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The existence of different mantle domains exposed in ocean^

continent transition zones provides a framework for understanding

the generation of ultramafic seafloor along magma-poor rifted mar-

gins. In this study we present detailed petrological and geochemical

data on peridotites from the Eastern Central Alps ophiolites in

Switzerland and Italy to identify different mantle domains, to esti-

mate the extent of refertilization, and to test whether refertilization

is associated with a thermal signature that has important implica-

tions for geophysical interpretations of ocean^continent transitions.

The compositions of clinopyroxene, orthopyroxene and spinel clearly

reflect the different mantle domains. Relative to clinopyroxenes from

spinel peridotites, clinopyroxenes from plagioclase peridotites have

lower Na2O and Sr contents, but higher middle to heavy rare earth

element ratios and Zr concentrations, and different Sc^V relation-

ships. Spinels in plagioclase peridotites have higherTiO2 and lower

Mg-numbers compared with those in spinel peridotites. Mineral^

mineral trace element partitioning suggests that spinel peridotites

equilibrated at substantially lower temperatures than plagioclase

peridotites.The temperature difference between the spinel and plagi-

oclase peridotites indicates an important thermal boundary between

the two. The geochemical data show systematic spatial variations.

A heterogeneous, ‘subcontinental domain’ with no syn-rift melt

imprint is separated from a ‘refertilized domain’ that exhibits a

complex history of regional-scale melt infiltration and melt^rock

reaction, which has erased most of the ancient history. Simple calcu-

lations suggest that up to 12% of mid-ocean ridge basalt-type melt

can be stored in plagioclase peridotite, relative to a depleted residue.

Such a ‘lithospheric sponge’ provides an explanation for the fertile

compositions of the peridotites and the rare occurrence of volcanic

rocks in magma-poor rifted margins. We suggest that magma-poor

vs magma-rich margins are largely determined by the efficiency of

melt extraction and not so much by melt generation processes, given

a similar initial composition of the upwelling mantle. It is proposed

that refertilization increases textural diversity and chemical heteroge-

neity related to shallow crystallization in the mantle lithosphere.

KEY WORDS: oceanic lithosphere; ophiolite; melt^rock reaction;

refertilization; plagioclase peridotite; magma-poor margins; ocean^

continent transition

I NTRODUCTION

Classic models for the generation of oceanic lithosphere

call for a (spreading-rate dependent) 4^6 km thick igneous

crust overlying a peridotite basement; the igneous crust is
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produced by decompression melting of ascending astheno-

spheric mantle. However, in recent years it has been

shown that magma supply is limited along slow- and

ultraslow-spreading ridges (Dick et al., 1984; Cannat, 1993,

1996; Michael et al., 2003), and that exposure of ‘crust-free’

mantle lithosphere is more common than previously recog-

nized (Cannat, 1996; Cannat et al., 1997; Bonatti et al.,

2001; Michael et al., 2003). Along mid-ocean ridges, perido-

tite seafloor forms via denudation of the mantle in different

environments such as fracture zones, magma-starved

ridge segments, and oceanic core complexes (Blackman

et al., 1998; Tucholke et al., 1998; Ildefonse et al., 2007). Dick

et al. (2003) estimated that nearly half of the global mid-

ocean ridge system is made of serpentinized peridotite.

In contrast, the exposure of peridotite along ‘continental

edges’ (Coleman, 1971; Coleman & Irwin, 1974) has been

known for a long time and has become an integral part of

studies that investigate oceanic lithosphere in ancient and

present-day continental margins (Decandia & Elter, 1972;

Boillot et al.,1987; Piccardo et al.,1990). Numerous geophys-

ical surveys, combined with deep-sea drilling on the

present-day Iberia margin (Boillot et al., 1987; for a

review, see Tucholke & Sibuet, 2007; Pe¤ ron-Pinvidic &

Manatschal, 2009), and field investigations on

well-preserved fragments of the ancient Alpine Tethyan

margins and ophiolites exposed in the Alps have allowed

a detailed description of the architecture of the ocean^

continent transition (OCT) in magma-poor rifted margins

(Manatschal & Mu« ntener, 2009). These studies have

demonstrated the importance of mantle exhumation,

punctuated magmatism and faulting in the OCT (Boillot

et al., 1987; Rampone & Piccardo, 2000; Manatschal et al.,

2001; Mu« ntener & Hermann, 2001; Whitmarsh et al., 2001;

