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ABSTRACT

In the Western Alps, the ophiolitic Zermatt–Saas Zone (ZSZ) and the Lago di Cignana Unit (LCU) re-
cord oceanic lithosphere subduction to high (540�C, 2�3GPa) and ultra-high pressure (600�C,

3�2GPa), respectively. The top of the Zermatt–Saas Zone in contact with the Lago di Cignana Unit

consists of olivine þ Ti-clinohumite-bearing serpentinites (the Cignana serpentinite) hosting olivine

þ Ti-clinohumite veins and dykelets of olivine þ Ti-chondrodite þ Ti-clinohumite. The composition

of this serpentinite reveals a refertilized oceanic mantle peridotite protolith that became

subsequently enriched in fluid-mobile elements (FME) during oceanic serpentinization. The olivine

þ Ti-clinohumite veins in the Cignana serpentinite display Rare Earth Element (REE) and FME com-
positions quite similar to the host-rock, which suggests closed-system dehydration of this serpent-

inite during subduction. The Ti-chondrodite-bearing dykelets are richer in REE and FME than the

host-rock and the dehydration olivine þ Ti-clinohumite veins: their Nd composition points to a

mafic protolith, successively overprinted by oceanic metasomatism and by subduction zone re-

crystallization. These dykelets are comparable in composition to eclogites within the ultra-high

pressure LCU that derive from subducted oceanic mafic crust. Different from the LCU, serpentinites
from the core domains of the ZSZ display REE compositions indicating a depleted mantle protolith.

The oceanic serpentinization of these rocks led to an increase in FME and to seawater-like Sr iso-

tope compositions. The serpentinites sampled at increasing distance from the ultra-high pressure

LCU reveal different mantle protoliths, still preserve an oceanic geochemical imprint and contain

mafic dykelets affected by oceanic metasomatism. The subduction zone history of these rocks thus

occurred under relatively closed system conditions, the only possible change during subduction

being an enrichment in As and Sb recorded by the serpentinites closer to the crustal LCU. The ZSZ
and Cignana serpentinites thus likely evolved in a slab setting and were weakly exposed to inter-

action with slab-derived fluids characteristic of plate interface settings. Our data suggest two pos-

sible scenarios for the evolution of the studied ZSZ and Cignana serpentinites. They are either part

of a coherent ophiolite unit whose initial lithospheric mantle was variably affected by depletion and

re-fertilization processes, or they belong to separate tectonic slices derived from two different

oceanic mantle sections. In the Cignana serpentinite atop the ZSZ, the presence of Ti-chondrodite
dykelets similar in composition to the LCU eclogites suggests these two domains were closely
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associated in the oceanic lithosphere and shared the same evolution to ultra-high pressure condi-

tions during Alpine subduction.

Key words: subduction; serpentinite; oceanic crust; ultra-high pressure metamorphism; fluid–rock
exchange; element transfer; Lago di Cignana; Ti-chondrodite

INTRODUCTION

Serpentinites strongly impact the geochemical cycles of

volatiles and fluid mobile elements (FME) and the tec-

tonics of subduction zones (Gerya et al., 2002;

Deschamps et al., 2013; Spandler & Pirard, 2013;

Scambelluri et al., 2015; Kendrick et al., 2017). Their cap-

acity to transport water (Ulmer & Trommsdorff, 1995)

and mobile elements to great depths makes them like

‘sponges’ (Deschamps et al., 2011), whose behaviour

during hydration and dehydration processes affects the

chemical and physical properties of both slabs and

overlying mantle wedge (Rüpke et al., 2004; Reynard,

2013). In the last decades, numerous studies investi-

gated the serpentinite contribution to arc magmatism

(Iwamori, 1998; Rüpke et al., 2004; Scambelluri et al.,

2004a, 2004b, 2015, 2016; Savov et al., 2005; Abers

et al., 2009; Deschamps et al., 2011, 2013; John et al.,

2011; Kendrick et al., 2011; Scambelluri & Tonarini,

2012; Debret et al., 2013a, 2013b; Ryan & Chauvel, 2013;

2014; Cannaò et al., 2015; Ribeiro & Lee, 2017) and its

involvement in exhumation tectonics (Hermann et al.,

2000; Schwartz et al., 2001). Some of these studies

show that interaction with subduction fluids can vari-

ably reset the geochemical fingerprint of oceanic ser-

pentinite (high B, U/Cs, relatively high As, Sb and

marine 87Sr/86Sr, d11B; Kodolányi et al., 2012; Peters

et al., 2017). These rocks are thus reliable tracers of

fluid–rock interactions affecting the mantle in oceans

and in subduction zones: in the latter case, geochemis-

try can help reconstructing the provenance of serpent-

inite involved in subduction tectonics and emplaced in

orogens (Hattori et al., 2005; Deschamps et al., 2011,

2013; Scambelluri & Tonarini, 2012; Lafay et al., 2013;

Cannaò et al., 2015, 2016; Scambelluri et al., 2015;

Peters et al., 2017).

Increasing importance is now given to the interface

between converging plates, where serpentinite is either

part of large tectonic slices and/or mélanges atop the

slab (Bebout, 2007; Angiboust et al., 2014; Scambelluri

et al., 2014; Guillot et al., 2015; Cannaò et al., 2016), or

derives from hydration of supra-subduction zone man-

tle (Guillot et al., 2001; Bostock et al., 2002; Savov et al.,

2005; Ryan & Chauvel, 2013), This implies complex geo-

metries with strain localization in 100–500 m thick ser-

pentinite shear zones enveloping less deformed bodies

of oceanic mantle, crust and metasediments (Guillot

et al., 2001; Angiboust et al., 2011, 2012b, 2012c, 2014).

Understanding geometries and geochemical exchange

processes in such settings helps to unravel the timing

of coupling–decoupling of different oceanic slices and

their accretion at the plate interface. These processes

can be tackled by defining an origin (slab, supra-

subduction zone mantle?) of rocks tectonically accreted

to the subduction interface and, for this purpose, the

serpentinized mantle rocks can provide important infor-

mation (Scambelluri & Tonarini, 2012; Deschamps

et al., 2013; Cannaò et al., 2016; Peters et al., 2017).

The ophiolitic domains in the Western Alps are a

well-known fossil subduction zone, where large slices

of serpentinized mantle were tectonically accreted

along the subduction interface at various evolutionary

stages (Angiboust et al., 2012a; Cannaò et al., 2016).

The trace element and isotopic composition of these

serpentinites can display an anomalous increase in As,

Sb, Pb and in radiogenic Sr and Pb above standard sea-

water levels, which points to influx of sediment and

crust-derived fluids during their prograde to peak em-

placement atop the slab into the subduction interface

(Abers et al., 2009; Scambelluri et al., 2014; Cannaò

et al., 2015, 2016; Scambelluri et al., 2019). Here we pro-

vide a petrologic and geochemical study of the high-

pressure (HP) Zermatt–Saas Zone serpentinite (ZSZ;

Fig. 1) and of the associated ultra-high pressure (UHP)

oceanic crust of the Lago di Cignana Unit (LCU; Figs 1,

2) to constrain the subduction history of serpentinized

oceanic mantle and to shed light on the formation

mechanisms of the Alpine plate interface. We sampled

serpentinites at increasing distance from the UHP Lago

di Cignana Unit (Fig. 2), to test whether transition from

the LCU into the ZSZ is accompanied by changes in P–T

conditions and in the trace element and isotopic (Sr, Pb)

composition of serpentinites. By comparing the geo-

chemical and isotopic imprint of serpentinites near the

LCU with those from core domains of the ZSZ, we aim

at defining the origin of these mantle rocks within the

Tethys Ocean and at testing if they behaved as closed

or as open systems during subduction. This will shed

light on the origin and behaviour of the ZSZ mantle

rocks during subduction, on their potential setting with-

in the Alpine subduction zone and on the possible struc-

ture of the Alpine subduction interface.

GEOLOGIC AND PETROLOGIC BACKGROUND

The Piedmont Ophiolite Nappe of the Western Alps is a

remnant of the Mesozoic Piemontese Ocean subducted

to HP–UHP conditions during the Alpine orogeny (Dal

Piaz, 1999 and references therein). In Valtournenche

(Aosta Valley, Italy), the Piemonte Ophiolite Nappe con-

sists of a tectonic pile divided into the Combin Zone on

top and the Zermatt–Saas Zone at the bottom. These HP
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ophiolite units are underlain by the eclogite facies Mt.

Rosa continental slice and are overlain by the Dent

Blanche klippe (blueschist facies) and Sesia–Lanzo

(eclogite facies) continental units. The Combin Unit

(Fig. 1) consists of flysch-type calcschists, metamor-
phosed conglomerates, quartzites, dolostones and sedi-

mentary breccias, hosting metabasic volcanoclastic

layers and olistoliths (Dal Piaz, 1965; Bearth, 1967), fol-

lowing a lithostratigraphic sequence comparable with

the non-metamorphic Northern Apennine ophiolites

(External Ligurides; Elter & Pertusati, 1973). The Combin

Unit equilibrated in epidote–blueschist facies during the

Eocene (300–450�C and �0�9 GPa; �44 Ma; Reddy et al.,

1999). The Zermatt–Saas Zone consists of: (1) serpenti-
nized mantle peridotite (Li et al., 2004; Rebay et al., 2012;

Luoni et al., 2018), (2) Fe–Ti and Mg–Al metagabbros and

metabasalts predominantly (Bearth, 1967; Bucher et al.,

2005) and subordinate oceanic metasediments (Mn-rich

Fig. 1. Simplified geological sketch and block diagram of the Western Alps around the Zermatt–Saas Zone (redrawn after Dal Piaz
et al., 2001). Upper Austroalpine outliers: DB, Dent Blanche; VP, Valpelline Unit; MM, Mt. Mary; P, Pillonet; Sesia–Lanzo Inliers (SL):
II–DK, Dioritic–kinzigitic; Gm, Gneiss Minuti; Emc, Eclogitic Micaschist; Inner Penninic: MR, Monte Rosa; AB, Arcesa–Brusson; GP,
Gran Paradiso; Mid Penninic: SB, Grand St. Bernard; Outer Penninic: VA, Valais Zone; PF, Penninic Front; Helvetic (HE): MB, Mt.
Blanc; Piemonte Zone: CO, Combin; ZS, Zermatt–Saas; A, Atrona; Lower Austroalpine Outliers: EM, Mt. Emilius; GR, Glacier–
Rafray; S, Santanel; TP, Tour Ponton; AR, Acque Rosse; E, Etirol–Levaz; C, Lago di Cignana Unit; Ch, Chatillon; SV, St. Vincent;
major Alpine faults: SF, Simplon Fault; CL, Canavese Line; ARF, Aosta–Ranzola Fault.
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quartzites, calc-schists and marbles; Dal Piaz, 1979;

Bearth & Schwandler, 1981). These rocks record eclogite

facies metamorphism at 520þ 20�C and 2�3 GPa and

retrograde re-equilibration under blueschist and greens-

chist facies conditions (Angiboust et al., 2009). The con-

tact zone between the ZSZ and Combin hosts several

minor bodies of continental and oceanic rocks of differ-

ent age, pressure–temperature evolution and proven-

ance (Teodulo, Etirol–Levaz, Allalin Gabbro, Cignana;

Kienast, 1983; Bucher & Grapes, 2009; Beltrando et al.,

2010; Skora et al., 2015). The ophiolitic Lago di Cignana

Unit underwent Eocene subduction to > 90 km (3�2 GPa,

550�C) representing the greatest depths ever recorded

by the Alpine–Himalayan oceanic crust (Fig. 1; Reinecke,

1998; Groppo et al., 2009; Frezzotti et al., 2011).

Previous work on Zermatt serpentinite from

Valtournenche (Rebay et al., 2012; Zanoni et al., 2011)

showed that this area records oceanic hydration and

Alpine subduction, featuring three deformation events

(D1, prograde; D2, peak; D3, retrograde) related to recrys-

tallization of antigorite and metamorphic olivine. D1

develops an antigorite foliation (S1); Olivine þ Ti–clino-

humite þ magnetite veins cut the S1 foliation and are, in

turn, deformed and stretched along an olivine-bearing

foliation (S2). Late crenulation (D3) and open folding

deforms the pervasive HP S2 foliation and develops a

weak, antigorite þ chlorite foliation (S3). Zircons associ-

ated with the HP S2 foliation in serpentinite give an age

of about 65�5 6 5�6 Ma (Rebay et al., 2018). Using thermo-

dynamic modelling of Zermatt serpentinites directly

underlying the Lago di Cignana Unit, Rebay et al. (2012)

report peak pressure estimates of 2�7 GPa. Luoni et al.

(2018) recently attributed formation of Ti-chondrodite-

bearing assemblages in the ZSZ serpentinite to a stage

of UHP metamorphism; a similar conclusion was pro-

posed by Zanoni et al. (2016), who suggested that the

(a)

(b)

Fig. 2. Simplified geologic sketch of and profile (A–A’–A’’) through the Lago di Cignana Unit, modified after Forster et al. (2004) and
Groppo et al. (2009). (1) Austroalpine domain (Arolla Unit); (2) Combine Zone; (3) Pancherot Unit; Zermatt–Saas Zone: (4) Prasitites
with eclogites, (5) Mg–Al metagabbros, (6) UHP Fe–Ti gabbros and metasediments of the Lago di Cignana Unit and (7)
serpentinites.
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ZSZ is a composite tectonic slice that contains an UHP

domain recording higher pressure conditions than the

rest of the ZSZ unit. However, geochemical characteriza-

tion of serpentinite from Zermatt–Saas and around the

UHP Cignana unit has not been made.

