0.053 1.231 0.034 0.043 0.127 0.041 0.089 0.057
Rb 0.084 0.059 0.032 0.044 0.055 0.077 0.012 0.005 0.017 0.104 0.029 0.051 0.056
Sr 19.158 5436 1.282 0.999 7411 9.986 0.062 0.227 0.152 1.821 0.537 0.286 6.083
Y 3.999 3.398 2.130 0.131 1.711 3.008 0463 1.126 1.203 2455 1.522 0.593 1.896
Zr 7.797 4.800 1304 0.210 2.621 4470 0354 0.759 0.980 2.629 2.006 0.875 3.456
Nb 0.035 0.005 0.004 0.014 0.016 0.027 0.003 0.003 0.006 0.027 0.016 0.017 0.003
Mo 0.013 0.020 0.022 0.031 0.005 0.017 0.016 0.043 0.024 0.068 0.025 0.047 0.030
cd 0.033 0.027 0.025 0.005 0.014 0.028 0.009 0.012 0.006 0.024 0.006 0.015 0.018
Sb 0.004 0.005 0.006 0.004 0.004 0.008 0.110 0.007 0.004 0.012 0.008 0.015 0.010
Cs 0.022 0.002 0.013 0.013 0.009 0.024 0.001 0.000 0.001 0.062 0.009 0.006 0.018
Ba 0.985 0.168 0.242 0.275 0.204 0364 0338 b.d.l b.d.l 8.886 0.804 0.185 0.724
La 0.169 0.097 0.007 0.016 0.086 0.127 0.004 0.005 0.028 0.050 0.025 0.053 0.055
Ce 0.674 0.441 0.047 0.040 0.340 0.500 0.006 0.019 0.089 0.201 0.098 0.110 0.255
Pr 0.135 0.090 0.020 0.006 0.064 0.099 0.002 0.005 0.016 0.053 0.021 0.028 0.056
Nd 0.855 0.601 0.200 0.037 0.392 0.641 0.013 0.044 0.109 0.390 0.151 0.165 0369
Sm 0.345 0.251 0.123 0.012 0.153 0.256 0.008 0.025 0.052 0.186 0.079 0.063 0.157
Eu 0.154 0.110 0.057 0.007 0.075 0.105 0.007 0.009 0.002 0.091 0.020 0.009 0.062
Gd 0.594 0.458 0.255 0.016 0.249 0437 0.024 0.059 0.123 0.353 0.175 0.104 0292
Tb 0.104 0.083 0.050 0.003 0.044 0.077 0.005 0.012 0.024 0.064 0.036 0.019 0.051
Dy 0.761 0.616 0.388 0.021 0.325 0.566 0.050 0.113 0.194 0.484 0.296 0.136 0379
Ho 0.164 0.135 0.088 0.005 0.071 0.121 0.015 0.032 0.046 0.105 0.068 0.029 0.082
Er 0.458 0.385 0.256 0.015 0.207 0.340 0.060 0.124 0.136 0.303 0.212 0.081 0228
Tm 0.067 0.057 0.039 0.003 0.031 0.051 0.013 0.024 0.022 0.044 0.034 0.013 0.035
Yb 0432 0.372 0.263 0.023 0.208 0330 0.111 0.182 0.150 0.286 0.225 0.088 0.221
Lu 0.072 0.062 0.046 0.006 0.036 0.057 0.022 0.035 0.026 0.049 0.039 0.015 0.039
Hf 0.232 0.156 0.067 0.006 0.083 0.145 0.030 0.046 0.043 0.108 0.074 0.040 0.108
Ta 0.0037 0.0013 0.0004 0.0007 0.0013 0.0028 0.0002 0.0002 0.0004 0.0019 0.0012 0.0003 0.0007
w 0.025 0.017 0.004 0.013 0.006 0.051 0.010 0.005 0.004 0.009 0.035 0.006 0.010
Pb b.d.l 0.060 b.d.l b.d.l b.d.lL b.d.l 0.112 b.d.L b.d.l 0.139 b.d.l 0.141 b.d.l
Th 0.005 0.001 0.001 0.001 0.002 0.003 0.001 b.d.l 0.001 0.004 0.002 0.002 0.001
§) 0.0018 0.0004 0.0004 0.0007 0.0009 0.0010 0.0004 0.0003 0.0008 0.0011 0.0007 0.0060 0.0014

In ppm or *in %; b.d.L.: below detection limit.
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measured values and expected values for the international standards,
and external reproducibility is within 0-5% for Sc, Ti, V, Ni, Cu, As, Rb,
Sr, Y, Zr, Nb, Mo, Cd, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Ho, Tm, Lu,
Pb, Th and U, it is within 5-10% for Li, Co, Pr, Dy, Er, Yb, Hf, Ta and W.
The limits of detection, the procedural blank contributions and the
values obtained for rock standards BEN, BIR, JP-1 and UBN during this
study are reported in Appendix A.

3.2. In situ analyses

Mineral major and trace element analyses were performed on: (1) 2
samples of SSP (LZC02, LZ24 Fig. 2a-b) in which primary mineral as well
as lizardite and antigorite veins have been analyzed. (2) 2 samples of MS
(LZ26¢ and LZ27a1, Fig. 2c), and 2 samples of metamorphic veins cross-
ing the MS (LZ34b-c, Fig. 3b, d). In those samples, the relative chronol-
ogy between the different phases (prograde antigorite, dehydrated
olivine and retrograde antigorite) is well established. (3) 1 sample of
FS (RO3, Fig. 2d) that is principally composed of retrograde antigorite.

Electron microprobe analyses of major elements are reported in
Debret et al. (2013). In situ LA-ICPMS measurement of trace elements
were conducted on 100 pm thick polished section realized on the
same rock piece as the one used by Debret et al. (2013) for electron mi-
croprobe analyses. In situ trace element compositions were determined
at Montpellier 2 University on a ThermoFinnigan Element 2 High
Resolution-Inductively Coupled Plasma-Mass Spectrometer (HR-ICP-
MS) using a single collector double-focusing sector field Element XR
(eXtended Range) coupled with laser ablation (LA) system, a Geolas
(Microlas) automated platform housing a 193 nm Compex 102 laser
from LambdaPhysik.

Oxide level, measured using the ThO/Th ratio, was below 0.7%. 2°Si
was used as internal standard. For each serpentine texture, 2°Si was cal-
ibrated from the mean value of several microprobe analyses. Concentra-
tions were calibrated against the NIST 612 rhyolitic glass using the
values given in Pearce et al. (1997). Data were subsequently reduced
using the GLITTER software (Van Achterberg et al., 2001) using the lin-
ear fit to ratio method. This typically resulted in a 5 to 10% precision
(1sigma) for most analyses, evaluated by repeated analyses of reference
basalt BIR (Appendix B). Detection limits were between <1 and 50 ppb
for most trace elements, between 0.06 and 1, 3 and 4 ppm for Li, B, As,
Zn, Cr and Ti, and between 1 and 10, 30 and 50 ppm for Ni, Ca and Si
for respective spot size of 102, 77 and 51 pm.

The different varieties of serpentine were primarily identified in thin
sections, and then characterized by Raman spectroscopy (Laboratoire
de Géologie de Lyon, France: Debret et al., 2013). Due to the large
beam size (up to 102 um) and the small grain size of serpentine, it
was impossible to analyse serpentine varieties without dusty inclusions
of magnetite or other minor secondary phases. Nevertheless, LA-ICPMS
analyses yield a good reproducibility suggesting that the analyses are
representative of serpentine textural and chemical evolution during
prograde metamorphism.

4. Results
4.1. Whole rock major and trace element compositions

Results of whole rock analyses are reported in Tables 1 and 2 and il-
lustrated in Figs. 4 and 5. Analyses of SSP are in good agreement with
previous studies (Fig. 4; Bodinier, 1988; Piccardo et al.,, 2007a, 2007b;
Kaczmarek and Miintener, 2010): they have comparable SiO, (40.20-
4321 wt.%), MgO (36.42-43.38 wt.%) and Al,O3 (0.52-4.17 wt.%).
Al,05 varies according to rock type (Bodinier, 1988): the highest Al,053
concentrations correspond to the plagioclase lherzolites (Al,03 = 2-
4 wt.%) and the lowest Al,O3 to the dunite (Al,O3 <1 wt.%).