Desmurs et al., 2002). These characteristics of the OCTare

in some ways similar to those of ultraslow-spreading

ridges (Ildefonse et al., 2007), which are characterized by

irregular and highly punctuated magmatism, widely

spaced volcanic centers, isolated plutonic bodies emplaced

within peridotite and melt stagnation at depth (Michael

et al., 2003; Mu« ntener et al., 2004). It follows that the ther-

mal structure of the underlying lithosphere in both OCTs

and ultraslow-spreading environments might be variably

‘hot’ or ‘cold’. Conductive cooling of the lithosphere from

above causes overall low extents of melting, cessation of

decompression melting at greater depth and crystallization

of magma at higher pressures.

A fundamental question is whether mantle peridotites

and/or mafic rocks exhumed in OCTs and ultraslow-

spreading ridges, in both ancient and modern ocean

basins, can provide some systematic spatial information

that could shed light on the enigmatic transition between

the initiation of rifting and the formation of an ocean^con-

tinent transition. Michael et al. (2003) and Goldstein et al.

(2008) have described the compositional variation of

peridotites and mafic rocks along the axis of an ultraslow-

spreading system. They explained the variations in terms

of heterogeneity in the different mantle reservoirs and/or

highly variable degrees of melting. In this study, we present

results from an ancient ocean^continent transition zone,

exposed in the Eastern Central Alps (SE Switzerland,

Northern Italy), which is more or less perpendicular to

the inferred (paleo-) spreading direction. We show that

some peridotites close to the continental margin are predo-

minantly subcontinental in origin, with little (magmatic)

imprint of the opening process. These are juxtaposed

along mylonite zones against peridotites that contain

abundant evidence of melt stagnation and melt^rock

reaction. We use the expression ‘lithospheric sponge’ to

refer to the site at which porous melt flow ceases and melt

stagnation occurs in the mantle, and where the man-

tle rocks are affected by melt^rock interaction and

refertilization, thereby erasing much of the ancient

history. Magma storage in the mantle during rifting is

probably a major process at magma-poor (so-called

non-volcanic) rifted margins. We evaluate the spatial

chemical variations within these peridotites and exam-

ine their thermal history. We propose that the transition

from subcontinental to suboceanic mantle is a ‘melt

impregnation front’, a thermochemical boundary that

plays a fundamental role in the evolution of the nascent

oceanic crust, from both a thermal and rheological point

of view.

THE OPH IOL ITES EXPOSED IN

SOUTHEASTERN SWITZERLAND

AND NORTHERN ITALY

Ophiolites clarify important aspects of our understanding

of how ocean^continent transitions and oceanic crust

have formed. Numerous studies since the early 1970s have

demonstrated that ophiolites in the Alps have little in

common with the classic definition of the Penrose

Conference in 1972 (for a historical perspective, see

Bernoulli et al., 2003; Bernoulli & Jenkyns, 2009). The exis-

tence of pre-rift intrusive contacts between subcontinental

mantle and lower continental crust (Trommsdorff et al.,

1993; Mu« ntener & Hermann, 1996; Desmurs et al., 2001),

the occurrence of continent-derived blocks (extensional

allochthons) and tectono-sedimentary breccias overlying

tectonically exhumed subcontinental mantle rocks

(Mu« ntener & Hermann, 1996; Manatschal & Nievergelt,

1997) indicate that some of the Alpine Tethys ophiolites

may be interpreted as fragments of a former OCT. The

type sequence through an OCT as described by

Manatschal & Mu« ntener (2009) can be observed in the

Platta^Malenco, Tasna and Chenaillet ophiolite units

(Fig. 1), the first two representing the OCTof the ancient

Adriatic and European^Brianc� onnais conjugate rifted
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margins, the latter representing a more developed ‘oceanic’

domain, which may have many similarities to that

observed at oceanic core complexes (Tucholke et al., 1998;