Most of the ZSZ shows concordant peak metamorphic

conditions (Fig. 3; Angiboust et al., 2009) and ages (41–

38 Ma, Skora et al., 2015). However, near the contact with

the Combin Unit there is greater complexity. Here,

oceanic and continental slices of different provenance,

P–T histories, and metamorphic ages occur within oliv-

ine– and Ti-clinohumite-bearing serpentinites (Etirol–

Levaz: Kienast, 1983; Beltrando et al., 2010; Pfulwe:

Skora et al., 2015; Allalin Gabbro: Bucher & Grapes,

2009; Teodulo Glacier Unit: Weber & Bucher, 2015; Lago

di Cignana Unit: Reinecke, 1998; Groppo et al., 2009;

Frezzotti et al., 2011). The Lago di Cignana Unit, cropping

out south of the Cignana artificial lake, is one of these sli-

ces. Cignana is a small slice made of eclogite, deriving

from MORB-type oceanic mafic crust, associated with

oceanic sediments; it is tectonically sandwiched between

the lower ZSZ and the overlying Combin and Dent

Blanche Units (Reinecke, 1991; Reinecke, 1998). The pe-

culiar feature of the Cignana crustal section is that it

equilibrated under ultra-high pressure (UHP) conditions

during the Alpine event (600�C, 3�2 GPa; Fig. 3; Reinecke,

1998; Groppo et al., 2009), witnessed by the presence of

coesite inclusions in mafic rocks and metasediments

(Reinecke, 1991; 1998; Frezzotti et al., 2011 and of micro-

diamonds in meta-sediments (Reinecke, 1991; 1998;

Frezzotti et al., 2011). Pressure estimates of up to 3�6 GPa

derive from microdiamond occurrence (Frezzotti et al.,

2011). U–Pb zircon ages of the Cignana eclogite yield an

average of 44�1 6 0�7 Ma, interpreted to date the peak

subduction event (Rubatto et al., 1998). Rb–Sr cooling

ages on white mica in Cignana metasediments indicate

rapid exhumation at �38 Ma (Amato et al., 1999). Based

on the Lu–Hf ages of rocks from different domains of the

ZSZ, Skora et al. (2015) suggested that the structurally

higher parts of this unit (Lago di Cignana, Pfulwe,

Chamois) record peak subduction ages of 50 Ma, i.e.

older than the 43–39 Ma peak subduction age of the

remaining core portion of the ZSZ.

ANALYTICAL METHODS

Bulk-rock major element concentrations were meas-

ured either by XRF at the Activation Laboratories in

Fig. 3. P–T path for the Lago di Cignana Unit after Groppo et al., 2009 and geothermobarometric estimates for the Zermatt–Saas
Zone eclogites (Angiboust et al., 2009; Groppo et al., 2009) and serpentinites (Rebay et al., 2012).
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Toronto, Canada, or by the laser-ablation ICP-MS nano-

particulate pressed powder pellet (LA-ICP-MS-PPP)

technique at the University of Bern, Switzerland (Peters

& Pettke, 2017). Trace element measurements were

done either by liquid-mode ICP-MS at the University of

Montpellier, France, or by LA-ICP-PPP at the University
of Bern, Switzerland. The use of two different analytical

methods arises for: 1) validating the new LA-ICP-PPP

method recently developed by Peters & Pettke (2017)

and 2) analysing key trace elements in serpentinite (e.g.

B), often not available from liquid ICP-MS data due to

incomplete sample dissolution (e.g. zircon or chromite)

or polyatomic interferences resulting from the dissol-

ution acids employed (e.g. (35Cl40Ar)þ on 75 Asþ). Data

are reported and compared in Table 2. For example, the
solution trace element data shows lower Zr and Hf con-

centrations with respect to LA-ICP-PPP, in eclogites and

metasediments, indicating incomplete solution of a

ZrþHf-rich phase (likely zircon), or sub-mg/g concentra-

tions of As are overestimated in liquid ICP-MS data.

Liquid mode ICP-MS followed the procedures

described in Ionov et al. (1992) and in Godard et al.

(2000). 100 mg powdered sample aliquots were dis-
solved in a HF/HClO4 mixture in screw-top Teflon

beakers and then diluted for measurement by a factor

of 1000, 2000 and 4000 for ultramafic, mafic and silicic

rocks, respectively, using an Agilent 7700X quadrupole

ICP-MS. External calibration solutions employed were

multi-element standard solutions (Merck) except for Nb

and Ta, and In and Bi were used as internal standards.

To avoid memory effects due to the introduction of con-
centrated Nb–Ta solutions into the instrument, Nb and

Ta concentrations were determined by using, respect-

ively, Zr and Hf as internal standards. This surrogate

calibration technique is adapted from the method

described by Jochum et al. (1990) for the determination

of Nb by spark-source mass spectrometry. Scandium,

V, Mn, Co, Ni, Cu, Zn and As were measured in helium

cell gas mode, to reduce polyatomic interferences.
Reproducibility and accuracy of analyses were moni-

tored by measuring, as unknowns, the standards

BHVO-1, BE-N and OU6 (used for trace-element rich

rocks, such as gneiss, micaschist and black-wall), BIR-1

and MRG1 (for intermediate mafic rocks), and UB-N, JP-

1 and DTS-1 (for depleted chlorite harzburgite).

Bulk-rock measurements performed by LA-ICP-MS-

PPP follow the procedures documented in detail by

Peters & Pettke, 2017. The sample processing proced-
ure comprised the following steps: (1) dry milling of

crushed rock powder; (2) subsequent wet milling of

�2�2 g of rock powder in 5�6 g of high purity water, all in

agate milling equipment using a Retsch PM 100 planet-

ary ball mill, to obtain an average powder grain size of a

few mm; (3) the sample suspension was then dried

down on a hot plate under a fume hood at 70�C; (4) the

production of the pressed powder pellets involves hom-
ogenization of the dried powder and mixing by hand of

120 mg rock powder with 30 mg of microcrystalline cel-

lulose as binder, using a small agate mortar and pestle

and then pressing robust pellets in a manual hydraulic

press at 500 MPa using an in-house built steel appar-

atus. The resulting pellets were measured at 6 spots

each with a laser beam size of 120mm, an energy dens-

ity of 5 J/cm2 at a repetition rate of 10 Hz, and calibrated

by bracketing standardisation employing the United
State Geological Survey (USGS) basalt glass GSD–1G.

LA-ICP-MS measurements were done using a Geolas

Pro 193 nm ArF excimer laser coupled with an Elan

DRC-e ICP-MS at the University of Bern, Switzerland.

Instrument optimisation procedures followed those

detailed in Pettke et al. (2012). Data reduction employed

SILLS (Guillong et al., 2008), and 100 wt % minus LOI

(wt %) was used as the internal standard for quantifica-

tion. Due to lack of data on Fe3þ/Fe2þ, total iron was cal-
culated as FeO. Analytical accuracy was monitored by

measurement of BCR–2 and MUH-1 standard as PPP,

and data correspond to the long-term averages

reported in Peters & Pettke (2017), except for Be and Cd,

for which measurements near the respective limits of

detection can produce strong overestimates (Peters &

Pettke, 2017).

Radiogenic isotope ratio measurements were per-
formed at IGG-CNR of Pisa (Italy), using a Finnigan MAT

262 multiple collector thermal ionisation mass spec-

trometer (TIMS) for Sr and Pb, and a Thermo Neptune

Plus Multi-Collector ICP-MS for Nd. For Pb, the instru-

ment was operated in static mode. Lead fractions were

purified with conventional ion chromatography using

Dowex AG1-X8 anion resin, using standard HBr and HCl

elution procedures. Lead was loaded on single Re
(99�999% pure) filaments with TEOS solution and meas-

ured at a pyrometer-controlled temperature of 1310�C.

Replicate analyses of Pb standard SRM981 yielded iso-

tope ratios that are accurate to within 0�025% (2SD) per

mass unit, after applying a mass bias correction of

0�15 6 0�01% per mass unit relative to the NIST SRM

981 reference composition of Todt et al., 1996. Lead

blanks were of the order of 0�2–0�4 ng during the period
of chemistry processing, hence no blank correction was

made. Strontium isotope ratio measurements were per-

formed in dynamic mode. Strontium fractions were

purified using Sr-spec ion exchange resin. Instrumental

mass fractionation was corrected by internal normalisa-

tion of 87Sr/86Sr according to the IUPAC value of
87Sr/86Sr ¼ 0�1194 (Meija et al., 2016). Replicate meas-

urements of the NIST SRM 987 (SrCO3) standard gave

an average value of 0�710207 6 13 (2SD, n¼ 47). Data
are corrected for inter-laboratory bias by matching the

SRM987 value to 87Sr/86Sr ¼ 0�710248 (McArthur et al.,

2001). Throughout the full chemical process, the Sr

blanks were approximately 0�3 ng, which are negligible

for the analysed samples (0�3–0�5 g of sample, depend-

ing on Sr content). Nd was purified from the matrix in a

two steps process, first collecting REE eluates from con-

ventional cation columns equipped with AG 50 W-X8
200–400 mesh resin, and then extracting Nd from other

REE using Eichrom Ln resin. Nd eluates were dried,

then dissolved in 2% HNO3 solution and measured in
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static mode with a Thermo Neptune Plus, MC-ICP-MS,

equipped with 1011- and 1012-Ohm resistors. Blanks

were negligible, thus no blank correction was per-

formed, 144Sm interference over 144Nd was calculated

using 147Sm, however this correction also had a negli-

gible effect on the final ratio. Instrumental mass frac-

tionation was corrected by internal normalisation of
143Nd/144Nd according to the IUPAC value of
146Nd/144Nd ¼ 0�7219 (Meija et al., 2016). Seventeen rep-

licates of the standard J Nd Replicate analyses of JNdi-

1 standard (Tanaka et al., 2000) gave an average value

of 0�512098 6 6 (2SD).
In situ major element (SiO2, TiO2, Al2O3, Cr2O3, FeO,

MgO, MnO, CaO, NiO, Na2O and K2O) compositions of

minerals (Tables 4–6) were measured using a JEOL JXA

8200 Superprobe equipped with five wavelengths dis-

persive (WDS) spectrometers, an energy dispersive

(EDS) spectrometer, and a cathodoluminescence de-

tector (accelerating potential 15 kV, beam current

15 nA), operating at the Dipartimento di Scienze della

Terra, University of Milano. The measurements of all

elements were performed with a 30 second counting

time.

RESULTS

Petrography and microstructures
We sampled HP and UHP rocks along a profile from the

internal part of the ZSZ into the LCU unit (see Fig. 2 and

Table 1). The tectonic units sampled include: (1) the HP

serpentinite from the Zermatt–Saas Zone, in the area

described in Rebay et al. (2012); (2) the Lago di Cignana

UHP Unit (basaltic eclogite and metasediment); and (3)

the serpentinite directly in contact with the UHP Lago di

Cignana Unit, referred to here as the Cignana serpentin-

ite, together with Ti-clinohumite and Ti-chondrodite-

bearing dykelets within this serpentinite.

Zermatt–Saas Zone serpentinite
The Zermatt–Saas Zone serpentinite crops out in a

structurally lower area with respect to the Lago di

Cignana Unit (Fig. 2); three samples of Zermatt serpent-

inite (ZSG1405, ZSG1406, ZSG1410) were investigated

in detail. The samples display a well-developed antigor-

ite (Atg) þ olivine (Ol) þ diopside (Di) 6 magnetite

(Mag) foliation (S2) that is parallel to boudinaged rodin-

gite dykes and deforms an earlier (S1?) antigorite foli-

ation and/or wraps around less deformed serpentinite

domains. This S2 foliation and the less deformed ser-

pentinite include pre-kinematic clasts of former mantle

clinopyroxene (Cpx), overgrown by bastite and/or meta-

morphic diopside, and relicts of mesh textured serpen-

tine þ magnetite after mantle olivine (Fig. 4a, b).

Aggregates of metamorphic diopside are stretched

along the main foliation or replace former mantle clino-

pyroxene porphyroclasts. Sample ZSG1406 contains

fragments of olivine þ Ti-clinohumite (Ti–Chu) veins,

locally showing tiny Ti-chondrodite (Ti–Chn) relict

grains (Fig. 4c).

Lago di Cignana eclogite and metasediments. We

studied five metasediment samples comprising meta-

quartzite (LCG1414, LCG1415), calcschist (LCG1416A,

LCG1416B) and marble (LCG1501), in addition to one

basaltic eclogite (LCG1401; Table 1).

The eclogite LCG1401 (Fig. 5a) consists of garnet

(Grt), omphacite (Omp), paragonite (Pg), and rutile (Rt).

Garnet has inclusion-rich cores, mostly coesite (Coe;

identified by Raman spectroscopy), quartz (Qz),

phengite, zircon (Zrn), rutile and apatite (Ap), and inclu-

sion-poor rims. Omphacite occurs as large (mm-sized)

crystals, generally zoned from core to rim. The eclogite

shows various degrees of re-equilibration along an in-

cipient foliation defined by blue- and/or greenschist fa-

cies minerals, mostly glaucophane (Gln) after

omphacite and chlorite (Chl) and barroisite (Brs) after

garnet. Amongst the collected eclogites, sample

Table 1: Studied samples and their mineral assemblages from the Lago di Cignana Unit (LCU) and from the Cignana and Zermatt
(ZSZ) serpentinites

Sample Name Rock Type Peak metamorphic assemblage GPS coordinates

Northing Easting

LCU LCG1401 Eclogite Omp, Grt, Rt, Pg 5081691 390860
LCG1414 Quartzite Qz, Grt, Ph, Ep 5081468 390669
LCG1415A Quartzite Qz, Tur, Grt, Ph, Ep 5081468 390669
LCG1416A Calcschist Cal, Qz, Grt, Ph, Ep, Pg 5081405 390653
LCG1416B Calcschist Cal, Qz, Grt, Ph, Ep, Pg 5081405 390653
LCG1501 Impure marble Cal, Qz, Grt, Ph, Ep, Pg 5081405 390653

Cignana serp. ZSG1402 Ti-chondrodite vein Ti-Chn, Ti-Chu, Ap, Ol, Chl, Di, Ilm, REE-phases 5080411 390635
ZSG1502 V Ti-clinohumite vein Ti-Chu, Ol, Chl, Di, Ilm, Mag, Atg 5079863 390554
ZSG1507 V Ti-clinohumite vein Ti-Chu, Ol, Chl, Di, Ilm, Mag, Atg 5079808 390474
ZSG1403 Serpentinite Atg, Ol, Di, Chl, Mag 5080411 390635
ZSG1502 S Serpentinite Atg, Ol, Di, Chl, Mag 5079863 390554
ZSG1507 S Serpentinite Atg, Ol, Di, Chl, Mag 5079808 390474
ZSG1510 Serpentinite Atg, Ol, Di, Chl, Mag 5079908 390620

ZSZ ZSG1405 Serpentinite Atg, Ol, Di, Chl, Mag 5070553 395494
ZSG1406 Serpentinite Atg, Ol, Di, Chl, Mag 5070553 395494
ZSG1410 Serpentinite Atg, Ol, Di, Chl, Mag 5081230 392593
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Table 2: Major (wt %) and trace element (mg/g) composition of eclogite and metasediments from the Lago di Cignana Unit, Cignana
serpentinites and Ti-bearing veins, and of Zermatt serpentinite. Samples were analysed for major elements (d.l. ¼ 0�01 wt %) and V
(d.l. 5mg/g), Be, Sr, Zr (d.l. 2 mg/g), Sc, Y, and Ba (d.l. 1mg/g) by Fusion-ICP-MS at Act-Lab, Canada. Trace elements were analysed by
liquid ICP-MS at Geosciences Montpellier (France). Detection limits (d.l.) can be found in Godard et al. (2000). All samples were ana-
lysed for major and trace elements by PPP-LA-ICP-MS at the University of Bern