Lherzolite compositions (LZ17-19-35, Fig. 5) are similar to previous-
ly analyzed impregnated lherzolites (Piccardo et al., 2007a; Kaczmarek
and Miintener, 2010). Their patterns are characterized by a depletion
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[l Serpentinites (MS and FS)

O Kaczmarek and Muntener, 2010
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Fig. 4. Bulk rock major element composition of the SSP and serpentinites (MS and FS) il-
lustrated in (a) Al,O3 versus MgO/SiO, and (b) MgO (wt%) versus FeO (wt.%). On
Fig. 4a, the dark line represents the silicate Earth differentiation trend and the primitive
mantle ratio (PM, Kaczmarek and Miintener, 2010). On Fig. 4b, the dark line represents
the stoichiometric variations of olivine Fe-Mg composition. Published data from Lanzo
massif are shown for comparison: Bodinier (1988), Piccardo et al. (20073, 2007b) and
Kaczmarek and Miintener (2010). Abyssal peridotites poles (Lherzolite, Harzburgite and
Dunites) are shown in shaded area and are from Godard et al. (2008).

in LREE (Cen/Yby = 0.05-0.43; N: C1-chondrites normalized; Fig. 5a)
and a flat medium and heavy rare earth element (M-HREE) segment
(Gdn/Yby = 0.80-1.14 and Eu/Eu* = 0.95-1.03). Slightly concen-
tration variations are observable at massif scale (Yb = 1.5-2.5 x C1-
chondrites). They are attributed to the modal composition of the
lherzolite: the Cpx poor lherzolites have a lower concentration and
higher LREE depletion than Cpx rich lherzolites. The extended trace ele-
ment patterns of lherzolites present a U-shaped pattern (Fig. 5b) with a
weak enrichment in U and a depletion in Y and Sr (Sr,/Nd,, = 0.38-
1.47; n = normalized to primitive mantle values) relative to their
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serpentinite). (d) Spidergram of FS. Dashed line: LZ26a (foliated serpentinite embedding LZ26c).

neighboring elements. Dunitic sample (LZ7) has a concave upward
pattern (Yb = 0.14 x Cl1-chondrites) characterized by an enrichment
in HREE relative to MREE (Gdn/Yby = 0.57) and by a positive Eu anom-
aly (Eu/Eu* = 1.42). Compared to available dunite data (Gdn/Yby =
0.16-0.18), this sample is enriched in L-MREE (Fig. 5a). No harzburgite
was analyzed during this study but Bodinier (1988) and Piccardo et al.
(2007a, 2007b) report their presence in the studied area. Their REE
pattern (Fig. 5a) is characterized by positive slope from LREE to HREE
with a low LREE/HREE ratio (Cen/Yby = 0.03-0.04). Its extended
trace element pattern presents a U-shaped pattern with an alkali en-
richment relative to LREE (Ba,/Ce, = 9.07). It displays U, Ta, Pb, Sr, Zr,
Hf and Y positive anomalies relative to their neighboring elements
(Fig. 5b).

FME concentrations of SSP are listed in Table 2. They range from 0.06
to 0.31 ppm for Li, from0.004 to 0.006 ppm for As and 0.004 to
0.007 ppm for Sb.

Compared to peridotites, the serpentinites (MS and FS) display a
lower SiO, (=37.87-40.51 wt.%) content and similar MgO (=35.94-
39.77 wt.%) and Al,O3 (=1.79-3.27 wt.%) contents.

Within the MS, two groups are distinguished according to their trace
element composition (Fig. 5¢). The Group-1 (Samples LZ34 and LZ27)

has REE, trace element patterns and concentration identical to Lanzo
massif lherzolites. It is characterized by a LREE depletion (Cen/Yby =
0.42-0.45), a flat M-HREE (Gdn/Yby = 0.99-1.10) and display a deple-
tion in alkali relative to LREE (Rb,/La, = 0.66-0.70). The Li contents
range from 0.05 to 0.11 ppm, the As contents from 0.005 to
0.004 ppm and the Sb contents from 0.006 to 0.007 ppm. Group-2 sam-
ples (LZ26c¢ and LZ30) have patterns and concentration similar to Lanzo
massif harzburgite. It displays a similar LREE/HREE ratio (Cen/Yby =
0.02-0.03) but its trace element pattern differs from harzburgite
pattern by a negative anomaly in Sr (Sr,/Nd, = 0.25-0.30). Those
serpentinites have <0.001-0.008 ppm Li, 0.003-0.123 ppm As and
0.014-0.019 ppm Sb.

FS have homogenous patterns, similar to lherzolites (Fig. 5d). They
are characterized by a LREE depletion (Cen/Yby = 0.12-0.35) and a
relatively flat M-HREE Gdy/Yby = 0.64-1.09. Nevertheless, compared
to lherzolites, they show a variable negative Eu anomaly (Eu/Eu* =
0.09-1.07). Trace element patterns of FS are similar to the U-shaped
pattern of lherzolite except that they show variable negative Sr (Sr,/
Nd,, = 0.08-0.99). The Li content of foliated serpentinites varies from
<0.001 to 0.20 ppm, the As from 0.004 to 0.13 and the Sb from 0.005
to 0.10 ppm.
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4.2. In situ analyses

Analyses were conducted using an in-house modified ablation cell of
ca. 30 cm?, which resulted in a shorter washout time and an improved
sensitivity compared with the initial larger ablation cell. Ablation exper-
iments were conducted in a helium atmosphere, which enhances sensi-
tivity and reduces inter-element fractionation (Gunther and Heinrich,
1999). The helium gas and particles from the sample were then mixed
with argon before entering the plasma. Signals were acquired in Time
Resolved Acquisition, devoting 2 min 30 s for the blank and 1 min for
measurement of the analyses. The laser was fired using an energy den-
sity of 12 ] cm~ 2 ata frequency of 6 Hz (samples LZ34b.c, 24, LZC02 and
RO3),7 Hz (sp.LZ27a1,LZ34b and RO3) and 8 Hz (sp. LZ26c and LZ34b)
and using a spot size of 102 um (sp. LZ26¢, 27a1, 34b.c and RO3), 77 pm
(sp.LZ34b, 24 and LZC02) and 51 pm (sp. LZC02) depending on the size
of analyzed phases. Before measurement, the laser was pre-ablated
using a larger spot size to clean the thick section surface. The acquisition
spot size was larger than serpentine grains, but it was necessary to get
good accuracy on our results. This resulted in an average sensitivity of
~1000, 400, 200 cps/ppm for B, Ti, Cr, Zn and As, 2000, 900, 500 cps/
ppm for Li and Ba and 3000, 1000, 800 cps/ppm for other trace elements
for the 102, 77 and 51 pm spot sizes respectively.

4.2.1. Mantle minerals

In order to establish the initial composition of the mantle peridotites,
in situ trace analyses were performed on olivine, orthopyroxene and
clinopyroxene. Measured concentrations are shown in Table 3 and in
Fig. 6.

The clinopyroxene composition (Yb = 12-17 x Cl-chondrite) is rel-
atively homogenous at the massif scale. It has a LREE depletion (Cey/
Yby = 0.07-0.48), a flat pattern in the MREE region, a weak HREE deple-
tion (Gdn/Yby = 1.08-1.45) and a negative Eu anomaly (Eu/Eu* =
0.67-0.81). Among clinopyroxene patterns, we distinguish two groups
characterized by different LREE-depletions (Cen/Yby ~ 0.07 and 0.45).
This LREE-variation has already been observed in Lanzo peridotites: it re-
sults from melt/peridotite interaction during massif exhumation in an
OCT context (see Piccardo et al., 2007a, 2007b). Clinopyroxene extended
patterns possess weak negative Y and Zr anomaly relative to elements of
similar compatibility and significant negative Sr (Sr,/Nd, = 0.01-0.08)
and Pb (Pb,/Ce,, = 0.06-0.23) anomalies.

Orthopyroxene compositions (Yb = 3-4 x C1-chondrite) are inter-
mediate between clinopyroxene and olivine. They display a low LREE/
HREE ratio (Cen/Yby = 0.004-0.013, Gdn/Yby = 0.12-0.20). Extended
trace element patterns are characterized by positive slope from LREE to
HREE with a positive Zr, Hf and Pb (Pb,/Ce, = 5-28) anomaly and a
variable Sr anomaly (Sr,/Nd, = 0.05-3.69) relative to elements of sim-
ilar compatibility. Orthopyroxene patterns are similar to those reported
in the literature for peridotites of Lanzo massif (Piccardo et al., 20074,
2007b; Kaczmarek and Miintener, 2010).

Compared to other primary minerals, olivines are depleted in
REE (Yb = 0.01-0.4 x C1-chondrite). They display a concave pattern
with high HREE content relative to LREE (Cen/Yby = 0.020) and
MREE (Gd << 1 ppb) content. They have positive Sr (Sry/Nd, ~ 14)
and a Pb (Pb,/Ce, = 57-112) anomaly relative to elements of similar
compatibility.

The FME content of primary minerals (Table 3) is similar to those re-
ported in oceanic and ophiolites environments (Fig. 7).

4.2.2. Serpentine in slightly serpentinized peridotites

The REE and trace element compositions of lizardite veins crossing
the orthopyroxene (Liz-Opx, Yb = 2-3 x C1-chondrite) are similar to
orthopyroxene composition (Fig. 6a-b, Table 3). REE patterns display
a positive slope from LREE to HREE (Cen/Yby = 0.006-0.038) with a
positive Eu anomaly (Eu/Eu* = 1.74-3.60). Extended trace element
patterns display a U-shaped pattern with positive Sr (Sr,/Nd,, = 0.69-
12.35), Pb (Pb,/Ce, = 1.91-11.23) and Ta (Ta,/Ce, = 1.11-1.28)

anomalies, and an alkali enrichment relative to LREE (Ba,/Ce, =
3.83-7.22).