Ildefonse et al., 2007). Geological maps and cross-sections

illustrating the geology and the overall architecture of the

ocean^continent transition in this part of the Alps have

been presented previously (Florineth & Froitzheim, 1994;

Manatschal & Nievergelt, 1997; Desmurs et al., 2001;

Mu« ntener & Hermann, 2001; Manatschal et al., 2007). The

reconstructions showed that in the upper Platta, Totalp

and Malenco units, peridotites were exhumed close to the

continental margin, whereas the lower Platta unit was situ-

ated in a more distal position (e.g. Manatschal &

Mu« ntener, 2009). Here we focus on the petrology of

samples from the Totalp, Platta and Malenco serpenti-

nized peridotites (Fig. 1).

Field relations of the serpentinized
peridotite basement

The mantle rocks are predominantly serpentinized

peridotite and minor pyroxenites and dunites. Locally, the

mantle rocks are intruded and/or covered by small to mod-

erate volumes of basaltic rocks, whereas oceanic gabbros

have been found only in the lower Platta unit.

Serpentinized peridotites are commonly capped by ophi-

calcites, which represent tectono-sedimentary breccias

related to mantle exhumation, or alternatively, replace-

ment of serpentine by carbonates (Lemoine et al., 1987;

Desmurs et al., 2001). The serpentinized mantle rocks are

in places stratigraphically overlain by late Middle to early

Late Jurassic radiolarian cherts, indicating that they must

have been exhumed from mantle depths to the seafloor

during Jurassic rifting. On the other hand, field evidence
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MU« NTENER et al. PERIDOTITES IN OCEAN^CONTINENT TRANSITION

257

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
1
/1

-2
/2

5
5
/1

4
6
7
5
2
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



shows that the mantle rocks in Val Malenco represent a

fragment of subcontinental mantle, welded to the lower

crust by a Permian tholeiitic gabbro (Mu« ntener &

Hermann, 1996; Hermann et al., 1997). Radiometric age

determinations (zircon U^Pb) showed that crystallization

of the gabbro and partial melting of the lower crust were

coeval and of Permian age (Hansmann et al., 2001) demon-

strating that some of the mantle exposed on the seafloor

in Late Jurassic times has a subcontinental origin.

Another piece of direct evidence for ‘subcontinental’

mantle is spectacularly exposed in theTasna nappe, where

serpentinized mantle rocks underlie a wedge of continental

crust and are sealed by Lower Cretaceous sediments

(Florineth & Froitzheim, 1994; Manatschal et al., 2007).

In this example, mantle rocks are by definition subconti-

nental because of their position beneath continental crust

within a pre-Alpine OCT.

Plutonic rocks

Gabbroic rocks form small intrusive bodies and dikes in

the peridotites. In the Platta nappe, gabbro bodies intrud-

ing serpentinized mantle occupy less than 5^10% of the

total observed serpentinite volume. Smaller bodies, less

than 100 m in diameter, differ from larger sill-like bodies

in terms of their magmatic evolution (Desmurs et al.,

2002). The smaller bodies are of homogeneous gabbro

whereas the larger bodies show a great diversity in compo-

sition from primitive olivine-gabbros to highly differen-

tiated Fe^Ti oxide gabbros and plagiogranite (Desmurs

et al., 2002). Mg-numbers and Ni contents of equilibrium

olivine calculated from primitive basalts and gabbros indi-

cate that few of the mafic rocks are primary melts; most

represent fractionated compositions ranging from transi-

tional (T-) to normal mid-ocean ridge basalt (N-MORB).