Lago di Cignana Unit

Eclogite Quartzite Calcschist

LCG1401 LCG 1414B LCG 1415A LCG 1416A LCG 1416B LCG 1501

FUS ICP PPP FUS ICP PPP FUS ICP PPP FUS ICP PPP FUS ICP PPP PPP

SiO2 46�89 49�18 78�28 79�36 71�24 72�43 33�96 37�46 49�45 51�11 29�69
TiO2 2�49 2�37 0�219 0�23 0�454 0�44 0�131 0�14 0�182 0�19 0�1
Al2O3 15�77 14�55 7�44 6�96 11�73 10�96 3�38 3�12 4�77 4�36 2�59
Fe2O3(T) 10�65 10�55 4�15 3�99 5�18 4�96 1�79 1�85 2�12 2�14 1�6
MnO 0�173 0�17 3�679 3�37 0�234 0�24 0�371 0�38 0�424 0�44 0�39
MgO 6�07 5�83 1�17 1�14 1�8 1�72 0�81 0�95 0�8 0�82 0�94
CaO 12�38 12�09 1�78 1�68 2�45 2�45 33�87 30�5 22�32 21�17 30�46
Na2O 4�75 4�53 0�23 0�27 0�65 0�65 0�19 0�18 0�23 0�21 0�09
K2O 0�03 0�0356 1�09 1�03 2�63 2�53 0�61 0�54 1�01 0�91 0�46
P2O5 0�73 0�69 0�06 0�0526 0�11 0�1 0�06 0�0541 0�11 0�0887 0�0324
LOI 0�4 0�4 0�4 0�4 3�09 3�09 25�54 25�54 19�08 19�08 33�65
Total 100�3 100�4 99�23 98�48 99�57 99�57 100�7 100�71 100�5 100�52 100

Li 22�5 24�3 5�61 5�49 22�1 20�2 7�42 6�65 7�35 6�61 2�56
Be 1 0�98 < 1 0�71 2 1�7 < 1 0�46 < 1 0�60 0�38
B 2�68 14�7 365 19�3 24�5 9�69
Sc 33 30�2 28�5 10 8�85 9�99 14 12�6 12�6 5 4�79 5�02 6 5�92 6�5 4�29
Ti 9570 14 200 1220 1380 2440 2640 734 839 969 1140 583
V 263 246 269 38 34�7 37�3 89 86�2 86 29 26�7 26�5 35 31�4 32�1 23
Cr 121 41�2 68�7 36�7 32�7 32�4
Mn 1190 1320 26 800 26 100 1710 1860 2840 2940 3200 3410 3000
Co 27�1 30�5 40�3 38�3 32�7 32�5 15�7 16�6 19�7 20�7 13�2
Ni 85�4 114 48 49�1 84�7 82�1 36�5 47�4 46�1 51�1 37
Cu 14�3 4�67 52�3 369 17�4 87�3
Zn 65�3 49�8 51�5 34�6 101 57�2 27�1 20�7 40�7 24�6 21�1
Ga 17 7�53 16�4 5 6�6 3�53
Ge 1�1
As 0�70 0�23 12�5 12�8 1�89 1�38 3�73 4�13 – 0�29 0�15
Se 0�30
Rb 0�22 0�38 39�1 40�5 113 112 23�4 25�1 36�2 37�9 18�5
Sr 162 152 178 14 12�1 13�7 32 29 30�8 634 605 668 265 255 292 428
Y 42 45 38 32 31�8 28 31 28�7 25�1 20 16�7 16�6 22 19�9 19�6 13�5
Zr 256 10�9 224 61 5�24 53�1 101 3�23 79�3 27 0�67 23�1 39 0�78 37�9 19�5
Nb 5�93 8�26 5�2 5�11 11 10�3 2�71 3�14 3�44 3�94 1�96
Mo 0�24 1�76 0�14 0�18 0�20 0�18
Cd 0�13 0�088 0�10 0�072 0�052 0�032
In 0�017
Sn 1�52 0�99 2 0�62 2�39 0�36
Sb 0�042 0�048 0�49 0�44 0�036 0�037 0�041 0�065 0�044 0�072 0�052
Cs 0�027 0�03 1�91 1�93 5�92 5�86 1�07 1�14 1�73 1�79 0�76
Ba < 2 0�87 1�41 110 98�7 109 261 237 254 57 50�7 62�4 81 72�5 88�8 42�3
La 8�58 8�28 20�5 18�4 28�8 27�5 13�9 13�4 16�1 16�4 10�7
Pr 3�6 3�99 4�42 4�4 6�63 7�06 3�58 3�86 3�77 4�27 2�59
Nd 18 19�3 17�1 17�1 26 27�5 15 16�3 15�3 17�4 11�1
Sm 5�26 5�32 3�37 3�46 5�28 5�6 3�31 3�62 3�23 3�69 2�41
Eu 1�76 1�98 0�79 0�81 1�12 1�21 0�79 0�87 0�76 0�89 0�56
Gd 6�89 5�67 4�35 3�45 5�88 4�7 3�86 3�4 3�81 3�38 2�46
Tb 1�12 0�97 0�72 0�64 0�82 0�76 0�51 0�50 0�51 0�50 0�34
Dy 7�55 6�49 4�74 4�35 4�8 4�44 2�79 2�83 2�96 3�01 2�07
Ho 1�67 1�32 0�94 0�84 0�97 0�87 0�52 0�5 0�61 0�57 0�39
Er 4�71 4�14 2�42 2�32 2�57 2�43 1�32 1�41 1�57 1�71 1�09
Tm 0�70 0�58 0�33 0�3 0�37 0�34 0�18 0�18 0�22 0�22 0�14
Yb 4�51 3�95 2�07 1�96 2�37 2�24 1�09 1�17 1�36 1�4 0�85
Lu 0�67 0�57 0�31 0�29 0�35 0�32 0�15 0�16 0�20 0�20 0�12
Hf 0�32 4�45 0�30 1�36 0�11 2�02 0�028 0�53 0�030 0�94 0�45
Ta 0�38 0�45 0�300 0�32 0�67 0�69 0�14 0�19 0�20 0�24 0�11
W 0�88 0�33 – 0�40 – 0�76 – 0�41 – 0�63 0�17
Tl 0�111
Pb 0�69 0�79 2�56 2�35 6�89 6�7 23�1 23�6 13�6 12�8 17�6
Bi 0�011 0�042 0�19 0�30 0�12 0�077
Th 0�35 0�32 5�51 5�22 7�6 7�73 1�25 1�36 3�44 3�69 1�28
U 0�17 0�28 0�28 0�33 0�81 1�16 0�16 0�23 0�46 0�55 0�16
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Table 2: Continued

Cignana Serpentinite

Serpentinite Ti-chondrodite dykelet Ti-Clinohumite vein

ZSG 1403 ZSG 1502S ZSG 1507S ZSG 1510 ZSG 1402 ZSG 1502V ZSG 1507V

FUS ICP PPP PPP PPP PPP FUS ICP PPP PPP PPP

SiO2 38�94 40�48 40�34 40�98 39�97 35�77 37�91 37�12 42�05
TiO2 0�064 0�065 0�04 0�06 0�06 1�537 1�54 1�2 0�66
Al2O3 3�13 2�79 2�89 4�55 3�43 3�65 3�33 2�45 3�06
Fe2O3(T) 7�6 7�59 7�34 4�8 7�29 9�5 9�06 15�63 7�41
MnO 0�098 0�0999 0�08 0�07 0�09 0�176 0�17 0�23 0�17
MgO 36 34�84 33�65 25�7 35�19 35�98 34�37 33�38 30�33
CaO 2�26 2�23 3�74 11�71 2�14 4�26 4�54 3 9�34
Na2O 0�01 0�0186 0�05 0�1 0�06 0�02 0�0263 0�05 0�09
K2O < 0�01 0�0015 0�002 0�0019 0�0017 < 0�01 0�0104 0�0058 0�0039
P2O5 < 0�01 0�0023 0�0006 0�0006 0�0017 1 0�94 0�0041 0�0009
LOI 10�42 10�42 11�87 12�03 11�77 8�03 8�03 6�93 6�89
Total 98�53 98�54 100 100 100 99�92 99�93 100 100

Li 0�16 0�26 0�28 0�62 0�37 0�72 0�79 1�35 1�09
Be < 1 0�73 0�11 0�39 0�12 1 0�84 0�16 0�26
B 22�3 6�45 11�1 9�83 12�5 11�5 15�7
Sc 12 12�9 11�3 16�9 19�7 14�7 13 13�7 12�3 13�2 17�4
Ti 414 390 220 331 380 8690 9230 7190 3960
V 57 64�5 59 66�2 47 70�8 73 77�7 69�4 104 42�1
Cr 2450 1880 1680 2150 1870 1520 1190
Mn 771 774 644 568 683 1360 1320 1780 1320
Co 79�7 89�4 77�4 65 88�3 91�6 103 119 86�5
Ni 1710 2060 1430 1240 1730 1510 1710 1670 1200
Cu 19�8 14�7 9�77 27�1 8�7 59�8 9�77
Zn 40�9 18�1 20�1 13�8 23�9 55�8 45�1 50�7 31�8
Ga 2�73 2�74 3�68 3�15 5�5 2�46 2�7
Ge 0�77 1�02 0�72 0�74 1�05
As 0�43 0�88 1�82 0�057 0�068 2�39 3�12 2�56 0�030
Se 0�138
Rb 0�024 0�033 0�086 0�072 0�041 0�039 0�11 0�22 0�12
Sr 10 8�33 8�9 30�5 84�9 16�7 62 55�4 60 28�5 74�4
Y 5 4 3�74 4�3 10�6 2�6 103 108 98 4�5 8�8
Zr 4 2�81 2�33 6�24 9�58 5�4 118 106 111 8�15 3�32
Nb 1�00 0�91 0�096 0�22 0�21 52�2 55�2 3�6 1�74
Mo 0�11 0�045 0�041 0�045 0�16 0�13 0�08
Cd 0�073 0�02 0�016 <0�058 0�02 0�019
In 0�011 0�008 0�013 0�0085 0�0068
Sn 0�69 0�11 0�13 0�096 0�83 0�17 0�11
Sb 0�55 0�45 0�30 0�052 0�0093 0�23 0�26 0�25 0�031
Cs 0�0014 0�0028 0�0077 0�0061 0�0042 0�0024 0�0058 0�016 0�0042
Ba < 2 0�39 1�01 1�73 1�31 2�07 2 1�3 1�65 3�17 1�15
La 0�60 0�56 0�49 1�12 0�18 25�3 25�4 0�58 0�87
Pr 0�18 0�19 0�21 0�5 0�08 7�74 8�22 0�23 0�41
Nd 0�72 0�72 1�05 2�61 0�47 31�8 34�3 1�13 2�16
Sm 0�23 0�22 0�37 0�96 0�20 8�42 8�84 0�36 0�76
Eu 0�08 0�081 0�14 0�34 0�075 1�58 1�65 0�14 0�29
Gd 0�37 0�33 0�56 1�38 0�31 10�9 10�1 0�57 1�11
Tb 0�077 0�069 0�097 0�25 0�058 2�13 1�97 0�10 0�2
Dy 0�60 0�53 0�69 1�76 0�42 15�8 14�1 0�71 1�47
Ho 0�14 0�13 0�16 0�39 0�094 3�76 3�23 0�16 0�32
Er 0�46 0�45 0�48 1�2 0�29 12�1 11�2 0�52 0�98
Tm 0�079 0�073 0�070 0�16 0�044 2�02 1�77 0�076 0�13
Yb 0�55 0�53 0�48 1�04 0�31 13�2 12 0�53 0�87
Lu 0�089 0�084 0�070 0�13 0�052 1�79 1�57 0�083 0�13
Hf 0�067 0�054 0�18 0�32 0�16 2�14 2�13 0�20 0�17
Ta 0�074 0�072 0�0035 0�0098 0�012 3�33 3�5 0�17 0�09
W 0�12 0�12 0�018 0�038 0�015 0�33 0�28 0�058 0�047
Tl 0�0013 0�0015 0�0013 0�0036 0�0015
Pb 0�13 0�23 0�25 0�21 0�15 0�19 0�28 0�17 0�22
Bi 0�0054 0�0059 0�0018 0�0016 0�0086 0�0022
Th 0�12 0�11 0�032 0�10 0�029 2�06 1�91 0�057 0�078
U 0�010 0�012 0�0083 0�012 0�011 0�49 0�44 0�027 0�0092

(continued)

Journal of Petrology, 2019, Vol. 60, No. 6 1237

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article-abstract/60/6/1229/5506800 by guest on 30 January 2020



Table 2: Continued

Zermatt Serpentinite

Serpentinite

ZSG 1405 ZSG 1406 ZSG 1410

FUS ICP PPP FUS ICP PPP FUS ICP PPP

SiO2 39�07 40�05 36�44 38�11 39�24 40�98
TiO2 0�02 0�0189 0�043 0�0447 0�032 0�0317
Al2O3 1�71 1�44 1�46 1�26 1�7 1�5
Fe2O3(T) 8�57 8�67 14�45 14�44 7�83 7�73
MnO 0�107 0�11 0�142 0�15 0�13 0�13
MgO 36�61 35�87 37�08 35�68 39�66 38�11
CaO 0�48 0�42 0�02 <0�00980 0�57 0�49
Na2O < 0�01 0�0064 < 0�01 0�006 < 0�01 0�0062
K2O < 0�01 0�0013 < 0�01 0�0006 < 0�01 <0�00019
P2O5 0�01 0�0015 < 0�01 0�0008 < 0�01 0�0018
LOI 11�98 11�98 10�62 10�62 10�56 10�56
Total 98�57 98�57 100�3 100�31 99�72 99�54