Lizardite veins crossing the olivine (Liz-Ol) have REE and trace ele-
ment contents near the detection limit (Yb = 0.1-0.2 x C1-chondrite,
Fig. 6a-b, Table 3). Their REE patterns display a LREE and MREE deple-
tion relative to HREE (Ce,/Yb, = 0.01-0.02) with a positive Eu anomaly
relative to element of similar compatibility. Extended patterns present a
concave pattern with an alkali enrichment (Ba,/Ce, = 8.38-16.33) and
positive Ta (Ta,/Ce, =~ 34), Pb (Pb,/Ce, = 85-269) and Sr (Sr/
Nd,, =~ 5.9) anomalies.

Mesh and bastite texture have similar REE and trace contents
(Fig. 6a-b, Table 3). They display a low LREE/HREE ratio (Cen/Ybyn
<0.01) and have an intermediate composition (Yb = 0.3-0.4 x C1-
chondrite) between orthopyroxene and olivine (Fig. 6a). They have a
positive Eu anomaly (Eu/Eu* = 7.54). Extended patterns display a pos-
itive Pb (Pb,/Ce, = 15-174) anomaly and variable Sr (Sr,/Nd, =
0.33-1.02) and Ba (Ba,/Ce,, = 0.88-8.04) anomalies (Table 3, Fig. 5b).

Lizardites have a high B (1.8-75.1 ppm) and similar Li (0.24-
2.55 ppm), As (0.10-0.15 ppm), Sb (<0.01), Ba (0.03-1.16 ppm) and
Rb (0.064 ppm) relative to mantle minerals (Table 3, Fig. 6).

Antigorite veins crossing the clinopyroxene (Atg-Cpx, Yb = 4-
7 x Cl-chondrite) have an intermediate composition between Cpx
and Opx (Fig. 6¢c and Table 3). Their REE patterns display a LREE deple-
tion relative to MREE (Cen/Yby = 0.03-0.04) and a flat MREE-HREE
(Gdn/Yby = 0.90-1.18). They show a negative Eu anomaly (Eu/
Eu* = 0.09-0.25). Extended trace element patterns display negative
Sr (Sry/Nd, = 0.03-0.04) and Pb (Pb,/Ce, ~ 0.33) anomalies.

REE patterns of antigorite veins crossing the orthopyroxene (Atg-
Opx, Yb = 0.9-1.1 x C1-chondrite) show a LREE depletion relative to
M-HREE (Cen/Yby = 0.02-0.05) and a weak positive slope from
MREE to HREE (Gdy/Yby = 0.43-0.64). They display a negative Eu
anomaly (Eu/Eu* = 0.64-0.81). Extended trace element patterns
(Fig. 6¢) show a positive Sr (Sr,/Nd, = 0.53-0.63), Ba (Ba,/Ce, =
0.47-2.20), U and Pb (Pb,/Ce, =~ 26) relative to element of similar
behavior.

Antigorite veins crossing the olivine (Atg-Ol, Yb<0.3 x C1-
chondrite) show a similar pattern (6c) as Atg-Opx and Atg-Cpx:
a LREE depletion relative to MREE (Cen/Yby = 0.02-0.05) and a flat
H-MREE (Tby/Yby = 0.41-1.17). They do not display Eu anomalies.

Antigorite veins have similar Li (0.82-1 ppm), As (0.08-0.27) and
Sb (<0.01) and low B (0.87-28.89 ppm), Ba (0.07-0.11) and Rb
(<0.044 ppm) contents compared to mantle minerals and lizardites an-
alyzed during this study (Fig. 7 and Table 3).

4.2.3. Antigorite of massive and foliated serpentinites
Among prograde antigorites, two groups are distinguished on the
basis of their trace element concentrations (Fig. 6d-e).

(1) The first group corresponds to prograde antigorite in the
lherzolite serpentinites (Fig. 6d). Its composition (Yb = 0.4-
5 x Cl-chondrite) is intermediate between all primary phases
of the peridotite (clinopyroxene, orthopyroxene and olivine).
REE patterns have a LREE depletion relative to M-HREE (Cey/
Yby = 0.30-0.38), a flat M-HREE (Gdy/Yby = 0.85-0.97) and
a variable Eu anomaly (Eu/Eu* = 0.90-1.18). Extended patterns
present a U-shaped pattern with an alkali enrichment (Ba,/
Ce, = 0.15-0.27) and a variable Sr (Sr,/Nd, = 0.25-1.23) and
positive U (U,/Nb,, = 1.45-2.75) and Hf anomalies.

(2) The second group of prograde antigorite has been observed
in harzburgite serpentinites (Fig. 6e). Their patterns are charac-
terized by an intermediate composition (Yb = 0.7-1.1 x C1-
chondrite) between orthopyroxene and olivine. It displays a
low LREE/HREE ratio (Cen/Yby = 0.02-0.04) with a flat HREE
and a negative Eu anomaly (Eu < 1 ppb). Extended to trace ele-
ment patterns present an alkali depletion (Ba,/Ce, = 0.25-
0.35) with positive Pb (Pb,/Ce, = 5.35-8.22), U (Uy/Nb, =