Most mafic rocks may be explained by low to moderate

degrees of melting of a N-MORB source mantle, as indi-

cated by initial Hf isotope compositions of zircons and

Nd isotope compositions of basalts (Schaltegger et al.,

2002). Zircon U^Pb ages of Fe^Ti gabbros and plagiogra-

nites exhibit a surprisingly narrow range of crystallization

ages of 161 �1Ma (Schaltegger et al., 2002).

Extrusive rocks

Basaltic rocks occur as pillows, massive flows or pillow

breccias, and as discrete dikes intruding deformed gabbros

and mantle peridotites (Dietrich, 1970). Geochemical stu-

dies indicate an overall tholeiitic composition and MORB

affinity, ranging fromT-MORB to N-MORB (Frisch et al.,

1994; Ulrich & Borsien, 1996; Puschnig, 2000; Desmurs

et al., 2002). The most primitive basalts show either moder-

ate light rare LREE fractionation (CeN/SmN¼ 0·6) or

almost flat to slightly LREE-enriched REE spectra, and

heavy REE (HREE) abundances at about 10 times

C1-chondrite. They have fairly homogeneous Nd isotopic

compositions, consistent with their MORB affinity, but

variable Sr isotopic ratios (up to 0·7085), which are related

to seawater alteration (Schaltegger et al., 2002). Lead iso-

topes are also consistent with a MORB affinity (Peretti &

Ko« ppel, 1986). Geochemical modeling indicates that the

most primitive T- and N-MORB-type basalts are consis-

tent with melts generated by low to moderate degrees of

near-fractional melting of a MORB-type asthenospheric

mantle source (Desmurs et al., 2002). Cretaceous basalts

cutting serpentinites and Late Jurassic sediments have

been described by Peters & Dietrich (2008).

SAMPLES STUDIED

All the peridotites examined in this study are partially ser-

pentinized spinel or plagioclase lherzolites. Below we

focus on the mantle textures and mineralogy.

The majority of the first group of peridotites (e.g.Totalp,

Malenco, upper Platta unit, Fig. 1) are porphyroclastic,

fertile to depleted spinel lherzolites with a well-

developed high-temperature foliation (Fig. 2a). Most of

the Malenco, Totalp and upper Platta peridotites are com-

posed of amphibole-bearing spinel peridotite with locally

abundant (garnet) pyroxenite layers (Fig. 3a), dunites and

rare phlogopite-hornblendite veins (Peters, 1963, 1968;

Mu« ntener & Hermann, 1996; Desmurs, 2001). The modal

variability of clinopyroxene is large, especially for the

spinel peridotites, ranging from 5 to 15% (Table 1). The

samples are variably serpentinized with estimated degrees

of serpentinization between �5% to480%. However, in

all samples selected for this study the primary textural fea-

tures are largely preserved. The samples generally show

porphyroclastic textures; however, peridotite mylonites

with extremely stretched orthopyroxene porphyroclasts

with aspect ratios exceeding 10:1 are also observed locally

(Peters, 1963; Mu« ntener & Hermann, 1996; Desmurs,

2001). Pyroxene porphyroclasts show exsolution lamellae

of the complementary pyroxene, whereas small, recrystal-

lized grains are usually devoid of such exsolutions.

The latter are in equilibrium with titanian-pargasite, a

common observation for many spinel peridotites

(Vannucci et al.,1995; Mu« ntener,1997). Metamorphic plagi-

oclase recrystallization is restricted to garnet-pyroxenite

layers. There, pyroxene^spinel symplectites, successively

replaced by plagioclase^spinel^pyroxene symplectites

form subsolidus intergrowths at the expense of garnet and

olivine (Fig. 3). Similar garnet pyroxenites have been

described from the northern Apennines (Montanini et al.,

2006).

The second group of peridotites (e.g. lower Platta unit)

consists mainly of spinel^plagioclase lherzolites, and sub-

ordinate harzburgite or dunite; pyroxenite layers are rare.