Li 0�19 0�20 0�063 0�078 0�057 0�12
Be < 1 <0�099 < 1 <0�096 < 1 <0�083
B 7�45 21�6 51
Sc 11 12�6 10�7 10 10�9 9�9 12 12�2 11�3
Ti 126 113 268 268 190 190
V 58 63�8 59�3 45 46�8 45�5 51 54�7 53�9
Cr 2930 2770 2230
Mn 844 852 1080 1160 968 1010
Co 74�6 83�8 95�3 111 95�6 114
Ni 1510 1770 1740 2020 1880 2470
Cu 30�9 9�01 17�8
Zn 44�3 26�7 51�3 46�5 39�3 17�9
Ga 1�73 1�35 1�37
Ge
As – 0�12 0�30 0�45 – 0�049
Se
Rb 0�014 0�028 0�016 0�017 0�012 0�016
Sr < 2 0�31 0�30 < 2 0�33 0�32 < 2 0�32 0�34
Y 3 0�37 0�31 < 1 0�29 0�30 2 0�77 0�71
Zr 2 0�30 0�24 3 0�60 0�64 3 0�53 0�50
Nb 0�058 0�054 0�068 0�071 0�031 0�030
Mo 0�057 0�088 0�12
Cd 0�16 <0�052 <0�060
In
Sn 0�020 0�020 0�033
Sb 0�0086 0�021 0�071 0�073 0�006 <0�015
Cs 0�0015 0�0037 0�0006 0�0025 0�0006 <0�0031
Ba < 2 0�067 2�11 < 2 0�096 0�46 < 2 0�114 1�78
La 0�050 0�043 0�015 0�018 0�040 0�036
Pr 0�015 0�014 0�0046 0�006 0�015 0�015
Nd 0�063 0�061 0�028 0�034 0�081 0�081
Sm 0�019 0�018 0�013 0�021 0�031 0�029
Eu 0�0052 0�005 0�0026 <0�0035 0�014 0�014
Gd 0�036 0�029 0�028 0�026 0�062 0�058
Tb 0�007 0�0062 0�0056 0�0059 0�014 0�013
Dy 0�058 0�045 0�042 0�041 0�12 0�097
Ho 0�015 0�012 0�011 0�011 0�030 0�024
Er 0�048 0�047 0�035 0�037 0�098 0�096
Tm 0�0086 0�0074 0�006 0�0056 0�018 0�016
Yb 0�067 0�055 0�045 0�038 0�14 0�12
Lu 0�013 0�011 0�0088 0�0095 0�025 0�022
Hf 0�012 0�0079 0�025 0�023 0�021 0�020
Ta 0�0036 0�0021 0�0031 0�0031 0�002 0�0012
W 0�19 0�13 0�25 0�25 0�14 0�14
Tl
Pb 0�12 0�18 0�13 0�21 0�061 0�099
Bi 0�016 0�0044 0�0036
Th 0�0025 0�0025 0�0024 0�0022 0�002 <0�0027
U 0�0008 0�0014 0�0013 0�002 0�001 0�0019

1238 Journal of Petrology, 2019, Vol. 60, No. 6

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article-abstract/60/6/1229/5506800 by guest on 30 January 2020



LCG1401 (Fig. 5a) shows the weakest retrograde over-

print (< 5%).

The Cignana metasediments consist of (1): impure,

locally Mn-rich, quartzite (LCG1415A, Figs 5b, c, d); (2)

garnet calcschists (LCG1416A and LCG1416B, Figs 5e,

f); and (3) garnet-bearing impure marbles (LCG1501).

The quartzite has idiomorphic garnet and tourmaline

(Tur) with inclusions of coesite, (identified by Raman

spectroscopy), phengite, apatite, and rutile. Mn-

quartzite contains Mn-garnet, phengite, piemontite

(Pmt), pseudomorphs after lawsonite (Lws) and epidote

(Ep) with allanite (Aln) cores (Figs 5c, d). Mn-garnet

occurs within layers and close-packed nodules of 50–

300 lm-sized crystals and often contains coesite inclu-

sions (Fig 5d). Quartzite locally hosts large (1–2 mm)

garnet crystals and zoned tourmaline (LCG1415).

Oriented phengite (3 T polytype; Groppo et al., 2009)

defines the foliation in quartzite. Quartzite is partially

Fig. 4. (a, b, c) Microstructures of the Zermatt and (d, e, f, g, h) Cignana serpentinites and Ti-rich veins and dykelets. Zermatt ser-
pentinite: (a) Antigorite-bearing HP foliation in the Zermatt serpentinite wrapping former mantle clinopyroxene, now overgrown by
metamorphic diopside; (b) serpentinite with bastite after mantle pyroxene and serpentine þmagnetite mesh structure after mantle
olivine; (c) fragment of Ti-clinohumite þ olivine þ magnetite vein embedded in serpentinite. Cignana serpentinite: (d) Cignana ser-
pentinite displaying a main foliation defined by elongated domains of HP metamorphic rock-forming olivine and diopside; (e) Ti-cli-
nohumite vein hosting large (3–5 mm) crystals of olivine, Ti-clinohumite, chlorite, diopside and magnetite; (f) Ti-chondrodite
dykelet. Ti-chondrodite occurs with chlorite as 0�5–1 mm–sized, isolated crystals, filled with solid inclusions of ilmenite, zircon and
REE-bearing phases. Finer Ti-clinohumite crystals grow at the expense of former Ti-chondrodite; (g) mm-sized aggregates of apa-
tite rich in solid and fluid inclusions; (h) Diopside crystals containing elongated fluid inclusions.

Journal of Petrology, 2019, Vol. 60, No. 6 1239

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article-abstract/60/6/1229/5506800 by guest on 30 January 2020



retrogressed to epidote–greenschist facies: albite (Ab)

replaces phengite, albite and muscovite (Ms) replace

lawsonite, and chlorite and barroisite replace garnet.

Calcschist and impure marble contain calcite (Cal),

quartz, poikiloblastic garnet, epidote, phengite and rare

paragonite (Figs 5e, f). Typical inclusions in garnet are

calcite, apatite, rutile, coesite and white mica. The UHP

eclogitic assemblage is rarely preserved in calcschists.

Garnet is partially chloritized at the rims and late iron

(oxy-) hydroxides replace HP mica and epidote.

Cignana serpentinite
A serpentinite body, 1 km-long and 100 m-thick, crops

out 200 m west of the southern section of the Lago di

Cignana Unit (Fig. 2). This serpentinite shows an antig-

orite þ olivine-bearing HP foliation deforming rodingite

dykes, comparable to the S2 foliation described for the

underlying Zermatt serpentinites (Rebay et al., 2012). In

Cignana, widespread veins and dykelets hosting Ti-

rich humite minerals cross-cut the olivine-bearing

foliation (S2). We have been able to distinguish two

different types of vein-like structures: Ti-clinohumite-

bearing metamorphic veins and Ti-chondrodite-bearing

dykelets. These rock types are quite similar based on

field and textural observations, but show very different

trace element and isotopic compositions, the Ti-

chondrodite-bearing rock corresponding to former gab-

broic material (see the following sections). Therefore,

from now on we will separately consider the Ti-

clinohumite metamorphic veins and the Ti-chondrodite

dykelets. We investigated four serpentinite samples

(ZSG1403, ZSG1502S, ZSG1507S and ZSG1510), a 1–

3 cm-thick, 20 cm-long Ti-chondrodite-bearing dykelet

(ZSG1402) and two Ti-clinohumite veins (ZSG1502V,

ZSG1507). The S2 foliation and these veins are locally

crenulated by later deformation events.

The serpentinite foliation is defined by oriented

antigorite-rich layers parallel to elongated domains of

HP metamorphic olivine, metamorphic diopside, and

magnetite (Fig. 4d); chlorite aggregates with magnetite

cores are stretched along the main foliation. Numerous

Ti-clinohumite veins hosting 3–5 mm Ti-clinohumite

Fig. 5. Representative microstructures from the Lago di Cignana Unit. (a) Coesite-bearing eclogite. Large, inclusion-bearing garnet
porphyroclasts are wrapped around by an omphacite þ rutile foliation. Coesite occurs as inclusions in garnet; (b) Coesite-bearing
garnet and tourmaline quartzite. Note the large poikiloblasts of garnet and tourmaline with quartz inclusions; (c) Coesite- and
microdiamond-bearing garnet Mn-quartzite; (d) Coesite inclusion in garnet from Mn-quartzite; (e) Phengite, epidote and calcite
from a garnet calcschist; (f) Poikilitic garnet porphyroclast with quartz inclusions in garnet calcschist.
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crystals, olivine, chlorite, magnetite and rare diopside

(Fig. 4e) cross-cut the olivine-bearing foliation. The

ZSG1402 dykelet consists of Ti-chondrodite, chlorite,

olivine, apatite and diopside (Figs 4f, g), and displays a

compositional banding of 5–10 mm thick chlorite-rich

rims and Ti-chondrodite-rich cores. In sample ZSG1402,

Ti-chondrodite occurs as 0�5–1 mm-sized, isolated crys-

tals, hosting inclusions of ilmenite (Ilm), zircon, bad-

deleyite and REE-bearing phases (Fig. 4f). Ti-

chondrodite displays corroded rims, which recrystallize

into 50–500mm-sized, inclusion-free, Ti-clinohumite

neoblasts (Fig. 4f). Chlorite occurs as idiomorphic, inclu-

sion-free crystals (Fig. 4f), and apatite occurs as mm-

sized aggregates of solid and fluid inclusion-rich crys-

tals (Fig. 4g). Diopside occurs as sub-mm fibres border-

ing the Ti-clinohumite-rich bands (Fig. 4h). Elongated

fluid inclusions occur parallel to the diopside elongation

axis. Such diopside fibres extensively recrystallized into

finer-grained, inclusion-free diopside crystals (Fig. 4h).
The Ti-clinohumite veins and the Ti-chondrodite-

bearing sample ZSG1402 are deformed by the olivine-

bearing antigorite foliation S2 and are crenulated by a

later-stage deformation event (D3). Crenulations display

an olivine-free, antigorite axial planar foliation. Their

original mineralogy recrystallized into finer-grained

(<1 mm), inclusion-free, retrograde Ti–clinohumite (2),

chlorite (2) and diopside (2).

Bulk-rock compositions
The major, trace element and isotopic bulk composi-

tions of metasediments, meta-oceanic crust and serpen-

tinites from the Zermatt–Saas Zone and from the Lago

di Cignana Unit are reported in Tables 2 and 3 and plot-

ted in Figs 6–9.

Major elements
The Zermatt–Saas Zone serpentinite displays homoge-

neous harzburgitic compositions (except for the higher

FeO content of sample ZSG1406) and shows much

lower Al2O3 (�1�5–1�7 wt %) and CaO (�0�5 wt %) than

the Cignana serpentinite (Figs 6a, b). The latter has a

harzburgitic to lherzolitic composition, with Al2O3 �2�5–

4�5 wt % and CaO up to 11�6 wt %. High CaO values re-

flect local enrichment in modal diopside (e.g. sample

ZSG1507S; up to �40 vol. %) and likely indicates a pyr-

oxenite component (Figs 6a, b). Ti-clinohumite veins in

the Cignana serpentinite display variable major element

compositions, especially regarding FeO (�7–15 wt %)

and CaO (�3–9 wt %). This difference reflects the vari-

able modal abundance in magnetite, diopside, olivine,

and Ti-clinohumite. The Ti-chondrodite sample

ZSG1402 has FeO, MgO, CaO and Al2O3 contents com-

parable to mantle peridotites, to the Cignana serpentin-

ite and to the Ti-clinohumite veins (Figs 6a, b).

The Cignana basaltic eclogite (LCG1401) has Al2O3

�15�8 wt %, TiO2 �2�5 wt % and low LOI (0�4 wt%), com-

patible with an altered oceanic Fe–Ti gabbro protolith,

as suggested by Groppo et al. (2009). The Cignana

metasediments include several lithological subtypes

with varying silica and CO2 contents. The most abun-

dant varieties include quartz–micaschists with Mn-rich

layers and calcschists. Quartz–micaschists have SiO2

>70 wt % and Al2O3 of 7–12 wt %; their compositional

variability includes high MnO (�3�7 wt %; sample

LCG1414) and high B (360mg/g; sample LCG1415) con-

centrations. The CaO variations in centimetre to metre-

sized calcschist layers (CaO �20–30 wt %, LOI �20–

30 wt %; LCG1416A and LCG1416B) and in silicate–mar-

bles (CaO �30 wt %, LOI �35 wt %; LCG1501) reflect

local variability in carbonate content.

Trace elements
Zermatt serpentinite. The Zermatt serpentinite is trace

element and Rare Earth Element (REE) depleted (Figs 7,

8; normalized to C1 chondrite and PM after McDonough

& Sun, 1995). The REE patterns decrease from heavy to

light REE and show small negative Eu anomalies (0�2–

0�4 times chondrite; Fig. 7). Nd is low, about 0�03–
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0�08 lg/g. All samples display comparable PM-normal-

ized TE patterns, with enrichments in B, Bi, W, As, Sb,

Be and Mo with respect to the mantle depletion trend

(Fig. 8).

Cignana serpentinite. The Cignana serpentinite

shows flat REE patterns, with values ranging from 1 to

10 times chondrite (Fig. 7); the Nd content ranges be-

tween 0�5–2�6 lg/g. The trace element patterns show

positive anomalies in several fluid-mobile elements

(Fig. 8); As and Sb, for instance, are highly variable and

range from PM values (ZSG1510; 0�07 and 0�01mg/g) up

to values two orders of magnitude higher (ZSG1502S,

1�82 and 0�3 mg/g). Moreover, this serpentinite is

enriched in B, Bi, W, As, Sb, Sr, Be and Th relative to

the mantle depletion trend. The trace element patterns

of Ti-clinohumite veins hosted by the Cignana serpen-

tinites closely resemble those of the host-rocks, except

for increased Nb, Ta and Ti. Their Nd content (1�1–

2�2 lg/g) is comparable to that of the serpentinite host.

In contrast, the Ti-chondrodite dykelet ZSG1402 shows

up to 2 orders of magnitude higher REE (Nd ¼ 31�8 lg/g)

and trace element contents (especially Nb, Ta, Th, U)

than the host serpentinite. Its heavy REE and Nd content

is higher than that of the host serpentinite and of the

associated Ti-clinohumite veins, and is comparable to

that of the LCU eclogite. The Cs, Rb, Ba, B, Cd, Pb, As,

Sb, Sr, Ga and Li contents are comparable with those of

Cignana serpentinite.

LCU crustal rocks. The Cignana eclogite has a flat

REE and trace element pattern (Figs 7 and 8). Except for

a slight depletion in Cs, Rb, Ba, and K, all trace elements

are 10 to 30 times higher than the primitive mantle, with

higher enrichment in the most incompatible elements.

The Nd content of this eclogite is 18 lg/g. The Cignana

metasediments have homogeneous REE patterns,

showing a steady decrease from light to heavy REE

(Fig. 7). The Nd content of metasediments ranges be-

tween 11 and 27 lg/g. All samples display weak nega-

tive Eu anomalies. The trace element patterns show

positive peaks in Cs, Rb, Pb, As and Sb and negative

troughs in Cd and Ti (Fig. 8). Quartzites and calcschists

show similar trends, except for Pb and Sr, which are up

to one order of magnitude higher in calcschists, and for

As and Sb, which are generally higher in quartzites. The

remarkably high B content (365mg/g) of sample

LCG1415 reflects the presence of tourmaline.