B. Debret et al. / Chemical Geology 357 (2013) 117-133 125

Table 3

Trace element analyses (LA-ICPMS) for minerals composing the SSP, MS and FS.
Rock Lherzolite
Sample 1724 LZC02 1ZC02 LZC02 1ZC02 LZ34b LZC02 1ZC02  1ZC02 LZC02 LZC02 LZC02  1ZC02 LZC02 1724
Spot size 77 77 77 77 77 102 77 77 77 77 77 77 77 77 77
Mineral Ol ol Opx Opx CPx CPx Liz-0Ol  Liz-Ol  Liz-Ol  Liz-Opx Liz-Opx Mesh  Bastite Atgl-Ol Atgl-0l
Li 4910 1.410 0.660 0.302 0470 0.263 b.d.l b.d.l 0.243 0.622 0.880 b.d.l b.d.l. n.d. b.d.l
B 0.995 0.489 0.697 1.210 0.679 0.754 17.250 50630 21.170  65.700 68330  21.330 22.960 3.220 0.872
Si* 19.165 19.165 26.177 26.177 24.774 24.307 17.763 17.763 17.763 18.230 20.567 20.100 20.100  20.100 20.100
Ca* 0.029 0.028 1310 0.789 15.735 15.403 0.015 0.018 0.014 0.207 0.130 0.024  0.024 b.d.l 0.069
Sc 7.060 3.280 36.750 34.190 76.060 72.090 2.341 3.140 2.880 27.870 26.400 3.610 3.240 4.950 3.830
Ti 63.070 33.870 1517940 1369.030 3582.190 5048420 81.680 33.990 27.620 1163.930 1197.020 39.780 39.880 58310 20.650
\Y 1.109 1431 188.690 168.050 362.160  326.280 0.826 1.741 1.673 127.310 136.130  4.350 2.755 22.860 21.760
cr* 0.001 0.002 0.537 0.402 0.983 0.866 0.001 0.002 0.002 0.358 0.342 0.008 0.002 0.003 0.003
Co 191340 148.000 58.030 56.360 25.530 23.830 37470 63.170 33.880 17.800 19.610 42980 50260 52.440 59.800
Ni* 0.390 0.337 0.079 0.070 0.043 0.037 0.129 0.221 0.197 0.051 0.050 0.239 0.239 0.133 0.152
Cu 0.189 b.d.l b.d.l b.d.l 0.356 b.d.lL 3.010 1.728  4.280 1.240 1.216 6.310 6.170 0.520 0.817
Zn 47.120  52.230 40.000 41.440 12330 10.270 11.510 13350 12470 37.360 38.910 14490 9.740 11.110 20.600
As n.d. b.d.l b.d.l. b.d.l. 0.173 0.304 0.096 0.128 b.d.l. 0.127 0.164 n.d. b.d.l. b.d.l b.d.l
Rb b.d.l b.d.l b.d.l b.d.l b.d.l 0.017 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
Sr 0.478 b.d.l 0.595 0322 0.523 7.320 0.258 0.269 0.263 1.092 1.127 0.278 0.289 0.324 0.679
Y 0.113 0.033 3.550 2.558 27.140 29.800 0.156  0.032 0.012 2.871 1.853 0.356 0.343 0.319 0.287
Zr 0.048 0.010 1.850 1.062 14.620 50.360 0.032 n.d. 0.018 1.026 0.733 0.161 0.072 0.181 0.103
Nb b.d.L b.d.l 0.005 n.d. b.d.l 0.068 n.d. b.d.l b.d.l b.d.l. b.d.l 0.002 b.d.l n.d. b.d.l
Sb b.d.l b.d.l b.d.l. b.d.l. 0.009 b.d.l n.d. b.d.l. b.d.l. b.d.l b.d.l n.d. 0.006 b.d.l b.d.l
Cs b.d.L b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.dl
Ba 0.077 b.d.l 0.136 0217 b.d.l b.d.lL 0.081 0.059 0.033 0.365 0.290 n.d. 0.081 b.d.l n.d.
La 0.0003 b.d.l 0.0005 b.d.l 0.0273 0.7650 b.dl 00003 bdl 0.0018 0.0013 b.d.l b.d.l. b.d.l 0.0020
Ce 0.0022 0.0009 0.0100 0.0081 0.6690 47600  0.0013 0.0016 0.0010 0.0242 0.0102 0.0173 0.0026  0.0049 nd.
Pr b.d.L b.d.l 0.0075 0.0039 0.3250 1.1290 b.d.l b.dl ~ 0.0003 0.0093 0.0027 0.0082 0.0013 0.0019 0.0015
Nd 0.0022 b.d.l 0.0873 n.d. 3.4300 7.7400  0.0028  b.d.l b.d.l 0.1021 0.0154  0.0536 0.0181 0.0226 0.0069
Sm b.d.l b.d.l 0.0430 0.0259 2.1100 3.0900 b.d.l. b.d.l. b.d.l. 0.0410 b.d.l 0.0041 b.d.l. n.d. b.d.l
Eu b.d.L b.d.l 0.0206 n.d. 0.6340 0.9910 b.d.l b.dl  0.0055 0.0493 0.0348 0.0199 0.0160 0.0030 0.0051
Gd b.d.L b.d.l 0.1720 0.1000 3.8700 4.8600 b.d.l b.d.l b.d.l 0.1460 0.0680  0.0132 0.0215 n.d. n.d.
Tb b.d.l b.d.l 0.0419 0.0311 0.7050 0.8240 b.d.l. b.d.l. n.d. 0.0373 0.0294  0.0057 0.0046  0.0063 0.0019
Dy 0.0069 b.d.l 0.5230 03170 5.0200 59400 0.0082  b.dl b.d.l 0.3990 02200 0.0428 0.0490 0.0583 0.0160
Ho n.d. 0.0003 0.1406 0.0847 1.0490 1.1930  0.0025 0.0004 bd.l 0.1023 0.0729 0.0138 0.0091 0.0085 0.0043
Er 0.0111 b.d.l 0.3740 0.3690 2.9400 33300 0.0071 0.0017 0.0018 0.3950 02920 0.0368 0.0362  0.0390 n.d.
Tm 0.0038 0.0003 0.0799 0.0698 0.4040 04540  0.0019 0.0018 0.0012 0.0741 0.0530  0.0066 0.0045 n.d. n.d.
Yb 0.0626  0.0122 0.7170 05710 2.5200 27640  0.0351 n.d. 0.0161 0.5560 04390 0.0524 0.0710 0.0245 n.d.
Lu 0.0157 0.0038 0.1033 0.0982 0.3520 03520  0.0062 0.0041 0.0032 0.1014 0.0799 0.0140 0.0103  0.0047 0.0025
Hf b.d.l b.d.l 0.135 0.091 0.763 1.909 b.d.l b.d.l. b.d.l. 0.067 0.050 0.003 0.004 b.d.l b.d.l
Ta b.d.L 0.001 n.d. b.d.l b.d.l. 0.011 0.001 b.d.l b.d.l 0.001 b.d.l b.d.l b.d.l b.d.l b.d.l
Pb b.d.L 0.005 n.d. 0.010 b.d.l 0.032 0.011 0.016 0.028 0.005 0.012 0.027 0.046 0.014 0.009
Th b.d.l b.d.l b.d.l. b.d.l. b.d.l. 0.0047 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l b.d.l. b.d.l b.d.l
U b.d.L b.d.l b.d.l b.d.l b.d.l 0.0028 b.dl  0.0001 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
Rock Lherzolite Massive S. Foliated S.
Sample LZC02 LZC02 LZC02 LZC02 LZ26¢ LZ26¢ Lz27 1727 LZ34b  1Z34b  1Z34b LZ34c 1727 RO1 RO1
Spot 51 77 51 77 102 102 102 102 102 102 102 102 102 102 102
size
Mineral  Atgl-Opx  Atgl-Opx  Atgl-CPx  Atgl-CPx Atgl Atgl Atgl Atgl Atg2 Atg2 Atg2 Atg2 Atg2 Atg2 Atg2
Li b.d.l. n.d. b.d.l 0.710 b.d.l b.d.l n.d. 0.061 0.149 b.d.l. b.d.l b.d.l b.d.l. 0.086 0.041
B 2.330 5.730 20.870 24.950 8.460 7.360 0.603 0.629 1.800 2530 1.686 1.420 0476 4.880 3.690
Si* 20.100 20.100 18.698 17.763 18.698 18.698  20.100 20.100 20.567 17.763 20.567 20.100 20.100 20.100 20.100
Ca* 0.369 0.008 0.032 0.057 0.019 0.014 0.003 0.002 0.003 0.004 0.005 0.006 0.005 0.005 0.006
Sc 15.030 12.110 15.460 32,630 18.740 17.240 6.450 7.480 11110 11.180 11910  8.400 7.390 11.080  8.880
Ti 1298.750 537.510 212.230 1843460 193230 146.680 29360 26.830 34140 32540 63270 34.150 29.210 41.000 35.860
\Y 120.980 126.980 25.450 162350 113520 93.010 34930 25440 17.780 21.410 19530 31.160 41.740 48.100 30.990
cr* 0.179 0.287 0.000 0.391 0.282 0.212 0.010 0.020 0.005 0.026 0.028 0.027 0.054 0.041 0.005
Co 47.260 50.280 5.560 39410 16.060 19.740 68.640 66.860 70.180 58.650 69.570 70210 69.170 77.300 78.070
Ni* 0.121 0.111 b.d.l 0.016 0.003 0.003 0.162 0.154 0.164 0.140 0.163 0.140 0.163 0.077 0.070
Cu b.d.l. 1.053 0.535 11.920 b.d.l. b.d.l b.d.l n.d. b.d.l. 0.049 n.d. 0.476 0.641 0.258 0.979
Zn 12.200 10.730 17.300 23.470 31.870 35.140 28.030 24580 19.040 15390 18.690 19950 25440 22340 19.060
As b.d.l b.d.l b.d.l 0.237 n.d. b.d.l b.d.l b.d.l 0.087 n.d. 0.062 0.075 0.017 n.d. 0.023
Rb b.d.l. b.d.l b.d.l b.d.l. b.d.l. b.d.l 0.067 0.070 b.d.l 0.064 b.d.l 0.019 0.016 0.030 0.046
Sr 0.875 0.612 0.301 0435 0.080 0.040 0.662 0.484 0.271 0374 0.491 0.537 1.118 0.356 0.316
Y 1.935 0.980 8.070 9.530 2.350 1.293 0.795 0.617 0.480 1.486 0.698 0.651 1.169 1.742 0.809
Zr 0.594 0.607 3.730 6.360 1.556 1.127 0.942 1.102 0.363 1.175 0.363 0.505 0.713 1.753 0.929
Nb 0.010 b.d.l b.d.l b.d.l. 0.001 0.001 0.004 0.003 b.d.l. b.d.l. 0.002 b.d.l 0.002 0.008 0.005
Sb b.d.l 0.005 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l n.d. b.d.l b.d.l b.d.l n.d. b.d.L 0.001
Cs b.d.l 0.018 b.d.l b.d.l b.d.l. b.d.l 0.028 0.069 b.d.l 0.042 b.d.l. n.d. 0.008 n.d. n.d.
Ba 0.067 0.111 0.078 0.157 0.018 n.d. 0.098 0.058 0.218 0.019 0.020 0.080 0.105 0.184 0.264
La 0.0024 b.d.l 0.0029 0.0045 0.0103 nd. 0.0243  0.0206 0.0102 0.0309 0.0164 0.0285 0.0472 0.0337 n.d.