The serpentinized lherzolites of the lower Platta unit have

a porphyroclastic texture consisting of large porphyroclas-

tic Cr-diopside, orthopyroxene, Cr^Al spinel and olivine,

the last always replaced by serpentine minerals (Fig. 2).
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Rarely, disseminated grains of phlogopite andTi-pargasite

occur within the porphyroclastic assemblage, suggesting

migration of small, volatile-rich melt fractions of unknown

age. The porphyroclastic assemblage has partially been

replaced by a second generation of clinopyroxene and

plagioclase (�orthopyroxene) with interstitial cpx and

plagioclase surrounding Cr-rich spinel (Fig. 2b and c).

Although fresh plagioclase has not been found, the spinel

chemistry and trace element studies on clinopyroxene

strongly suggest the former presence of plagioclase.

Locally, discordant contacts between serpentinized dunites

or harzburgites and serpentinized plagioclase lherzolites

are preserved.

Evidence for retrograde high-temperature hydration is

the formation of Mg-hornblende and chlorite in coronae

around pyroxene and along its cleavage planes. Locally,

chlorite and Mg-hornblende form mylonites, indicating

hydration of mantle rocks at relatively high temperatures,

above the stability field of serpentine (Mu« ntener et al.,

2000; Mu« ntener & Hermann, 2001). This was followed by

a more widespread hydration at lower temperature charac-

terized by the crystallization of tremolite at the expense

of clinopyroxene and of Mg-hornblende. Olivine was

transformed into a serpentinite mesh with magnetite

and locally brucite, whereas the spinel was partially

altered to Cr-chlorite and magnetite (Desmurs et al., 2001).

Plagioclase, however, has been completely replaced by

Cr-poor chlorite (Fig. 2b and c). Finally, the serpentine

minerals were partially replaced by talc and calcite.

METHODS

Bulk-rock glasses were prepared by mixing appropriate

proportions (1:5) of fine-grained rock powder with

di-lithium tetraborate. Peridotites were analyzed by

wavelength-dispersive X-ray fluorescence spectroscopy

(XRF, Phillips PW 1404) at EMPA Du« bendorf (Malenco

samples) and at CNRG-Nancy (Platta samples).

Measured intensities were corrected for instrumental

drift, background and matrix effects. Trace elements were

determined by XRF analysis of 10 g powder using the

synthetic background method for which major element

contents have to be known (Nisbet et al., 1976). XRF trace

element precision is generally better than 5%, except

close to the limits of detections where counting statistics

impose larger uncertainties. Peridotite bulk-rock trace

element contents of the Malenco samples (REE, Cs, Rb,

Th, U, Nb, Ta, Sr, Zr, Hf) were analyzed by inductively

coupled plasma-mass spectrometry (ICP-MS) using a

VG-PQ2 Turbo þ system at Geosciences Montpellier

(AETE Facility, Montpellier 2 University, France) and at

EMPA Du« bendorf, whereas the Platta samples were ana-

lysed at CNRG Nancy. For the samples analysed in

Montpellier REE, Cs, Rb, Pb, Th, U, Sr, Zr, Hf, Nb and

Ta concentrations were determined by external calibration

200 µm

500 µm

500 µm
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opx

(b)

(a)

(c)

opx

opx

spl

spl

‘plg’
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Fig. 2. Photomicrographs of the Eastern Central Alps peridotites.
(a) Porphyroclastic spinel peridotite from Val Malenco (LUM-400).
(b) Serpentinized plagioclase peridotite from the lower Platta unit.
It should be noted that plagioclase is completely altered to chlorite.
The grain size of the clinopyroxene is much smaller than the opx
(Sup-2). (c) Interstitial clinopyroxene in a sample from the lower
Platta unit (CRP-3). Olivine displays typical serpentine mesh texture,
plagioclase is altered to chlorite. cpx, clinopyroxene; opx, orthopyrox-
ene; ol, olivine; ‘ol’, serpentinized olivine; ‘plg’, chloritized plagioclase;
spl, Cr-spinel. All images taken with crossed Nicols.
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following the HF^HClO4 dissolution and analytical proce-

dure described in detail by Ionov et al. (1992). Detection

limits based on long-term analyses of chemical blanks at

Geosciences Montpellier have been reported by Ionov

et al. (1992) and Godard et al. (2008). REE, Rb, Th, U, Sr,

Zr, Hf, Nb and Ta concentrations were determined by

external calibration following the protocol established at

EMPA Du« bendorf and have been described in detail in

Mu« ntener (1997). A comparison of aliquots analyzed in

both the Montpellier and Du« bendorf laboratories shows

generally less than 5% deviation, except forTa, Th and U.