Isotopic compositions
Selected samples of Zermatt and Cignana serpentinites

and of UHP crustal rocks from the LCU were analysed

for their Pb, Sr and Nd isotopic compositions. In sam-

ples ZSG1403, ZSG1502, ZSG1507 and ZSG1510 we

analysed both the diopside-bearing bulk-rock and

antigorite-rich layers. All results are shown in Table 3

and displayed in Figs 9a–c. We performed age correc-

tions only on Nd isotopic data, as age corrections for Sr

and Pb isotopes resulted to be less than the reported

uncertainty for each measurement. The serpentinite

samples, the Cignana eclogite and the Ti-chondrodite

dykelet (evidence presented below shows the latter are

metasomatized former mafic intrusives) have been cor-

rected to 165 Ma (the age of the Jurassic opening of the

Tethys ocean; Rubatto et al., 1998; Beltrando et al.,

2010). The Cignana metasediments and the Ti-

clinohumite veins have been corrected to 46 Ma, the

age of HP metamorphism in the Zermatt–Saas Zone

(Rubatto et al., 1998; Beltrando et al., 2010). The Zermatt

serpentinite shows non-radiogenic Pb isotopic values

(lower than DM values) for all three isotopic systems

Fig. 7. CI Chondrite-normalized (McDonough & Sun, 1995) REE
patterns of bulk-rock eclogite and metasediments from the
UHP Lago di Cignana Unit, Cignana and Zermatt serpentinites
and Cignana Ti-bearing veins and dykelet. Shaded areas are
for fresh plagioclase peridotite (orange) and spinel harzbur-
gites (blue) from the Lanzo Massif (Guarnieri et al., 2012).
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(206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb are 16�89–

17�73, 14�84–15�55, and 35�78–37�56, respectively) and
87Sr/86Sr ¼ 0�707051, a value indicative of serpentiniza-

tion by Jurassic seawater (Jones & Jenkyns, 2001; Vils

et al., 2009; Cannaò et al., 2016). The Cignana eclogite

shows a typical MORB isotopic composition (Kelemen

et al., 2003) with 206Pb/204Pb, 207Pb/204Pb, and
208Pb/204Pb of 18�55, 15�52 and 37�99, respectively. The

eclogite also shows 87Sr/86Sr ¼ 0�703764 and eNd ¼
þ8�3. The Cignana metasediments (quartzite and calcs-

chist) are similar to the reference GLOSS-II reservoir

(Plank, 2014), with 206Pb/204Pb, 207Pb/204Pb and
208Pb/204Pb between 18�64–18�71, 15�64–15�65 and

38�72–38�88, respectively. 87Sr/86Sr is between 0�709368

and 0�711573 and eNd ¼ -8�4 to -8�1. The Cignana

serpentinite has Pb isotope values between DM and

MORB values (206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb

are 18�17–18�34, 15�40–15�60 and 37�69–38�13, respect-

ively), and eNd between þ8�9 and þ13�6; 87Sr/86Sr is

0�703883–0�704160, lower values than Jurassic sea-

water (Jones & Jenkyns, 2001) and similar to MORB

(Kelemen et al., 2003) and the Cignana eclogite. We also

analysed antigorite-rich layers from the Cignana ser-

pentinite, showing Pb isotopic values tending towards

those of the Zermatt serpentinite (206Pb/204Pb,
207Pb/204Pb, and 208Pb/204Pb are 17�73–18�00, 15�55–

15�64, and 37�57–37�94, respectively) and Sr isotopic

values slightly higher than the ZSZ serpentinite

(0�703906–0�704861). The Zermatt serpentinite and

antigorite-rich layer in the Cignana serpentinite were

(a)

(b)

(c)

(d)

Fig. 8. PM-normalized (McDonough & Sun, 1995; B and Li after Marschall et al., 2017) trace element patterns of bulk-rock (PPP data
used from Table 1) eclogite and metasediments from the UHP Lago di Cignana Unit, Cignana and Zermatt serpentinites, and
Cignana Ti-bearing veins. Shaded areas are for fresh plagioclase peridotite from the Lanzo Massif (orange; Guarnieri et al., 2012)
and the mantle depletion trend (blue).
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not analysed for their Nd isotopic composition due to

their low Nd contents. The Ti-clinohumite vein and the

Ti-chondrodite dykelet in the Cignana serpentinites

have similar 87Sr/86Sr isotope ratios, close to MORB val-

ues (0�704221 in the dykelet; 0�704059 in the veins). The

Ti-clinohumite veins have Pb isotopic compositions

comparable with their ZSZ and Cignana host serpentin-

ites. In contrast, the Ti-chondrodite dykelet ZSG1402 is

rich in radiogenic lead and shows values within the

range reported for the Lago di Cignana UHP eclogite

and metasediments. The age-corrected Nd isotope

compositions of all analysed mafic and ultramafic sam-

ples (Cignana serpentinite, Ti-clinohumite veins, Ti-

chondrodite dykelet and Cignana eclogite) fall in a

range between eNd 8�6 and 12�4. Considering the Nd iso-

topes, Fig. 9c shows a huge difference between the

negative eNd values of LCU metasediments (around -9)

and the positive eNd of the LCU eclogite (8�6), of the

Cignana serpentinite (8�9–12�4) and of the associated Ti-

clinohumite veins (9�0–10�4) and Ti-chondrodite dykelet

(9�1). These data indicate no significant exchange be-

tween sedimentary and mafic-ultramafic rocks.

Considering the bulk Nd content, Fig. 9c clearly points

out the affinity between the Cignana serpentinite and its

Ti-clinohumite veins, having from 0�72 to 2�16 lg/g Nd,

and between the Ti-chondrodite dykelet and the LCU

eclogite, with 18 to 34�3 lg/g Nd.

Mineral compositions
Major elements
We performed electron microprobe analyses of rock-

forming minerals from the Zermatt serpentinite, the Ti-

clinohumite veins and Ti-chondrodite veinlet hosted by

the Cignana serpentinite, and the Cignana eclogite and

metasediments. Representative mineral compositions

are reported in Tables 4–9; the full dataset is shown in

the Supplementary Data; supplementary data are avail-

able for downloading at http://www.petrology.oxford

journals.org.

(a)

(c)

(b)

Fig. 9. 87Sr/86Sr , 206Pb/204Pb and eNd vs Nd for analysed samples from the Lago di Cignana Unit, Cignana serpentinites and veins
and Zermatt serpentinites. Plotted Nd isotope compositions of serpentinites, eclogite and Ti-chondrodite dykelet are corrected for
their formation age of 165 Ma, whereas the Nd isotope compositions of Ti-clinohumite veins and Cignana metasediments are cor-
rected for their metamorphic age of 46 Ma. Values for GLOSS-II (Plank, 2014), depleted mantle (Rehka & Hofmann, 1997), Jurassic
seawater (Jones & Jenkyns, 2001), MORB (Kelemen et al., 2003) and average continental crust (Rudnick & Gao, 2003) and eNd data
from Mahlen et al., 2005 and Spandler et al., 2018 are reported for comparison.
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In the Zermatt serpentinite, antigorite (Fig. 10a) has

low Al contents (�0�05–0�09 a.p.f.u.) and high Mg#

(�0�97–0�98); olivine (Fig. 10b) has low NiO2 contents

(�0�05–0�1%) and Mg# (�0�96–0�98), comparable with

associated antigorite. Ti-clinohumite and Ti-chondro-

dite have a Ti content of 0�2 and 0�3 a.p.f.u. respectively

(Figs 10c–d).

The Cignana eclogite consists of garnet, omphacite

and rutile. Garnet is almandine–grossular rich, with Fe-

rich cores (Alm �56–57% and Prp � 7%) and Mg con-

tents increasing towards the rims (Alm �50–51% and

Prp �8–9%). The jadeite content in omphacite increases

from �50% in the core to �70% in the rim. Epidote

occurs as small inclusions within garnet cores and has

�50% clinozoisite component. In the Cignana quartzite,

garnet is almandine–grossular and has Ca-rich cores

(Alm �50–53%, Grs �27–28%, Sps �10–11% and Prp

�4%). The Fe(II) content increases towards the rims

(Alm � 69–70%, Grs � 10–11%, Sps � 1–2% and Prp �
16–17%). Tourmalines are dravites, with schorl contents

increasing from cores (� 18–19%) to rims (� 30–31%).

Mn-rich layers in quartzites consists of quartz, Mn–rich

(sps > 70%) garnet, phengite, and epidote (allanite

cores and clinozoisite � 30% towards the rims).

In the Cignana serpentinite, antigorite (Fig. 10a) has

Mg#�0�93–0�96 and variable Al contents (0�9–0�15

a.p.f.u.). Olivine (Fig. 10b) shows similar compositions

both in the serpentinites and in the Ti-clinohumite

veins, having Mg#�0�84–0�88 (one outlier at 0�81) and

variable NiO2 contents (�0�15–0�5%). Similarly, Ti-

clinohumite (Fig. 11c) has similar compositions both in

the Ti-clinohumite veins and in the Ti-chondrodite dyke-

let (Ti�0�3–0�5 a.p.f.u.).

Trace elements
The full LA-ICP-MS mineral trace element dataset for the

Zermatt and Cignana serpentinites, their Ti-clinohumite

veins and Ti-chondrodite veinlet, and for the Cignana

eclogite and metasediments is reported in the

Supplementary Data. Representative analyses are

shown in Tables 10–13 and plotted in Fig. 11. Antigorite

(Fig. 11) displays rather similar trace element and REE

patterns, both in Cignana and Zermatt serpentinites. The

antigorite compositions are REE-depleted (0�01 to 0�1
times C1 chondrite), showing a slight increase from light

to heavy REE. The Cignana antigorite is slightly more

enriched in light REE and shows enrichment in Th, Be,

Ta, La and Ce. Conversely, the Zermatt antigorite has

higher B, As and Sb. In the Cignana serpentinite, olivine

is depleted in light REE and enriched in heavy REE, B, Sb

and Li (Fig. 11). The Cignana diopside is enriched in REE

(�5–10 times C1 chondrite) and in Rb, U, Th, Be, Ce, Pb

and Sr. Ti-clinohumite (Fig. 11) has generally similar pat-

terns in all Cignana lithologies. Ti-clinohumite is

enriched in Nb, Ta, B, W, As, Sb and REE with respect to

Primitive Mantle (PM). Ti-clinohumite in the Zermatt ser-

pentinite also has enriched but lower absolute levels of

REE, Nb and Ta due to the overall stronger melt deple-

tion of the bulk-rocks compared to the Cignana serpen-

tinites. Ti-clinohumite shows enrichments of up to 200–

Table 4: Representative electron microprobe analyses of mineral phases from the Cignana serpentinite. Ti-clinohumite was recalcu-
lated anhydrous, assuming full site occupancy to a total of 13 apfu

Sample 1503

Chlorite Diopside Olivine Antigorite Ti-Clinohumite

SiO2 33�60 33�59 56�01 55�29 39�99 40�10 42�17 42�22 36�15 36�36
TiO2 0�04 0�00 0�15 0�00 0�00 0�00 0�06 0�00 4�64 4�40
Al2O3 12�90 12�66 0�03 0�00 0�01 0�01 2�44 2�60 0�00 0�00
Cr2O3 0�66 0�74 0�05 0�03 0�01 0�06 0�34 0�31 0�00 0�00
FeO 4�61 4�55 1�87 1�26 13�13 13�04 4�51 4�75 12�65 12�46
MnO 0�03 0�07 0�12 0�05 0�37 0�40 0�07 0�07 0�40 0�49
MgO 34�30 33�76 18�14 17�93 47�96 47�22 37�44 37�69 45�50 45�73
NiO 0�12 0�17 0�11 0�00 0�47 0�40 0�14 0�19 0�32 0�22
CaO 0�02 0�00 25�45 25�67 0�01 0�04 0�01 0�03 0�02 0�04
Na2O 0�00 0�00 0�18 0�09 0�00 0�02 0�00 0�05 0�02 0�03
Totals 86�32 85�55 102�11 100�31 102�00 101�33 87�17 87�93 99�70 99�74

Si 6�435 6�495 1�989 1�996 0�974 0�984 1�982 1�972 3�959 3�973
Ti 0�006 0�000 0�004 0�000 0�000 0�000 0�002 0�000 0�382 0�362
Al 2�916 2�886 0�001 0�000 0�000 0�000 0�135 0�143 0�000 0�000
Cr 0�100 0�114 0�001 0�001 0�000 0�001 0�013 0�011 0�000 0�000
Fe(III) 0�000 0�000 0�001 0�001 0�014 0�008 0�000 0�000 0�000 0�000
Fe(II) 0�780 0�740 0�054 0�038 0�254 0�259 0�177 0�186 1�159 1�139
Mn 0�006 0�012 0�004 0�001 0�008 0�008 0�003 0�003 0�037 0�045
Mg 9�792 9�732 0�961 0�965 1�741 1�728 2�624 2�625 7�429 7�450
Ni 0�019 0�026 0�003 0�000 0�009 0�008 0�005 0�007 0�028 0�019
Ca 0�004 0�000 0�969 0�993 0�000 0�001 0�000 0�001 0�002 0�004
Na 0�000 0�000 0�012 0�006 0�000 0�001 0�000 0�004 0�004 0�006
H 16�000 16�000 0�000 0�000 0�000 0�000 4�000 4�000 0�000 0�000
Totals 36�057 36�006 4�000 4�000 3�000 3�000 8�942 8�953 13�000 13�000

*corrected at 165 Ma; **corrected at 46 Ma.
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300 times PM in Nb and Ta, again consistent with the

high compatibility of high field strength elements in

humite–group minerals (Garrido et al., 2005).