(continued on next page)
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Table 3 (continued)

Rock Lherzolite Massive S. Foliated S.
Sample LZC02 17C02 LZC02 LZC02 LZ26¢ LZ26¢ 1727 Lz27 L734b  1Z34b  1Z34b LZ34c 1727 RO1 RO1
Spot 51 77 51 77 102 102 102 102 102 102 102 102 102 102 102
size

Ce 0.0362 0.0128 0.0918 0.1281 0.0183 00150 0.0926 0.0946 0.0528 0.1244 0.0613 0.0935 0.1816 0.1555 0.0810
Pr 0.0068 0.0051 0.0462 0.0663 0.0019 0.0023 0.0196 0.0188 0.0094 0.0267 0.0163 0.0202 0.0369 0.0343 0.0193
Nd 0.0880 0.0739 0.5590 0.7780 0.0174 0.0081 0.1144 0.1242 0.0627 0.1710 0.1019 n.d. 02390 02270 0.1313
Sm 0.0500 0.0211 0.4760 0.5650 0.0027 0.0048  0.0434 0.0354 0.0230 0.0850 0.0488 n.d. 0.0826 0.1125 0.0638
Eu 0.0191 0.0122 0.0178 0.0748 b.d.lL b.d.l 0.0201 0.0197 0.0050 0.0221 0.0091 0.0108 0.0362 0.0439 0.0245
Gd 0.1440 0.0790 0.8050 13910 0.0620 0.0216  0.1001 0.0710 0.0522 0.1480 0.0582 0.0800 0.1410 02120 0.1041
Tb 0.0303 0.0163 0.1740 0.2300 0.0154 0.0051 0.0160 0.0134 0.0097 0.0267 0.0140 00168 0.0261 0.0437 0.0211
Dy 0.3030 0.1310 14170 1.7950 0.1890 0.0892 0.1290 0.1041 0.0705 02110 0.1162 0.1070 0.1990 03540 0.1650
Ho 0.0547 0.0368 0.3150 0.3660 0.0618 0.0311 0.0301 0.0234 0.0177 00540 0.0270 0.0271 0.0417 0.0865 0.0376
Er 0.1940 0.1140 0.8870 1.1020 02170 0.1190 0.0865 0.0661 0.0558 0.1969 0.0815 n.d. 0.1279 02750 0.1298
Tm 0.0244 0.0181 0.1269 0.1431 n.d. 0.0195  0.0143 n.d. 0.0074 0.0267 0.0116 0.0145 0.0170 0.0400 0.0208
Yb 0.1860 0.1510 0.7420 0.9730 0.1570 0.0928 0.0853 0.0690 0.0662 02110 0.0881 0.1020 0.1351 02920 0.1640
Lu 0.0287 0.0285 0.1091 0.1255 0.0258 0.0171 0.0136 0.0146 0.0096 0.0320 0.0138 0.0124 0.0201 0.0491 0.0234
Hf 0.017 0.032 0.157 0311 0.113 0.079 0.056 0.062 0.024 0.089 0.022 0.020 0.035 0.097 0.043
Ta b.d.l n.d. b.d.l b.d.l b.d.l b.d.l 0.0005 0.0003 0.0001 b.d.l b.d.l 0.0005 n.d. b.d.l b.d.l
Pb b.d.l 0.035 b.d.l 0.004 0.010 0.011 0.018 0.005 0.003 0.006 0.004 b.d.l 0.008 0.018 0.021
Th b.d.l b.d.l. b.d.lL b.d.l. b.d.l b.d.l b.d.l. b.d.l b.d.l 0.0001 b.d.l. b.d.l 0.0003 b.d.lL b.d.lL
§) b.d.l b.d.l b.d.l b.d.l 0.0003 0.0002  0.0002 b.d.l b.d.l 0.0002 b.d.l 0.0014  0.0001 b.d.l b.d.L

In ppm or * in %. n.d.: not determined.

6.58-8.60), Zr and Hf (Zr,/Sm, = 4.75-22.85) anomalies and a
negative Sr anomaly (Sr,/Nd, = 0.13-0.33).

Prograde antigorites have lower Li (0.05-0.27 ppm), B (0.6-
8.5 ppm), As (0.06-0.07 ppm) and Ba (0.01-0.10 ppm) concentrations
compared to lizardite and similar Sb (0.003) and Rb (=~ 0.07) contents.
(Fig. 7 and Table 3).

In the serpentinites where all the primary phases are destabilized,
the compositions and patterns of the retrograde antigorites are ho-
mogenous (Yb = 0.39-1.74 x Cl-chondrite) at massif scale (Fig. 6f).
They display a LREE depletion relative to M-HREE (Cen/Yby = 0.10-
0.37), a weak depletion from MREE to HREE (Gdy/Yby = 0.44-0.86)
and a variable negative Eu anomaly (Eu/Eu* = 0.43-1.13). Extended
patterns show a U-shaped pattern with positive U (U,/Nb,, = 1.44-
9.55), negative Sr (Srp/Nd, = 0.10-0.39) and variable Pb anomalies
(Pb,/Ce,, = 0.48-3.90).

Retrograde antigorite FME compositions (Fig. 7 and Table 3) are
similar to that of prograde antigorites (Li = 0.04-0.15 ppm, B = 0.5-
49 ppm, As = 0.02-0.09 ppm, Sb = 0.001-0.015 ppm, Ba = 0.01-
0.26 ppm, and Rb = 0.01-0.06 ppm).

4.2.4. Metamorphic veins

The chlorite and the prograde antigorite (Fig. 3c-d) show similar
composition (Yb = 2.96-4.12 x Cl-chondrite, Fig. 8 and Table 4) that
are intermediate between clinopyroxene and orthopyroxene. They dis-
play a positive slop from LREE to HREE (Ceyn/Yby = 0.08-0.16) with a
negative Eu anomaly (Eu/Eu* = 0.55-0.89). The extended patterns
present a U-shaped pattern with a variable enrichment in alkali relative
to LREE (Chlorite: Ba,/Ce, = 0.10-0.23, Antigorite: Ba,/Ce, = 0.66-
2.69), negative Pb (Pb,/Ce, = 0.40-0.73) and Sr (Sr,/Nd, = 0.23-
0.45) anomalies and a positive U (Uy/Nb, = 1.38-2.51), Zr and Hf
anomalies (Zr,/Sm, = 1.21-2.91) relative to the neighboring element.

FME content of prograde antigorite and chlorite in metamorphic
veins is reported in Table 4. They have similar Li (0.18-0.39 ppm), B
(5.99-6.77 ppm), As (0.08-0.09 ppm) and higher Ba (0.13-3.37 ppm),
Sb (~0.02 ppm) and Rb (0.19-1.46 ppm) contents compared to the
antigorite of the surrounding serpentinites.

Secondary olivines (Yb = 0.66-0.75 x Cl1-chondrite) have a higher
trace and REE content than primary olivine (Fig. 8). They display a con-
cave pattern with a high HREE content relative to LREE (Cen/Yby =
0.02-0.04) and MREE (Gdy/Yby = 0.009-0.013). Extended patterns

display positive HFSE (Zr,/Sm, = 20.46), Pb (Pb,/Ce, = 3.00-5.50)
and Sr (Sry/Nd,, = 2.17-2.49) anomalies.

FME content of secondary olivine are reported in Table 4 and
displayed in Fig. 7. They have a high Li (13.97-14.99 ppm), B (1.06-
2.72 ppm) and similar As (0.07 ppm) and high Ba (0.02 ppm), Sb
(<5 ppb) and Rb (<9 ppb) compared to primary olivine.

5. Discussion

Trace elements are discussed as two groups according to their be-
havior. The first group comprise REE and most lithophile elements.
Their behavior during serpentinization processes is controlled by the
initial mineralogy of the peridotite. They allow documenting the differ-
ent scales of fluid circulation in the oceanic lithosphere, from the ridge
to subduction. The second group (some FME: B, Li, As, Sb, Rb and Ba;
and Eu) is influenced by the sequence of serpentine phase transitions
during subduction, from lizardite to antigorite and then olivine. It per-
mits to identify fluid transfers between the different envelopes compos-
ing the oceanic lithosphere and the mantle wedge and the associated
changes in fluid composition during the different serpentine phase
transitions.

5.1. Lizardite to antigorite phase transition

5.1.1. Trace element behavior of serpentines in slightly serpentinized
peridotites

The peridotite massif of Lanzo is composed of several peridotites
types (lherzolite, harzburgite, dunite, clinopyroxenite; Boudier, 1978).
According to several studies (see Bodinier and Godard, 2003), the
trace element composition of the peridotites is controlled by their
modal composition and by the phase containing the highest trace con-
tent (clinopyroxene and orthopyroxene). Thus, before serpentinization
processes, the chemical composition of the mantle section of the Lanzo
massif reflected local modal heterogeneities.

The lizardite veins represent the first step of rock hydration while
mesh and bastite textures result from larger water influx into the peri-
dotite (Viti and Mellini, 1998). The trace element content of lizardite
veins is similar to those of the host mineral (olivine or orthopyroxene,
Fig. 6a-b). At that stage (<20% serpentinization) the trace element com-
position of the lizardite is inherited from the host mineral suggesting
most of trace elements are immobile in the thin section scale. Mesh
and bastite textures have a homogenous composition in one thin
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Fig. 6. Chondrite (a) and primitive mantle (b-c-d-e-f) normalized patterns for minerals composing the different lithologies of Lanzo massif. Normalizing values are from Sun and
McDonough (1989). Symbols are indicated in insert. (a) REE patterns of lizardite veins crossing the Opx and the Ol and mesh and bastite texture from SSP. Host or destabilized mineral
analyses are report in shaded area. (b) Spidergram of lizardite veins crossing the Opx and the Ol and mesh and bastite texture from SSP. Host or destabilized mineral analyses are reportin
shaded area. (c) Spidergram of prograde antigorite veins crossing the Cpx, Opx and the Ol from SSP. Host mineral analyses are reported in shaded area. (d) Spidergram of prograde
antigorite from massive serpentinite Group-1. Destabilized primary minerals are report in shaded area. (e) Spidergram of prograde antigorite from massive serpentinite Group-2.
Destabilized primary minerals are report in shaded area. (f) Spidergram of retrograde antigorite from FS. Destabilized primary minerals are report in shaded area.

section (Fig. 6a-b). Their composition (Yb = 0.3-0.4 x C1-chondrite)
is intermediate between the olivine (Yb = 0.01-0.4 x C1-chondrite)
and the orthopyroxene (Yb = 3-4 x C1-chondrite) and their patterns
display a positive slope from LREE to HREE (Cen/Yby = 0.01) similar
to orthopyroxene (Cen/Yby < 0.01) and olivine patterns (Cen/Yby =
0.01-0.02). The progress of the oceanic serpentinization reaction
tends to homogenize the trace element content in lizardite at the thin
section scale.