The Du« bendorf values for the latter elements were consid-

ered unreliable and are not reported.

The constituent minerals in polished thin sections of

variably serpentinized peridotites were analysed by elec-

tron microprobe and laser-ablation (LA)-ICP-MS. Major

elements were determined using a Cameca SX 50 at ETH

Zu« rich and the University of Bern, using an acceleration

voltage of 15 kV, a beam current of 20 nA and a spot size

of 2^10mm. Natural and synthetic oxides and silicates

were used as standards. The raw data were corrected

using the PAP routine (Pouchou & Pichoir,1984).Trace ele-

ment concentrations of clinopyroxene, orthopyroxene,

hornblende and spinel were determined by LA-ICP-MS at

ETH Zu« rich. This system consists of a 193 nm ArF

Excimer laser system [prototype to the Geolas system

from Microlas, Germany; see Gu« nther et al. (1997)] com-

bined with an Elan 6100 DRC quadrupole ICP-MS

system. This laser system allows optimization of the beam

size for analysis (8^120 mm, adjusted via an aperture in

the beam path) at constant energy density on the sample

surface and perfect localization of analytical spots through

a petrographic microscope using combined transmitted

and reflected light. The ICP-MS system was operated at

conditions similar to those reported by Pettke et al. (2004).

Data quantification was based on SRM 610 and 612 from

NIST, and data reduction employed the Lamtrace soft-

ware (Jackson, 2008). Data are reported in Tables 2^11.

For the ICP-MS mineral data (Tables 7^9), these include

the shot-specific limits of detection for cases where no sig-

nificant analyte signal was recorded.

MINERAL CHEMISTRY

Clinopyroxene

The clinopyroxenes analyzed are cores of porphyroclasts

from fertile and depleted peridotites; interstitial crystals

were also analyzed in some serpentinized peridotites from

the lower Platta unit. Mg-numbers [¼ molar Mg/(Mg þ

Fetot)] in clinopyroxene (Table 2) range from 0·92 to 0·89.

Figure 4a illustrates that clinopyroxene from the Totalp,

upper Platta unit and Malenco peridotite is significantly

higher in Na2O at comparable Cr2O3 than clinopyroxene

from the lower Platta unit. Only clinopyroxene from the

northern external Ligurides has Na2O contents that are

comparable with those from the Totalp, Malenco and

upper Platta unit. For spinel peridotites, Fig. 4b illustrates

that TiO2 in clinopyroxene from the Malenco, upper

Platta and Totalp samples systematically decreases with

increasing Cr content, consistent with the host peridotites

being residues of partial melting of a spinel peridotite

source. Although there is significant overlap, clinopyroxene

0.2 mm

kaer

plg

spl

Al

cpx

opx

(b)
50 µm

cpx

(a)

Fig. 3. Textural observations on the upper Platta peridotites. (a) Spinel pyroxene symplectite from a boudinaged pyroxenite layer from the
upper Platta unit (Sample FAP-6). BSE image. (b) Al distribution map highlighting the intergrowth of pyroxenes, spinel, plagioclase and kaer-
sutite, indicating replacement of former garnet assemblages. Abbreviations as in Fig. 2, and kaer, kaersutite.
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Table 1: Locations and modes of studied peridotites from the Eastern Central Alps

Sample no. Rock type Unit Location ol spl cpx opx plg other % alteration

To 1 Spl. Per. Totalp peridotite 46850018·60 0N, 9848013·80 0E 57 1 15 27 — ti-hbl 40