DISCUSSION

Serpentinite geochemistry: mantle protoliths
and changes during serpentinization and
subduction metamorphism
Numerous studies dealing with the geochemistry of

oceanic and subduction-zone serpentinites have been

made (Hattori & Guillot, 2003; Deschamps et al., 2011;

2012; Kodolányi et al., 2012; Debret et al., 2013b; Lafay

et al., 2013; Scambelluri et al., 2014, 2015; Cannaò et al.,

2015, 2016; Peters et al., 2017). These demonstrate that

the major element and REE compositions acquired by

mantle rocks during their evolution in asthenospheric

and lithospheric environments are retained after low-

temperature peridotite/seawater interaction (Niu, 2004;

Deschamps et al., 2013), except for modification in CaO

contents. This enables the distinction of partial melting

and melt-rock interaction processes affecting the ocean-

ic mantle prior to serpentinization. Being fragments of

the slow-spreading Jurassic Tethys Ocean (Dal Piaz

et al., 2003; Piccardo, 2008; Rampone et al., 2014), the

mantle rocks of the Western Alpine ophiolites record

superposed events of melt extraction and of peridotite

re-fertilization by circulating MORB-type melts (Godard

et al., 2000; Dal Piaz et al., 2003; Müntener et al., 2004;

Piccardo, 2008; Rampone et al., 2014) that are still read-

able in the REE compositions of the Zermatt and

Cignana serpentinites.

Table 7: Representative laser ablation in situ trace element analyses of mineral phases from the Cignana serpentinite. All data are
reported in mg/g

Sample ZSG1403

Antigorite Ti-Clinohumite Diopside Olivine Magnetite

Li 0�0074 <0�027 2�29 3�12 0�30 0�24 2�6 1�12 1�28 0�9
Be 0�081 0�08 <0�9 <0�57 5�1 5 <0�021 <0�078 <0�29 <0�14
B 5�1 4�9 7�1 3�3 0�67 0�75 1�63 9�4 0�14 <0�063
Sc 11 9�8 4�1 3�5 25�1 23 1�25 2�13 1�71 1�9
V 48 59 20�4 27�3 5�1 5�2 0�10 0�053 930 960
Cr 2190 2270 30�8 48 68 50 1�81 1�55 39 000 32 000
Co 57 61 206 211 14�5 14�7 198 208 216 219
Ni 1120 1360 2490 2480 174 177 2830 2770 2740 2750
Cu 2�31 2�06 2�05 2�28 0�85 0�86 1�98 2�11 0�09 <0�042
Zn 46 41 123 120 8 7�8 98 99 360 247
As 0�065 0�17 <0�11 <0�091 0�032 <0�028 0�009 0�026 0�054 0�014
Rb <0�0028 0�0028 <0�035 <0�027 <0�0073 0�011 0�0026 <0�0041 <0�0083 <0�0043
Sr 0�037 0�049 0�19 0�25 118 141 0�0015 0�012 0�092 0�036
Y 0�47 0�37 0�15 0�14 39 40 0�01 0�28 0�13 0�0056
Zr 0�11 0�16 5�4 2�86 0�19 0�19 0�0089 0�024 0�72 1�1
Nb 0�069 0�091 94 77 0�0078 0�027 0�089 0�13 0�6 0�52
Mo 0�026 0�027 0�58 0�29 <0�043 0�039 0�20 0�16 2�18 1�87
Cd 0�031 0�085 <0�25 <0�20 0�15 0�13 0�16 0�046 0�079 0�039
Sb 0�041 0�058 <0�138 <0�129 <0�038 <0�035 0�0122 0�0288 0�054 <0�0191
Cs <0�0012 <0�0018 0�01 <0�020 <0�0049 <0�0042 <0�0016 <0�0026 <0�0059 <0�0030
Ba <0�012 0�013 <0�11 <0�098 <0�036 <0�031 <0�0029 <0�022 0�23 <0�016
La 0�032 0�039 0�035 0�029 1�68 1�85 0�0007 0�025 0�07 0�0036
Ce 0�12 0�14 0�026 0�066 7�6 8�2 <0�0014 0�016 0�056 0�0057
Pr 0�0096 0�011 <0�018 <0�012 1�28 1�29 <0�0008 0�0042 0�0079 <0�0025
Nd 0�037 0�037 0�031 <0�057 6�3 6�2 <0�0017 0�020 0�042 0�0034
Sm 0�016 0�010 <0�074 <0�024 2�37 2�4 <0�0056 0�0035 <0�029 <0�014
Eu 0�0033 0�0039 <0�04 <0�025 0�87 0�93 <0�0006 <0�0009 0�0044 0�0014
Gd 0�028 0�018 <0�025 <0�086 3�6 3�7 <0�0073 0�0036 0�015 <0�0028
Tb 0�004 0�005 <0�010 0�0049 0�73 0�79 <0�001 <0�0013 0�0013 <0�0004
Dy 0�058 0�035 <0�059 <0�053 5�8 6�2 <0�0044 0�013 0�0071 <0�0022
Ho 0�014 0�014 0�0098 0�0069 1�37 1�45 <0�0015 0�0081 0�0037 <0�0017
Er 0�066 0�064 0�019 <0�06 4�6 4�7 <0�004 0�072 <0�023 <0�012
Tm 0�015 0�012 <0�021 0�011 0�57 0�59 0�0017 0�031 0�0014 <0�0004
Yb 0�16 0�12 0�22 0�09 3�2 3�4 0�029 0�51 <0�0089 0�0059
Lu 0�04 0�028 0�032 0�032 0�31 0�33 0�0099 0�14 <0�0047 <0�0023
Hf 0�0051 0�011 0�107 0�036 0�0083 0�0095 <0�0011 <0�0052 0�092 0�075
Ta 0�0029 0�0073 6�9 6�4 <0�0034 0�0033 0�0036 0�0061 0�046 0�044
W 0�007 <0�006 0�7 0�18 <0�014 <0�012 <0�0013 <0�0022 <0�016 <0�0076
Pb 0�020 0�0073 <0�09 <0�074 0�4 0�41 0�0079 0�0093 <0�022 <0�012
Bi 0�0069 0�019 <0�032 <0�030 <0�0094 <0�0084 0�0253 0�0043 0�0088 0�0045
Th 0�024 0�043 <0�016 <0�005 0�031 0�05 <0�0004 <0�0019 0�0064 0�0016
U <0�0011 0�0035 <0�013 <0�012 <0�0037 0�0038 <0�0004 <0�0023 <0�0069 <0�0034
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On the other hand, peridotite–seawater interaction

brings about an increase in fluid-mobile B, W, U, Pb and,
to a minor extent, As, Sb, which can geochemically finger-

print the serpentinization environment (Kodolányi et al.,

2012; Deschamps et al., 2013; Cannaò et al., 2016; Peters

et al., 2017). Exchange with seawater also causes typical

variations in the Sr isotope composition of the oceanic ser-

pentinites, which can be reset towards more radiogenic
values by the interaction with crust-derived slab fluids dur-

ing subduction-zone processing of these rocks (Cannaò

et al., 2015; Cannaò et al., 2016). The REE, fluid mobile ele-

ments (FME) and isotope geochemistry of serpentinite,

coupled with field and microstructural investigations, thus

helps unravelling the timing and tectonic setting of fluid–
rock interaction and the evolution of serpentinite.

Using this approach, we discuss the following: (1)

the mantle protoliths of the Zermatt and Cignana

serpentinites; (2) the possible serpentinization setting(s)

and FME exchange of the Zermatt and Cignana ophio-

lites and the origin of the fluids interacting with the ser-

pentinites; (3) the possible P-T conditions of

subduction-zone metamorphism to HP–UHP conditions;

and (4) the tectonic setting of the Alpine subduction

zone.

The different protoliths of the Zermatt–Saas and

Cignana serpentinites
Bulk-rock compositions
The higher Mg and the lower CaO and Al2O3 contents of

the Zermatt–Saas serpentinite compared to the Cignana

serpentinite (Fig. 6) point to an original difference in

composition and to a different extent of partial melting

and/or re-fertilization processes recorded by these

Table 9: Representative laser ablation in situ trace element analyses of mineral phases from the Zermatt serpentinite. All data are
reported in mg/g

ZSG1406

Serpentine Ti-Clinohumite

Li <0�021 <0�011 <0�0067 0�22 0�5 1�32 0�35 <0�34
Be <0�051 <0�044 <0�039 <0�037 <0�068 <0�077 <0�4 <0�41
B 23�3 32 9�9 22�4 21�5 18�9 1�46 0�86
Sc 12�4 12�5 11�3 14�2 29�7 65 1�03 0�85
V 25�9 25 23�2 19�5 14�8 18�2 198 203
Cr 1640 2630 530 90 60 104 4000 3500
Co 9 8�6 8�2 56 50 37 86 84
Ni 286 213 210 550 480 380 1920 1690
Cu 9�5 4�4 3�7 2�79 2�52 2�55 3�2 0�97
Zn 19�5 19�1 15�6 57 50 42 138 134
As 0�51 0�53 0�235 0�014 <0�0048 0�0078 0�051 <0�045
Rb 0�0045 <0�0031 <0�0026 <0�0026 <0�0048 <0�0041 <0�024 <0�029
Sr 0�016 0�023 0�014 0�20 0�21 0�36 0�035 0�044
Y 0�31 0�21 0�22 0�087 0�12 0�12 0�17 0�15
Zr 0�5 0�41 0�30 4�9 4�3 8�3 0�91 0�31
Nb 0�021 0�021 0�020 0�86 1�14 2�93 0�073 0�041
Mo 0�029 0�024 0�029 0�29 0�29 0�36 0�27 0�34
Cd 0�023 0�026 0�1 0�034 0�030 <0�023 <0�18 <0�23
Sb 0�17 0�17 0�096 0�012 <0�0095 <0�009 <0�064 <0�089
Cs <0�0022 <0�0019 <0�0021 <0�0016 <0�0029 <0�0019 <0�021 <0�025
Ba <0�011 <0�015 0�0036 0�031 <0�021 <0�0044 <0�059 0�038
La 0�006 0�0072 0�0064 0�0025 0�0010 <0�0023 <0�022 <0�025
Ce 0�020 0�015 0�019 0�0064 0�0016 <0�0020 0�033 0�021
Pr 0�0035 0�0033 0�0027 <0�0009 <0�0017 0�0005 0�011 0�005
Nd 0�015 0�021 0�020 0�010 0�0044 <0�0069 0�069 <0�065
Sm 0�012 0�011 0�0087 0�0062 <0�010 <0�0081 <0�09 <0�099
Eu 0�0032 0�004 <0�0022 <0�0016 <0�0029 <0�0009 <0�026 <0�029
Gd 0�029 0�015 0�021 0�009 0�0066 0�0034 <0�041 0�027
Tb 0�0038 0�0019 0�0049 0�0012 0�0013 <0�0012 0�0082 0�006
Dy 0�041 0�017 0�031 0�006 0�0067 0�0061 <0�032 0�027
Ho 0�011 0�0091 0�0085 0�0022 0�0025 0�0029 0�016 0�008
Er 0�043 0�019 0�031 0�0095 0�022 0�019 <0�074 <0�085
Tm 0�0055 0�0049 0�0037 0�0023 0�0054 0�0079 <0�012 <0�012
Yb 0�054 0�045 0�042 0�029 0�062 0�11 <0�041 0�035
Lu 0�013 0�0093 0�0065 0�0078 0�017 0�035 <0�0068 0�0072
Hf 0�028 0�022 0�01 0�092 0�088 0�16 0�035 <0�014
Ta 0�0008 0�0014 0�0007 0�030 0�032 0�099 <0�0068 <0�0039
W 0�0078 0�010 0�0055 0�22 0�031 0�056 0�030 0�017
Pb 0�060 0�0129 0�017 0�0066 <0�0087 <0�0089 <0�056 <0�071
Bi 0�0062 0�0053 0�027 0�017 0�0042 0�0037 <0�023 <0�027
Th 0�0017 <0�0019 0�0012 <0�0003 <0�0006 <0�0006 <0�015 <0�015
U <0�0008 <0�0008 0�0015 0�001 0�0011 0�0014 <0�0096 <0�011
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rocks. The low CaO content of the ZSZ serpentinite with

respect to the mantle depletion trend (Fig. 6) may result

from Ca loss due to pyroxene dissolution and/or plagio-

clase chloritization during serpentinization. A duality in

the protolith composition of the ZSZ and Cignana ser-

pentinite is clearly suggested by their bulk REE compo-

sitions portrayed in Fig. 7 and showing that the LREE-

depleted pattern of the ZSZ serpentinite can fit the refer-

ence compositions of harzburgite (blue field), whereas

the flat REE pattern of the Cignana serpentinite overlaps

the compositional range of refertilized, plagioclase-

impregnated, lherzolite (orange field; Guarnieri et al.,

2012). The ZSZ and the Cignana serpentinites thus de-

rive from different domains of the Tethyan oceanic

lithosphere affected by melt depletion and refertiliza-

tion, respectively.

Clinopyroxene composition
An origin of the Cignana serpentinite from a re-

fertilized mantle protolith is also suggested by the REE

composition of its rock-forming, metamorphic diop-

side. In general, the Zermatt and Cignana serpentinites

do not preserve relics of mantle clinopyroxene that be-

came overgrown by metamorphic diopside during

(a) (b)

(c) (d)

Fig. 10. Mineral analyses of serpentine, olivine, Ti-chondrodite and Ti-clinohumite from the Zermatt serpentinite, the Cignana ser-
pentinite, and the Ti-bearing veins and dykelets. Serpentine from Zermatt has higher Mg# and lower Al content than serpentine
from Cignana. Mg# in Zermatt olivine is comparable with serpentine from the same locality. Olivine from the Cignana serpentinite
and Ti-clinohumite vein have similar Mg#, lower than in the Zermatt serpentinite. Note the lower Ti content of both Ti-chondrodite
and Ti-clinohumite from the Zermatt serpentinite with respect to Cignana serpentinite veins.
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serpentinization and subduction-zone recrystallization

of these rocks. A scarcity of mantle mineral relics thus

characterizes the whole Zermatt–Saas Zone (Dal Piaz

et al., 2003; Li et al., 2004; Angiboust et al., 2009;

Rebay et al., 2012). Nevertheless, the high REE content

of metamorphic diopside from the Cignana serpentin-

ite is compatible with the REE-rich bulk-rock compos-

ition (Fig. 7) and likely represents an inheritance from

the re-fertilized mantle peridotite protolith (Guarnieri

et al., 2012; Rampone et al., 1995). This diopside can

thus help clarifying the nature of the protolith rock

(Bodinier & Godard, 2007) and to envisage the fluid-

mediated changes experienced by the Cignana ser-

pentinite during its oceanic and subduction evolution.