Even if the trace element content of oceanic lizardite is globally con-
trolled by the destabilized primary phases, the oceanic serpentinization

is marked by the occurrence of Eu (Eu/Eu* = 1.74-7.54), Ba (Ba,/
Ce,, = 0.88-16.33), Ta (Ta,/Ce, = 1.11-33.67) and Sr (Sr,/Nd, =

0.33-12.35) positive anomalies relative to primary phases (Fig. 6a-b).
The variable Sr and Ba enrichments are correlated with Ca content.
Those correlations suggest that the positive Sr and Ba anomalies of
lizardites result from the analysis of carbonate micro-phases during
laser ablation (Deschamps et al., 2010). The development of a positive
Eu anomaly during oceanic serpentinization could be attributed to the
dissolution of plagioclase and/or to hydrothermal fluid circulation dur-
ing lizardite formation (e.g., Douville et al., 2002; Paulick et al., 2006).
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Fig. 7. Lithium (Li), Boron (B), Arsenic (As), Antimony (Sb), Rubidium (Rb) and Barium (Ba) concentration of primary minerals, serpentines and secondary olivines. The gray arrows show
the chemical behaviour of those elements during the different serpentinization and de-serpentinization processes. Data from previous studies are shown for comparison: primary minerals
and serpentines of abyssal peridotites from ODP Leg 209 are from Vils et al. (2008) and Andreani et al. (2009); Lizardite and antigorite of serpentinites of Totlap - Platta - Malenco
ophiolites are from Vils et al. (2011); antigorite from Himalaya serpentinite are from Deschamps et al. (2010); Queyras accretionnary prism are from Lafay et al. (2013); primary minerals

of Lanzo peridotites are from Piccardo et al. (2007a) and Kaczmarek and Miintener (2010).

In our samples, it is not possible to test the hypothesis of a local destabi-
lization of plagioclase during lizardite formation since the plagioclase
relicts have been replaced by high-pressure/low-temperature mineral
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Fig. 8. In situ trace element abundances analyzed by HR-LA-ICPMS of minerals of meta-
morphic veins crossing the serpentinites (samples LZ34b-c) normalized to primitive man-
tle (Sun and McDonough, 1989).

assemblages (Debret et al., 2013). Moreover, in our samples, we are un-
able to correlate Sr and Eu in lizardite, which could have revealed desta-
bilization of plagioclase, because of carbonate contamination.

The development of antigorite veins marks the beginning of lizardite
breakdown. The antigorite veins display homogenous patterns and het-
erogeneous compositions. The compositions of antigorite veins (Ybagg-ol
<0.3 x Cl-chondrite; Ybatg-opx = 0.9-1.1 x Cl-chondrite; Ybatg-cpx =
4-7 x Cl-chondrite) are closed to that of the host mineral (Fig. 6c).
This suggests that their composition is controlled by primary phases.
However, antigorite have a flat HREE pattern (Gdy/Yby = 0.43-1.18)
closer to clinopyroxene (Gdn/Yby = 1.08-1.45) than host minerals
(Opx: Gdn/Yby = 0.12-0.19, Ol: Gd << 1 ppb; Fig. 6¢). This suggests
that clinopyroxene destabilization is contemporaneous with antigorite
crystallization. Indeed, as classically described, the clinopyroxene is resis-
tant to low temperature oceanic serpentinization (Mével, 2003) while in
alpine ophiolites, it is commonly destabilized in subduction context (e.g.
Hattori and Guillot, 2007). This testifies that serpentinization is an active
and continuous process from the ridge to the subduction zone. During
lizardite breakdown, the water released permits the serpentinization of
previously preserved phases like clinopyroxene.

Compared to lizardite, the antigorite veins formation is marked
by negative Eu anomalies (Eu/Eu* = 0.09-0.80, Fig. 6b-c). Those
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Table 4

Trace element analyses (LA-ICPMS) for minerals composing the metamorphic veins.
Rock Metamorphic veins
Sample LZ34c LZ34c LZ34c  1Z34b  1Z34b LZ34b LZ34b
Spot size 102 102 102 102 102 102 102
Mineral Atgl Atgl Atgl Chl Chl 012 012
Li 0.367 0.393 0.270 b.d.L 0.183 14.990 13.970
B 4.980 5.940 5.870 6.250 6.770 1.056 2.720
Si* 20100 20.100 20.100 17.763 17.763  19.165 19.165
Ca* 0.025 0.028 0.021 0.014 0.028 b.d.l 0.004
Sc 8.100 8.230 7.770 10730 11.780  31.430 25.320
Ti 38410 43500 48740 41880 51.110 906.080 375.260
\ 23140 23520 23290 33730 35370 0.349 0.211
Cr* 0.000 0.000 0.000 0.006 0.004 0.000 0.000
Co 78,570 77610 80.600 66.770 63390 256.440 257.280
Ni* 0.154 0.158 0.148 0.160 0.155 0.290 0.301
Cu b.d.l b.d.l 0.229 b.d.lL 0.106 b.d.l b.d.l
Zn 14800 13900 14650 16.180 15250  52.600 53.130
As 0.091 b.dl b.d.l 0.078 nd. nd. 0.066
Rb 1375 1.460 0.865 0.559 0.184 b.d.l b.d.l
Sr 2.579 2.781 2.156 0.800 1.796 0.234 0.372
Y 3.500 3.840 4.040 3.560 4430 0.144 0.132
Zr 12500 14.750 13400 4.150 4.020 0.640 0412
Nb 0.010 0.009 0.008 b.d.lL b.d.l 0.040 0.014
Sb 0.015 0.021 b.d.l nd. b.d.l b.d.l bd.l
Cs 1448 1536 0.930 0.493 0.131 b.d.l b.d.l
Ba 1355 3.370 0.845 0.139 0.079 0.023 0.021
La 0.0925 n.d. 0.1148 0.0416 0.0495  0.0013 0.0033
Ce 02830 03180 03230 0.1512 02025  0.0071 0.0160
Pr 0.0526 0.0620 0.0850 0.0302 0.0435  0.0011 0.0018
Nd 03680 04140 04860 02280 0.3040  0.0069 0.0096
Sm 0.1700 02100 0.1910 0.1110 0.1320  0.0012 b.d.l
Eu 0.0630 0.0470 0.0576 0.0500 0.0570 b.d.l b.d.l
Gd 04030 03260 04140 02480 0.3260 0.0013 0.0017
Tb 0.0704 0.0824 0.0803 0.0551 0.0746  0.0011 0.0009
Dy 04950 05540 05920 04960 0.6150  0.0077 0.0074
Ho 0.1317 01538 0.1525 0.1279 0.1600  0.0040 0.0024
Er 04120 05570 05370 04620 0.5570  0.0212 0.0204
Tm 0.0774 0.0817 0.0884 0.0728 0.0905 0.0079 0.0054
Yb 05030 07000 05520 05110 0.6490 0.1273 0.1118
Lu 0.0805 0.1125 0.1106 0.0897 0.1107  0.0490 0.0375
Hf 0.400 0.517 0.545 0.256 0.285 0.026 0.012
Ta 0.0005 0.0012 0.0036 0.0005 b.d.l 0.0015 0.0006
Pb 0.021 0.013 0.014 b.d.lL nd. 0.004 0.005
Th b.d.l. 0.0005 0.0009 0.0003 0.0003 b.d.l. b.d.l
§) b.dl 0.0004 0.0006 0.0001 b.d.l. b.d.l b.d.l

In ppm or * in%.

anomalies are similar to the ones observed in the host minerals (Fig. 6¢).
This suggest that the Eu content of antigorite veins is inherited from the
host mineral and implies that Eu is immobile at the beginning of
lizardite breakdown.

5.1.2. Trace element behavior in the serpentinite units

5.1.2.1. Prograde serpentinization in massive serpentinites. Among the
MS, we identified two groups based on the trace element content of
whole rock analyses that can be interpreted as inherited from the
SSP protolith: we distinguish serpentinites formed after lherzolites
(Iherzolite serpentinite) from those formed after harzburgites
(harzburgite serpentinites). During the serpentinization of the MS, the
trace composition of the protolith is preserved at the scale of the out-
crop (~5 m) suggesting that fluid/rock interactions and trace element
mobility were limited at that scale.

The MS are mostly composed of prograde and retrograde antigorite.
In each MS the trace element composition of prograde antigorite is ho-
mogenous and intermediate between primary destabilized phases
(Fig. 6d-e). In one harzburgite serpentinite sample, we note the occur-
rence of strong Zr, Hf values (Zr,/Sm, = 4.75-22.85) in prograde
antigorite (Fig. 6e). In this sample, the microscopic observation of the
primary olivine relicts does not reveal the occurrence of accessory

phases but they display a low NiO and MgO content suggesting that
their composition was highly modified by chemical interaction with
MORB type melts (Debret et al., 2013). In this context, primary olivines
are characterized by positive Zr and Hf anomalies (Drouin et al., 2009).
We propose that, in this sample, the Zr and Hf anomalies of prograde
antigorite are inherited.

The composition of prograde antigorite is homogenous at the out-
crop scale, and its pattern is intermediate between the ones of
destabilized phases. This attests that, during the transition of lizardite
to antigorite, the released fluids react with minerals of the dehydrating
rock at the outcrop scale. This leads to the redistribution of trace ele-
ment into the newly formed antigorite and to the homogenization of
its composition. Furthermore, in the massive lherzolite serpentinite,
where all primary phases are destabilized, the composition and pattern
of prograde antigorite are similar to those of lherzolite whole rock
(Fig. 9a). This attests that, in the massive serpentinite zone of Lanzo
massif, the serpentinization processes have evolved in a relative closed
system for most trace elements at the scale of the outcrop from the ridge
to the subduction.

5.1.2.2. Retrograde serpentinization in the serpentinites. Relative SSP and
MS, the composition and pattern of whole rock trace element of FS are
homogenous at the scale of the massif (Fig. 5d). They are similar to
lherzolite patterns. Only few elements have a different behavior: FS
display a negative anomaly in Sr (Sr,/Nd, = 0.08-0.99) and Eu (Eu/
Eu* = 0.09-1.07) while lherzolite display variable Sr (Sry/Nd, =
0.38-1.47) and no Eu (Eu/Eu* = 0.95-1.03) anomalies.

Locally, near the paleo-Moho, the foliation of FS surrounds lenses of
MS. Next to Toglie (Fig. 1), the patterns of massive serpentinites are sim-
ilar to harzburgite while the foliated serpentinites display a different
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pattern similar to lherzolite (Samples LZ26¢ and LZ26a: dashed line on
Fig. 5c-d). If we admit that the peridotite protolith composing the out-
crop was initially homogenous, this observation suggests that the com-
position of the FS do not depend of peridotite protolith.

In MS and FS where all primary phases are fully destabilized, the
retrograde antigorite composition is homogenous and intermediate be-
tween clinopyroxene, orthopyroxene and olivine at massif scale (Fig. 6f)
and its pattern is identical to the ones of the foliated serpentinite whole
rock (Fig. 9b). It suggests that during retrograde serpentinization, the
deformation in the FS allows a larger fluid circulation than in the rest
of the massif, facilitating the mobility of trace element and permitting
their redistribution within this envelop that conducts to the homogeni-
zation of antigorite composition at massif scale. The close composition
of retrograde antigorite and slightly serpentinized lherzolite indicates
that this recrystallization episode took place in a relative closed system.

The homogenization process of serpentine composition according to
the metamorphic evolution and rock deformation is similar to the one
described in Catalina Schist (Santa Catalina Island, southern California,
USA). In this area, stable isotopes composition of calcschists are homog-
enized over significant volume of rock according to metamorphism
increase (Bebout, 1991). Thus, during metamorphic processes in sub-
duction zones, the released fluids and the deformation tend to homog-
enize the composition of the less competent level of the subducted
lithosphere (mostly sediment and serpentinite) at large scale. This at-
tests also for a large, kilometer-scale, fluid mobility in the less compe-
tent level of the slab.

5.1.3. FME behavior from oceanic serpentinization to lizardite breakdown
into antigorite

Primary minerals in Lanzo peridotites contain 0.49-2.57 ppm of B,
0.24-4.91 ppm of Liand 0.07-0.92 ppm of Ba while the lizardite contain
1.80-75.11 ppm of B, 0.24-2.55 ppm of Li and 0.03-1.16 ppm of Ba.
Those contents are similar to those observed in minerals forming abys-
sal and ophiolitic serpentinized peridotites (Fig. 7). The boron enrich-
ment of lizardite, relative to primary minerals, is commonly observed
in oceanic samples where it is attributed to seawater circulation during
lizardite crystallization (Vils et al., 2008). This element is incorporated
in serpentine structure where it saturated around 200 ppm (Pabst
etal,, 2011). The similar Li and Ba contents of lizardite relative to prima-
ry minerals suggest that the Li and Ba content of lizardite are controlled
by primary phases (Vils et al., 2008).

During lizardite formation, we also observed the occurrence of a Eu
anomaly that could be attributed to hydrothermal fluid circulation
and/or to plagioclase destabilization (cf. Discussion about: 5.1.1. Trace
element behavior of serpentines in slightly serpentinized peridotites). The
petrological and trace element study do support plagioclase destabiliza-
tion. However, the B contents of lizardite are correlated to their Eu con-
tent (Fig. 10a). Furthermore, relative to primary host minerals, lizardite
is enriched in Eu attesting that their Eu concentration is not inherited.
Consequently, it seems more likely that interaction with hydrothermal
fluids, that contributed to a B enrichment in lizardite in intra oceanic
context, resulted in addition of Eu. This suggests that the oceanic
serpentinizing fluid leached Eu during fluid-rock interaction instead
of reacting with the plagioclase of the sampled peridotite.

During prograde metamorphism in the slab, different reactions
can accommodate the lizardite to antigorite transition (Oterdoom,
1978; Evans, 2004; Vils et al, 2011). In a water saturated open
system, the transition lizardite to antigorite can be written as
lizardite + SiO,(aq) — antigorite + H,O (Coleman, 1971; Evans,
2004). In a subduction context, the required influx of SiO, could be gen-
erated by sediment dehydration (Deschamps et al., 2011; Lafay et al.,
2013; Schwartz et al., 2013). Bebout et al. (1999) have shown that Sb
and As are good markers of sediment dehydration and recent studies
(Deschamps et al., 2011; Lafay et al., 2013) showed that this contamina-
tion is marked by a strong over-enrichment in Sb and As in antigorite
composition (Fig. 7). In the massif of Lanzo, the Sb composition of

serpentine remains unchanged from the oceanic denudation to subduc-
tion and exhumation and remains similar to that of the primitive mantle
(Fig. 7). The As content varies from 0.096 to 0.148 ppm in the lizardites
and to 0.017-0.086 ppm in the antigorites. Those values are lower than
those of antigorite from sediment/serpentinite systems (e.g. Queyras,
Lafay et al,, 2013); suggesting that the Lanzo massif was not contami-
nated by sediment-derived fluids during subduction. Furthermore, in
opposition to the accretionnary prism of the Queyras where serpentine
As content increases during the transition lizardite to antigorite (Lafay
et al,, 2013), the content of As in lizardite of the Lanzo massif decreases
with antigorite crystallization. Thus, it rather suggests that As would be
released from the slab in a fluid phase during prograde metamorphism.
This is in good agreement with Izu Bonin arc studies where few sedi-
ments are involved in the subduction and where mantle wedge
serpentinites display high As content relative to abyssal serpentinites
(Savov et al., 2005, 2007). Thus, the fluid released during the lizardite/
antigorite phase transition could also generate this type of enrichment
in mantle wedge serpentinites.

Prograde and retrograde antigorite display a similar B, Li and Ba con-
tent in MS and in the FS. They contain up to 0.48-8.46 ppm of B, 0.04-
1.00 ppm of Li and <0.01-0.26 ppm of Ba. Those values are lower
than the ones of lizardite. As previously observed by Vils et al. (2011),
the lizardite to antigorite transition leads to a loss of Li, B and Ba. This
is also in agreement with the fact that B is incorporated in serpentine
structure (Pabst et al., 2011), and can be released during the dissolu-
tion-recrystallization of lizardite to antigorite. Due to the high solubility
of Li, B and Ba in fluids, these results suggest that these elements should
be enriched in the fluids that were released from the system.

In contrast to the oceanic serpentinization, in SSP, Eu is immobile
during the first stage of lizardite breakdown into antigorite (cf. Discus-
sion about: 5.1.1. Trace element behavior of serpentines in slightly
serpentinized peridotites). In MS and FS, antigorite display no or negative
Eu anomalies relative to neighboring elements (Fig. 6). In those rocks,
the Eu content of antigorite is correlated with the B content diminution
(Fig. 9b). This suggests that Eu have a similar behavior as B and is re-
leased by fluid during lizardite breakdown. The Eu complexiation and
mobility is controlled by the chlorinity, the pH or the redox potential
of the fluid (Savov et al., 2005; Paulick et al., 2006; Savov et al., 2007).