As shown in Fig. 12, the bulk Sr and Pb isotope com-

position of the diopside-rich bulk-rocks and the

serpentine-rich, diopside-poor, layers from the

Cignana serpentinite is variable: the diopside-bearing

rocks plot close to MORB melts and the LCU eclogite,

whereas the antigorite-rich layers follow a trend of

decreasing 206Pb/204Pb and increasing 87Sr/86Sr

towards Jurassic seawater compositions. This hetero-

geneity can be interpreted by considering that diop-

side and the diopside-bearing rocks still retain the

composition of mantle clinopyroxene from a peridotite

re-fertilized by MORB melts. Such an inherited signa-

ture was partially overprinted by interaction with

seawater-derived fluids during oceanic serpentinization

that caused the shift towards higher 87Sr/86Sr, and

lower 206Pb/204Pb reflected by the serpentine-rich

layers (Fig. 12). This isotopic change was coupled with

enrichment in fluid-mobile As, Sb, B, W (see

Supplementary Data). An important issue outlined in

Fig. 12 regards the similarity of the Sr and Pb isotopic

composition of the Cignana diopside-rich rocks with

MORB melts and with the Cignana eclogite, suggest-

ing that the magma interacting with the Cignana ser-

pentinite protolith might have been the same as that

crystallizing the protolith of the Cignana eclogite.

Importantly, this suggests the pre-subduction associ-

ation of the crustal UHP Lago di Cignana Unit with the

surrounding Cignana serpentinite.

Fig. 11. REE and trace element composition of antigorite, diopside, Ti-clinohumite and apatite from the Cignana and Zermatt
serpentinites.
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The Nd isotopic data (eNd between þ9 and þ13;

Fig. 9c) show that serpentinite still retains a mantle sig-

nature, without significant Nd addition during hydra-

tion. Nevertheless, different serpentinite samples have

slightly different eNd, consistent with a variably enriched

(lower eNd and higher Nd content) and/or depleted

(higher eNd and lower Nd content; Fig. 9c) heteroge-

neous mantle. The Ti-clinohumite veins have an eNd

value comparable with medium to very enriched ser-

pentinites, suggesting that they derive from the dehy-

dration of portions of former compositionally

heterogeneous mantle rocks. This excludes a substan-

tial involvement of sediment-derived fluids, which

would have lowered the vein eNd signature (such meta-

sediments have negative eNd). Instead, the higher Nd

content in veins than in serpentinites derives from a

higher Nd compatibility in Ti-clinohumite than in ser-

pentine. The eclogite and the Ti-chondrodite dykelets

display similar eNd and Nd contents, suggesting a simi-

lar magma source for the Ti-chondrodite-dykelets in the

Cignana serpentinite and the Cignana eclogite. In con-

trast, the Cignana serpentinite and the associated Ti-

clinohumite veins have lower bulk Nd than the

Ti-chondrodite dykelet and the Cignana eclogite. This

suggests that the Ti-clinohumite veins and the Ti-

chondrodite dykelet have a different origin: the latter

being the metasomatic product of a former gabbroic

protolith, comparable to that of the Cignana eclogite

(Fig. 9c; see also Scambelluri & Rampone, 1999). This

further corroborates the hypothesis of a pre-subduction

association of Cignana serpentinite and the UHP Lago

di Cignana Unit.

The trace element and isotopic compositions of the

ZSZ and Cignana serpentinites thus point to the inherit-

ance of compositional variations that commonly affect

both present-day and fossil oceanic lithosphere

(Internal Ligurides, Rampone & Piccardo, 2000; Erro–

Tobbio, Rampone et al., 2014; Lanzo, Müntener et al.,

2004; Guarnieri et al., 2012). These serpentinites may

thus be part of a coherent slice of oceanic lithosphere.

Alternatively, the Cignana serpentinite may correspond

to an independent tectonic sliver of lithospheric mantle

that was detached and then juxtaposed to the ZSZ ser-

pentinites during the Alpine subduction–exhumation

cycle.

Changes during serpentinization
Zermatt serpentinite. This rock type shows positive

anomalies in Bi, B, W, Sn, Pb, As, Sb, Mo with respect

to the mantle depletion trend; some of these trace ele-

ments also show higher contents with respect to refer-

tilized, plagioclase-impregnated peridotite from the

Lanzo Massif (Guarnieri et al., 2012). Recent work on

serpentinites from present-day abyssal and fore-arc set-

tings and from ophiolites suggests that such enrich-

ments can equally be attributed to oceanic or to

subduction zone serpentinization (Niu, 2004; Vils et al.,

2009; Deschamps et al., 2011, 2012; Kodolányi et al.,

2012; Peters et al., 2017). As such, the FME anomalies of

the Zermatt serpentinite cannot be attributed to a

Fig. 12. 87Sr/86Sr vs 206Pb/204Pb for the analysed samples. In
the Cignana serpentinites, antigorite-rich layers fall along a
mixing line between the diopside-rich layers (representative of
the pristine mantle imprint) and the Zermatt serpentinite (likely
representative of Jurassic seawater imprint). Shaded area
from Voltri (Cannaò et al., 2016), Cima di Gagnone (CdG;
Cannaò et al., 2015). Values from GLOSS-II (Plank, 2014),
depleted mantle (Rehka & Hofmann, 1997), Jurassic seawater
(Jones & Jenkyns, 2001), and average continental crust
(Rudnick & Gao, 2003) are reported for comparison.

Fig. 13. Pressure–Temperature diagram showing the stability
field of Ti-clinohumite (light orange) and Ti-chondrodite (dark
orange) in serpentinite systems. The main reaction lines
involving Ti-clinohumite and Ti-chondrodite and the quartz to
coesite transition lines are from Shen et al. (2015). The black
arrow is the PT path proposed by Groppo et al. (2009) for eclo-
gites in the Lago di Cignana Unit. The dashed grey lines are the
geothermal gradients for cold (5–7�C/km) and hot (20�C/km)
subduction.
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specific serpentinization environment. The prominent B

enrichment, while Cs remains at peridotite levels,

implies a scarce input from sedimentary reservoirs

(Peters et al., 2017). Moreover, no significant U uptake

(acquired in serpentinite only in its oxidized state;

Kodolányi et al., 2012; Deschamps et al., 2013; Peters

et al., 2017) indicates slightly less oxidised or U-

depleted serpentinization fluids compared to sea water

for example (Langmuir, 1978; Kodolányi et al., 2012).

This is further supported by W/Mo > 1, since fluid-

mediated Mo transport and enrichment is more redox-

sensitive than for W for these otherwise geochemically

very similar elements (e.g. Koschinsky & Hein, 2003;

Mohajerin et al., 2016). Molybdenum is thus less

enriched than W in more reduced fluids (W/Mo ¼ 0�06–

0�18 for mid-ocean ridge serpentinites with U¼ 0�211–

1�02 mg g-1 in Jöns et al., 2010). Alternatively, W can be

preferably leached from sediments into pore fluids rela-

tive to Mo (Kishida et al., 2004). However, the latter pro-

cess in inconsistent with the lack of Cs enrichment in

the serpentinites. Overall, such fluid characteristics and

resulting fluid signatures are like FME enrichment pat-

terns observed in some ocean floor serpentinites that

have been sampled in somewhat deeper parts of the

lithospheric mantle exhumed at the ocean floor

(Kodolányi et al., 2012; Peters et al., 2017).

During oceanic serpentinization, the original perido-

tite also exchanges isotopes with seawater. The low Pb

content in seawater (Pb �0�002mg/g; Li, 1982) should

not change significantly the Pb content of serpentinite

with respect to the original peridotite (Pb �0�05 mg/g in

DM), and should not strongly change the isotopic com-

position of these rocks. However, as the initial Pb iso-

topic compositions of the pristine mantle peridotite and

of Jurassic seawater are unknown, the Pb isotopic com-

position of the Zermatt serpentinite might be that of: (1)

Jurassic seawater; (2) the pristine mantle peridotite; or

3) a mixture of the two. Regarding Sr, the bulk Sr con-

tents of serpentinites are strongly influenced by: (1) the

presence of clinopyroxene porphyroclasts, which retain

most of the bulk Sr content and have a mantle isotopic

imprint (87Sr/86Sr �0�7030–0�7040) and (2) by the

amount of Sr introduced by the aqueous fluid hydrating

the rock during serpentinization. As clinopyroxene is

generally more resistant than olivine to serpentiniza-

tion, partially serpentinized peridotites will retain most

of their mantle isotopic signature and thus have a Sr

isotopic composition lying on a mixing line between

pristine peridotite and seawater. Since clinopyroxene

clasts in the Zermatt serpentinite are scarce (< 5 vol. %),

the bulk isotopic composition of these rocks approxi-

mates the composition of the serpentinization fluid. As

such, the 87Sr/86Sr compositions of the Zermatt serpen-

tinites (87Sr/86Sr ¼ 0�707051–0�708303) imply exchange

with Jurassic seawater in accordance with trace elem-

ent data, without indications for further interaction with

either sediment-equilibrated fluids in fore-arc regions

or subduction-derived fluids along the subduction

interface.

Like the bulk-rock trace element composition, the

rock-forming minerals in the Zermatt serpentinite dis-

play enrichments in B, As and Sb. Antigorite displays a

steady increase in HREE relative to LREE, and strong

enrichments in B, As and Sb, showing a pattern com-

patible with oceanic serpentinization of olivine

(Kodolányi et al., 2012). Ti-clinohumite shows an enrich-

ment in Nb and Ta up to PM levels, consistent with the

high compatibility of high field strength elements in

humite-group minerals (Garrido et al., 2005). The strong

B enrichment in Ti-clinohumite from HP veins suggests

its preferential partitioning into this phase compared to

the other vein-forming minerals, also suggested by

similar bulk B values between veins and serpentinites.

In summary, the FME and the Sr–Pb isotopes sug-

gest that the Zermatt serpentinite represents a section

of an oceanic slab that was serpentinized during inter-

action with Jurassic seawater and still largely retains its

original oceanic geochemical signature despite its

Alpine subduction and exhumation history.

Cignana serpentinite. Compared with the reference

refertilized plagioclase peridotite (Fig. 8), the Cignana

serpentinite shows enrichments in Th, U, B, W, Nb, Ta,

Be, Sn, As, Sb, Sr. However, enrichments in Th, U, Nb,

Ta and Be can be ascribed to diopside that largely inher-

its the composition of the original mantle clinopyrox-

ene. Boron and W are generally acquired during

seafloor or fore-arc hydration and then partially lost

during subduction dehydration (e.g. Peters et al., 2017).

Similarly to the Zermatt–Saas serpentinite, the lack of a

positive Cs anomaly indicates the absence of a sedi-

mentary or slab fluid source, and the absence of a sig-

nificant fluid-enriched U component signals a less

oxidizing or U-depleted serpentinization fluid. As such,

the Cignana serpentinite was likely serpentinized at

some depth below the seafloor.

Arsenic and Sb are generally acquired in moderate

amounts during oceanic serpentinization, except for

proximity to major hydrothermal sites where significant

sulphide precipitation occurs (Andreani et al., 2014).

Moreover, several recent contributions suggest that ele-

vated contents of As and Sb can be acquired during

subduction and serpentinite emplacement in the accre-

tionary wedge and plate interface (Hattori & Guillot,

2003, 2007; Hattori et al., 2005; Deschamps et al., 2011;

2012; Scambelluri et al., 2014; Cannaò et al., 2015,

2016). Figures 8b and c show the potential relationships

between As and Sb contents of the Zermatt and

Cignana serpentinites: while the As and Sb contents of

the ZSZ serpentinite plot near DM and PM with enrich-

ments up to 10 times PM (suggesting just oceanic alter-

ation), the Cignana serpentinite displays variable

increase in As and Sb with respect to ZSZ with enrich-

ments up to 100 times PM (Fig. 8c). This enrichment can

be either due to: (1) intensive oceanic hydrothermal
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alteration (Andreani et al., 2014) or to (2) exchange with

mafic crustal reservoirs during subduction (Lafay et al.,

2013; Scambelluri et al., 2014; Cannaò et al., 2015;

2016). The Cignana serpentinite shows As and Sb con-

tents ranging towards the Lago di Cignana eclogite and

metasediments, suggesting a possible exchange of

these elements with such rocks during subduction or

exhumation. Such an enrichment is comparable to the

one recorded by other HP serpentinites (Voltri) and

metaperidotites (Cima di Gagnone) for which the uptake

of As and Sb via interaction of crust-derived subduction

fluids has been shown on textural and geochemical

grounds (Scambelluri et al., 2014; Cannaò et al., 2015;

2016). Assuming that Be can be another indicator of

fluid exchange with sediments (Scambelluri et al.,

2014), the observation that the Cignana serpentinites

have higher Be contents than the Zermatt Saas serpent-

inite supports this hypothesis.
The Sr and Pb isotope data can also be employed to

trace the main serpentinization environment in

Cignana. Figure 12 reports the Sr and Pb isotopic values

of the ZSZ serpentinite along with the Cignana serpent-

inite, eclogite and metasediments. Also shown are the

DM, MORB, Continental Crust, and GLOSS-II reservoirs

(GLOSS-II; Plank, 2014; depleted mantle, Rehka &

Hofmann, 1997; average MORB, Kelemen et al., 2003;

Jurassic seawater, Jones & Jenkyns, 2001; average

continental crust, Rudnick & Gao, 2003). Since the

Zermatt and Cignana ultramafic rocks underwent inten-

sive serpentinization (�95 vol. %), their isotopic

composition fingerprint should reflect that of the ser-

pentinizing fluid. The overlap of Sr isotope values of the

ZSZ serpentinite with Jurassic seawater (87Sr/86Sr ¼
0�7070) confirms an oceanic serpentinization environ-

ment. Similarly, the Cignana serpentinite experienced

oceanic serpentinization, as suggested by its B and Cs

composition and by the presence of boudinaged rodin-

gite dykes. The diopside-bearing serpentinites from

Cignana preserve the original Sr and Pb mantle isotopic

signature (grey circles in Fig. 12). On the other hand, the

isotopic composition of serpentine-rich layers (green

circles in Fig. 14a, b), though affected by the presence

of minor modal diopside (about 3–5%), are better suited

to define the imprint of the serpentinizing fluid. These

serpentine layers plot on a mixing line between diop-

side layers and ZSZ serpentinite, confirming the B evi-

dence that Cignana serpentinization was driven by

seawater in an oceanic environment.
The subduction history of the Cignana serpentinite is

also characterized by dehydration events, as pointed

out by: (i) the occurrence of olivine þ Ti-clinohumite

veins, likely resulting from brucite þ antigorite dehydra-

tion (about 450�C due to reaction 1, Fig. 13) and decom-

position of Ti-bearing mantle clinopyroxene, according

to the generalized reaction: mantle-clinopyroxene þ
olivine þ antigorite ¼ diopside þ chlorite þ Ti-

clinohumite þ H2O (Lopez Sanchez-Vizcaino et al.,

2005). The chemical and Sr, Pb and Nd isotopic compo-

sitions of the Ti-clinohumite veins are comparable to

those of the host serpentinite (Fig. 8), which suggests

Fig. 14. Schematic cartoon illustrating the possible architecture of the cold Alpine plate interface (adapted from Guillot et al., 2015).
The different Alpine HP ophiolites (dashed yellow squares) accrete at different depths along the subduction plate interface. ZSZ,
Zermatt–Saas Zone; LCU, Lago di Cignana Unit; CdG, Cima di Gagnone. See text for discussion.
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that dehydration of the Cignana serpentinites was not

affected by significant input of externally-derived fluids.

To conclude, the Zermatt–Saas and Cignana serpen-

tinites largely inherit an oceanic signature represented

by their Sr and Pb isotopic composition and by a char-

acteristic enrichment in B, Mo, Cs, W and U. Such an in-

terpretation reinforces claims made by Bretscher et al.

(2018) who propose that even redox variations of sub-

ducted serpentinites are inherited features of heteroge-

neous ocean floor fluid/rock interaction. Nevertheless,

minor interaction with subduction fluids sourced from

the altered oceanic crust might have modified the As

and Sb content of the Cignana serpentinite, leaving un-

altered their Sr and Pb oceanic isotopic compositions.

Possible P–T evolution of the Cignana
serpentinite
The subduction metamorphism of the UHP oceanic

crust (eclogite and metasediments) from Cignana is

well constrained in the literature (Reinecke, 1991;

Reinecke, 1998; Angiboust et al., 2009; Groppo et al.,

2009). Prograde zoning in garnet, omphacite and white

mica from metasediments and eclogite points to UHP

conditions of 600�C, 3�2 GPa along a cold geothermal

gradient (�7�C/km; Reinecke, 1998; Rubatto et al., 1998;

Amato et al., 1999; Groppo et al., 2009; Skora et al.,

2015). Different from the ZSZ, the LCU records forma-

tion of coesite and microdiamond, occurring as single

crystal inclusions or as fluid-related inclusions in garnet

(Reinecke, 1991, 1998; Frezzotti et al., 2011). Re-hydra-

tion and retrograde destabilization of the Cignana UHP

minerals indicates exhumation after the UHP peak

(26 km/Ma.; Amato et al., 1999). The HP Zermatt–Saas

serpentinites near the UHP Cignana Unit display an an-

tigorite þ olivine foliation cut by olivine þ Ti–clinohu-

mite þ magnetite 6 diopside metamorphic veins,

formed at P–T conditions of 2�2–2�4 GPa and 500–550�C

(Angiboust et al., 2009) and 1�9–2�6 GPa and 620–650�C

(Rebay et al., 2012), like other Western Alpine ophiolites

(Scambelluri et al., 1995; Pelletier & Müntener, 2006;

Debret et al., 2013a, 2013b). Based on the occurrence of

Ti-chondrodite in the ZSZ serpentinite, Luoni et al., 2018

recently proposed that part of this unit reached UHP

conditions during Alpine subduction, suggesting the

ZSZ is a stack of smaller oceanic slices recording differ-

ent subduction and exhumation pathways, in contrast

to the view of a single, coherent tectonic unit

(Angiboust et al., 2009). So far, the petrology and geo-

chemistry of serpentinites immediately surrounding the

Lago di Cignana Unit (the ‘Cignana serpentinites’) have

not been investigated in detail and these rocks are com-

monly attributed to the Zermatt–Saas Zone. Our data

and observations of the Zermatt and Cignana serpentin-

ites may add further evidence to this debate.
The Cignana serpentinite samples presented here re-

cord the prograde transformation of antigorite-bearing

assemblages into rock- and vein-forming olivine þ an-

tigorite þ Ti-clinohumite assemblages. At this stage, the

olivine þ Ti-clinohumite veins in the Cignana serpentin-

ite formed in the presence of subduction fluids, as

envisaged for Zermatt–Saas and other Alpine localities

(Zanoni et al., 2011; Rebay et al., 2012; Scambelluri

et al., 1995; Debret et al., 2013a). This created in the

Cignana serpentinite metamorphic veins whose REE,
trace element and isotopic composition mirrors that of

the host-rock (Figs 7 and 8), suggesting closed-system

release of 2–3 wt % water. Figure 13 shows several reac-

tion curves (adapted from Shen et al., 2015) in the sys-

tem TiO2–MgO–SiO2–H2O (plus the reactions graphite–

diamond and quartz–coesite for comparison with the

LCU crustal lithologies), which constrain the formation

of the Cignana Ti-clinohumite veins at 2�0–2�5 GPa

(�75 km depth), considering brucite þ antigorite dehy-
dration at about 500�C (reaction 1) and a typical Alpine

subduction geothermal gradient of 6�5–7�5�C/km

(Scambelluri et al., 1995; Angiboust et al., 2009; Groppo

et al., 2009).

While antigorite dehydration reactions are good tem-

perature indicators in serpentinite, only the associated

metamorphic mafic rocks (in the case of the Zermatt

ophiolite, basaltic eclogite) can provide reliable pres-
sure constraints (e.g. Angiboust et al., 2009). However,

recent experiments and the petrology of UHP serpentin-

ites from Tianshan by Shen et al. (2015) suggests that

Ti-chondrodite in serpentinites can be a viable geobar-

ometer. According to the phase relations in Fig. 13

(Shen et al., 2015), for T � 600�C, Ti-chondrodite forms

at P> 2�7 GPa if ilmenite is absent, and at P> 2�3 GPa if

ilmenite is present (see reaction 5 and 6, Fig. 13). Taking
advantage of such a petrologic framework, Luoni et al.

(2018) proposed an UHP origin for Ti-chondrodite meta-

morphic veins in the ZSZ serpentinite, an interpretation

that might be hampered by the presence of ilmenite

within these veins. Considering the Ti-chondrodite

dykelets within the Cignana serpentinite presented

here, Ti-chondrodite cannot be considered as an UHP

marker because it hosts ilmenite inclusions which lower
the Ti-chondrodite stability to �2�3 GPa at 600�C

(Fig. 13; reaction 6). However, the trace element com-

position of the Ti-chondrodite dykelets provides inter-

esting hints to define the P–T conditions possibly

reached by the Cignana serpentinite. The dykelets dis-

play REE concentrations much higher than the host

rock (Fig. 7) and Nd contents like those of the Cignana

eclogite (Fig. 9c). Therefore, the Cignana Ti-chondrodite

dykelets likely derive from pristine differentiated, Fe–Ti-
rich mafic (gabbroic?) material intruding the Cignana

serpentinite (or its mantle protolith) during oceanic evo-

lution. As described in Scambelluri & Rampone (1999),

this material likely underwent early oceanic Mg-

metasomatism followed by subduction-zone recrystal-

lization to Ti-chondrodite-bearing assemblages. The

close similarity in the Nd, Sr and Pb isotope compos-

ition of the Ti-chondrodite dykelet with the Cignana
eclogite (Fig. 9) suggests that these rocks may be

related to the same magmatic event and have been

associated since the early construction stages of the
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ophiolite section exposed in Cignana. Such a pristine

oceanic association might have been maintained during

Alpine subduction, when they reached common UHP

conditions, as suggested by incoming of As and Sb into

the Cignana serpentinite, and by the occurrence of UHP

Ti-chondrodite in the ZSZ serpentinite nearby (Luoni

et al., 2018).

Therefore, we suggest that the Cignana serpentinite

might have been associated with UHP crustal rocks dur-

ing the oceanic and Alpine evolution. If correct, this

would show that a hydrous antigorite þ olivine þ Ti-

chondrodite paragenesis can still be stable in ultramafic

systems under UHP conditions, still storing up to 10–

12 wt % water (Supplementary Data).

Tectonic implications
The geochemical characteristics of ophiolitic HP serpen-

tinites can be used to define the mantle protoliths and

the oceanic alteration, as well as the eventual changes

occurred during subduction-zone processing and inter-

action with slab fluids. As several models show (Gerya

et al., 2002; Angiboust et al., 2012b), slices of oceanic

lithosphere can tectonically detach from the subducting

plate and accrete to the plate interface above it. Change

in tectonic position can be accompanied by slab fluid in-

flux, causing cryptic metasomatism and change in the

FME and isotopic composition of serpentinite. A com-

parable process has been proposed for the occurrences

of Cima di Gagnone (Scambelluri et al., 2014; Cannaò

et al., 2015) and Voltri (Cannaò et al., 2016) to explain

enrichments in As, Sb, decrease in 11B and increase in

radiogenic Sr and Pb towards levels compatible with

sedimentary and/or crustal reservoirs. Therefore, the

apparently closed vs open system behaviour of serpen-

tinites can shed light on their potential tectonic position

within the subduction zone, whether in the slab or in

the subduction interface, respectively. Our study shows

that the Zermatt–Saas and the Cignana serpentinites

largely retain the REE, FME and Sr isotope composi-

tions acquired during mantle evolution and oceanic al-

teration. Cignana also preserves the remnants of

differentiated Fe–Ti gabbroic veinlets that record ocean-

ic metasomatism (rodingitization) causing formation of

Ti-chondrodite during subduction recrystallization.

These dykelets also maintain the original Nd content

and Nd isotope composition of a MORB mafic rock

(Fig. 9c). It appears that the ZSZ and the Cignana ser-

pentinites essentially behaved as closed systems dur-

ing subduction, apart from an increase in As and Sb in

Cignana, likely due to an exchange with the associated

crustal rocks.

The 87Sr/86Sr and the 206Pb/204Pb ratios of the ZSZ

and Cignana serpentinites are shown in Fig. 12 in com-

parison with the metasomatized, plate interface ultra-

mafic rocks from Voltri and Cima di Gagnone (Cannaò

et al., 2015; Cannaò et al., 2016) and with reference res-

ervoirs. In this diagram, the Sr isotope composition of

the ZSZ serpentinite approximately lies on the Jurassic

seawater line because of serpentinization in the oceanic

environment. In contrast, the Cignana serpentinite plots

on a mixing line between oceanic serpentinite, the

MORB reservoir and the Cignana eclogite. This may re-

sult from a combination of MORB melt–rock reaction

followed by oceanic serpentinization. A significantly dif-

ferent imprint affects Voltri and Cima di Gagnone,

which display radiogenic Sr isotopic compositions

more radiogenic than seawater along with high radio-

genic Pb, plotting close to the GLOSS and continental

crustal reservoirs (Fig. 12). This has been interpreted to

result from exchange with slab fluids carrying radiogen-

ic Sr and Pb acquired from crustal and sedimentary slab

reservoirs (Cannaò et al., 2015, 2016).

The use of radiogenic isotopes in serpentinite is a

new approach to define the open vs closed geochemical

behaviour of subduction-zone serpentinites, the fluid/

rock exchanges and the slab fluid sources. Since fluids

generally move upwards during subduction meta-

morphism, this way-up criterion suggests that to as-

similate the crust-derived fluid signatures, the

serpentinite should over-thrust, or accrete above the

crustal and sedimentary rocks releasing FME and radio-

genic isotopes to the fluid. Therefore, these criteria are

suggested as guidelines to understand whether a sub-

duction serpentinite evolved in a slab or in a plate inter-

face environment, thus broadly defining the plate

interface architecture and the timing of serpentinite ac-

cretion. In Fig. 14 we tentatively locate the major HP

Alpine ophiolite domains along a plate interface setting:

Voltri, Monviso and Cima di Gagnone significantly

exchanged with subduction-zone fluids, because of ac-

cretion to the plate interface at different depths. The

Zermatt–Saas Zone and the Cignana serpentinites had

limited interactions with subduction fluids, being prob-

ably located in a slab setting distant from the plate

interface.

CONCLUSIONS

The eclogite facies serpentinites from Valtournenche

(Zermatt–Saas Zone and the serpentinite enveloping

the UHP Lago di Cignana Unit) display different trace

element and isotopic compositions and probably record

different metamorphic histories. The bulk-rock major

and trace element data show that the Zermatt and the

Cignana serpentinites were derived from depleted and

refertilized mantle sections of the Tethyan oceanic litho-

sphere, respectively. During oceanic serpentinization

the mantle signatures of these rocks were overprinted

by enrichment in fluid-mobile element and by the shift

of the bulk-rock Sr isotope compositions towards sea-

water levels. This inheritance was largely preserved

during the Alpine subduction and exhumation cycle,

during which just a minor addition of As, Sb and Be like-

ly occurred. Moreover, the Cignana serpentinite hosts

Ti-chondrodite bearing dykelets representing the meta-

somatic and metamorphic recrystallization products of

former differentiated gabbroic materials whose Sr and
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Pb isotopic composition and Nd contents are compar-

able to those of eclogitized mafic crust from the UHP

Lago di Cignana Unit.

The Zermatt and the Cignana serpentinites are

derived from oceanic mantle sections that experienced

different extents of depletion and refertilization proc-

esses within the Tethyan oceanic lithosphere. Such ser-

pentinites may either be part of a coherent slice of

oceanic lithosphere, now tectonically emplaced in the

Western Alpine chain, or may correspond to independ-

ent slivers of oceanic lithosphere tectonically juxta-

posed during Alpine subduction and exhumation. The

similarity of the Ti-chondrodite dykelets within the

Cignana serpentinite with eclogites from the UHP Lago

di Cignana Unit provides geochemical evidence sug-

gesting that these rock slices were coupled before sub-

duction and likely shared the same P–T Alpine

evolution.

The Sr and Pb isotopic composition of the ZSZ and

of the Cignana serpentinites, when compared with

those of other Alpine serpentinites, can help to unravel

the possible architecture of the fossil Alpine subduction

complex. If the ZSZ and Cignana serpentinites record

scarce interaction with subduction zone fluids, the ultra-

mafic rocks from other Alpine settings (e.g. Voltri and

Cima di Gagnone) record significant uptake of crust and

sediment-derived radiogenic Sr and Pb by interaction

with slab-derived fluids. Consequently, the ZSZ and

Cignana serpentinites can correspond to sections that

mostly experienced closed-system behaviour during

evolution in a slab environment, whereas Voltri and

Gagnone experienced significant isotopic resetting due

to interaction with slab-derived fluids during emplace-

ment in plate interface settings atop the slab.

ACKNOWLEDGEMENTS

We greatly benefitted from discussions with P. Agard,
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Jöns, N., Bach, W. & Klein, F. (2010). Magmatic influence on re-

action paths and element transport during serpentinization.

Chemical Geology 274, 196–211.
Kelemen, P., Hanghøj, K. & Greene, A. (2003). One view of the

geochemistry of subduction-related magmatic arcs, with an

emphasis on primitive andesite and lower crust. Treatise on

Geochemistry 3, 659.
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