Evans (2004) proposed the H,O-conserved reaction: Liz — Atg +
Brc. Nevertheless, in the studied samples, there is no brucite associated
with antigorite (Debret et al., 2013). Furthemore, our results provide
evidence of loss of several FME (As, Li, B and Ba) and Eu during lizardite
to antigorite transition. Those elements are highly mobile in fluids
suggesting that they are expulsed from the subducted lithosphere in a
fluid phase. Hence a conserved reaction for these elements cannot be con-
sidered in the Lanzo massif. As previously demonstrated there are no inlet
fluid during subduction, thus the lizardite to antigorite transition should
be written this way: lizardite — antigorite + MgO(aq) + H,O, rather
than with addition of silica lizardite + SiO,(aq) — antigorite + H0.

Prograde transition lizardite to antigorite is expected to contribute
to the FME enrichment of mantle wedge peridotite and serpentinite
(Hattori and Guillot, 2007). The compositions and patterns of mantle
wedge antigorite display similar B, Li and Ba contents and higher As
and Sb content (Deschamps et al., 2010) than those reported from oce-
anic context (Vils et al., 2008; Andreani et al., 2009, Fig. 6). Their pat-
terns do not display negative Eu anomaly (Deschamps et al., 2010).
Our results show that the fluid released during lizardite breakdown
carry B, Li, Ba, As and Eu. That fluid could contribute to form FME rich
antigorite in the mantle wedge peridotite. Arc magmas and their prima-
ry melt inclusions are also enriched in some FME (e.g. B, Li, As) relative
to MORB or OIB suggesting that those elements are transferred from the
slab to the arc magma source in deep mantle (Ryan et al., 1995; Noll
et al,, 1996). Nevertheless, those elements seem to be mostly released
from slab serpentinites in the first 70 km of subduction into the
serpentinized mantle wedge and thus before peridotite melting. As it
was first proposed by Savov et al. (2007), this observation suggests
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Fig. 10. (a) Plot of Eu versus B of lizardite of SSP. (b) Plot of Eu versus B of antigorite and secondary olivine composing the serpentinites (MS, FS and metamorphic veins) of Lanzo massif.

that mantle wedge serpentinites have to be dragged down to the deep
mantle in order to participate to arc magma chemistry.

5.2. Metamorphic veins

The massive ultramafic rocks (SSP and MS) of Lanzo massif display
an interconnected network of metamorphic veins containing high pres-
sure assemblages (Fig. 3). The preferential crystallization of secondary
olivine in those veins, relative to the host rocks, attests that those
veins localized the fluid release and behaved as high permeability reac-
tion zones (Gao and Klemd, 2001; John et al., 2007).

5.2.1. Behavior of trace element during the lizardite breakdown to
antigorite and secondary olivine

The trace element compositions of the prograde antigorite/chlorite
(Fig. 8) are identical suggesting that these minerals crystallized after
the same mineralogical assemblages. They display positive Zr and Hf
(Zry/Smy = 1.21-2.91) anomalies and a HREE enrichment relative to
MREE (Gdyn/Yby = 0.39-0.66). The fractionation of HFSE and HREE
indicates a fluid release during the formation of prograde antigorite
(Garrido et al., 2005).

When the composition of the lherzolite is used as a reference value
for normalizing trace element concentrations (Fig. 11), the variation of
trace element content between antigorite in metamorphic veins, and
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Fig. 11. Mean value of trace elements of the prograde and retrograde antigorites and chlo-
rite of the metamorphic veins and serpentinite host rocks normalized to the composition
of the slightly serpentinized lherzolite. The prograde and retrograde antigorites of the host
rock do no show fractionations of trace elements relative to the initial protholite compo-
sition during the successive serpentinization steps occurring from the ridge to the subduc-
tion. The prograde antigorite/chlorite of the metamorphic veins fractionate HREE and
HFSE demonstrating a different behaviour during serpentinization processes.

antigorite in host rock, suggests that veins had a different behavior
from host rock during fluid rock interactions. On Fig. 11, the prograde
and retrograde antigorite trace element concentration is inferior to
1. This suggests a dilution of trace element resulting from the volume
increased during serpentinization process (Mével, 2003). These
lherzolite-normalized patterns also show a flat pattern from LREE to
HREE, confirming that their formation is globally isochemical.

Small amounts of water can transport trace elements from the host
rock to high permeability veins without significantly changing the
host rock element budget (Liebscher, 2004). The fluid flow within the
veins will create locally higher fluid rock ratio allowing the transport
of trace element to long distance, until they eventually exit the massive
compartments (SSP and MS). The prograde antigorites composing the
metamorphic veins probably crystallized after the enriched fluid circu-
lating within the high permeability veins, thus explaining their trace el-
ement enrichments.

Relative to primary olivine (Yb = 0.01-0.4 x Cl-chondrite,
Nb << 1 ppb, Ta, = 0.02, Zr, < 0.004, Hf << 1 ppb), the secondary ol-
ivines are enriched in HREE (Yb = 0.66-0.75 x Cl1-chondrite) and
HFSE (Nb, = 0.02-0.06, Ta, = 0.01-0.04, Zr, = 0.04-0.06, Hf, =
0.04-0.06, Fig. 8 and Table 4). These HREE and HFSE positive anomalies
relative to elements of similar compatibility have already been observed
in secondary olivine from Cerro Del Almirez massif (Garrido et al.,
2005). It suggests that those anomalies could be typical of secondary ol-
ivine crystallization.

In contrast to the lizardite to antigorite transition, the antigorite to
olivine transition releases a great quantity of water (Scambelluri et al.,
2004). The lower trace element contents of secondary olivine relative
to prograde antigorite require high water/rock ratio to transport trace
elements away from the dehydrating zones (John et al,, 2007), implying
that the formation of the metamorphic veins by dehydration occurred
in an open system. The high fractionation of HFSE, HREE and Sr, relative
to element of similar compatibility, indicates that the out coming fluid
in equilibrium with metamorphic veins is depleted in HFSE, HREE and
Sr relative to L-MREE. The immobility of HFSE and HREE has already
been observed in subduction zones (Garrido et al., 2005; Savov et al.,
2005, 2007). These elements are not released in the fluid during slab de-
hydration and will stay in the slab at greater depth.

5.2.2. Behavior of FME in the metamorphic veins

Antigorite and olivine from metamorphic veins are respectively
enriched in Rb and B, or Li relative to antigorite from SSP, MS and FS
(Fig. 7). This relative enrichment of LILE in transport veins has already
been observed in eclogitic veins (John et al., 2007) where it is
interpreted as carried by the external fluid circulation. Indeed, the
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fluid circulating into the metamorphic veins mainly mobilizes LREE and
LILE relative to HREE and HFSE. The newly formed minerals are able to
scavenge the FME during their crystallization.

Relative to prograde antigorite composing the metamorphic veins,
the secondary olivines display lower B, Sb and Rb (Fig. 7). This confirms
that B is also removed during antigorite breakdown and is good tracer of
serpentine dehydration in subduction zones (Scambelluri and Tonarini,
2012). The Sr and Rb are released at deep levels of subduction, only dur-
ing the antigorite breakdown, by fluids and possibly transported to the
mantle wedge.

6. Conclusions

During subduction, the oceanic structure is preserved, at the Moho
the peridotites are poorly serpentinized (<20% serpentinization)
while the upper part of the lithosphere is mainly made up of
serpentinite. The most serpentinized part of the oceanic lithosphere
(>20% serpentinization) accommodates preferentially the deformation
during subduction and exhumation history. This favors fluid circulation
and its complete recrystallization in antigorite while the peridotite is
poorly deformed and preserves the oceanic serpentinization.

In the upper part of oceanic lithosphere, the deformation and the
high fluid circulation enhances the mobility of trace element and per-
mits their redistribution and the homogenization of antigorite composi-
tion at massif scale (Fig. 12). The successive crystallization of lizardite
and antigorite do not fractionate the lherzolite trace element composi-
tion indicating that the serpentinization is a homogenization process
globally isochemical (Fig. 11). At the Moho and in the lower part of
the lithosphere, the low fluid/rock ratio does not permit high trace ele-
ment mobility and the redistribution of trace element is limited at the
outcrop scale. However, locally, the observation of metamorphic veins,
containing high pressure assemblages (prograde antigorite/chlorite
and secondary olivine) that highly fractionate HFSE and HREE relative
to serpentine of the host rock (Fig. 11), attests that those fluid flow
channels are able to transport trace element to long distance. The trans-
port of fluid — and thereby of trace element — into these fluid flow
channels suggests that the lower part of the oceanic lithosphere can
contribute to the water recycling of subduction zone.

Our results show evidences of loss of FME and Eu during lizardite to
antigorite and then antigorite to secondary olivine phase transitions.

The good complementarity of these results with previous works realized
on mantle wedge serpentine (Savov et al., 2005, 2007; Deschamps et al.,
2010) strongly suggests that those elements are continuously removed
from the slab to the mantle wedge during the devolatilisation of the oce-
anic lithosphere in subduction context.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2013.08.025.
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