To 7 Spl. Per. Totalp peridotite 46851000·60 0N, 9849048·90 0E 57 1 15 27 — ti-hbl 30

FAP-4� Spl. Per.y Upper Platta 46832057·40 0N, 9840022·80 0E 52·2 3·7 16·1 28·1 — ti-hbl 70

VEP-8� Spl. Per. Upper Platta 46834018·40 0N, 9841007·80 0E 61·3 1·7 8·6 28·4 — — 70

VEP-2� Spl. Per.y Upper Platta 46834018·40 0N, 9841007·80 0E 47·2 1·7 20·1 30·9 — — 70

FAP-6 Spl. Per.y Upper Platta 46832058·40 0N, 9840023·00 0E 49 1 22 28 trace ti-hbl 70

MSP-1� Spl. Plg. Per. Lower Platta 46827030·70 0N, 9834056·60 0E 61·5 0·5 5·2 25·2 8·6 — 60

CRP-3/2� Spl. Plg. Per. Lower Platta 46828007·80 0N, 9837040·60 0E 51·0 1·0 16·0 25·0 7·0 — 80

NAP-7/2� Spl. Plg. Per. Lower Platta 46830028·20 0N, 9839006·20 0E 61·5 0·6 5·8 22·2 10·4 — 80

STP-5 Spl. Plg. Per. Lower Platta 46829043·10 0N, 9837018·60 0E 60 1 7 26 7 — 70

STP-2� Spl. Per. Lower Platta 46829043·10 0N, 9837018·60 0E 65·0 1·4 7·0 24·4 1·0 — 70

STP-7 Spl. Plg. Per. Lower Platta 46829025·60 0N, 9836040·60 0E 55 1 8 29 8 — 70

SUP-2� Spl. Plg. Per. Lower Platta 46831038·20 0N, 9837044·60 0E 59·7 0·5 3·2 27·2 9·4 — 60

NAP-6 Spl. Plg. Per. Lower Platta 46830023·40 0N, 9839013·70 0E 60·0 trace 9·0 23·0 8·0 phl, ti-hbl 60

VSP-6 Spl. Plg. Per. Lower Platta 46830033·80 0N, 9839016·20 0E — — — — — — 90

SUP-3� Spl. Plg. Per. Lower Platta 46831035·70 0N, 9837037·80 0E 61·7 0·4 1·4 28·0 8·9 — 80

Mg-65 Spl. Per. Malenco peridotite 46816031·30 0N, 9850059·50 0E — — — — — — 90

P-UM 117� Spl. Per. Malenco peridotite 46817057·40 0N, 9847035·50 0E 60·2 1·4 8·8 29·6 — — 40

Or-UM 224 Spl. Per. Malenco peridotite 46816054·40 0N, 9848034·60 0E 70 1 8 21 — ti-hbl 40

LUM-216� Spl. Per. Malenco peridotite 46817016·90 0N, 9848006·10 0E 62·1 1·6 9·7 26·6 — phl, ti-hbl 10

LUM-400� Spl. Per. Malenco peridotite 46818011·60 0N, 9849043·60 0E 66·2 1·4 7·0 24·4 — ti-hbl 55

LUM-112� Spl. Per. Malenco peridotite 46818011·60 0N, 9849043·60 0E 72·3 2·3 5·4 20·0 — ti-hbl 10

VEP-7� Spl. Per. Upper Platta 46834018·40 0N, 9841007·80 0E 36·7 3·6 28·9 30·7 — — 70

FAP-3-I� Spl. Per. Upper Platta 46832058·40 0N, 9840023·00 0E 61·5 1·4 8·9 28·1 — — 80

NAP-2� Spl. Plg. Per. Lower Platta 46830029·50 0N, 9839008·20 0E 55·6 0·5 10·2 26·4 7 — 80

NAP-3� Spl. Per. Lower Platta 46830029·50 0N, 9839008·20 0E 70·2 1·5 — 28·1 — — 90

LAP-1� Spl. Plg. Per. Lower Platta 46830023·20 0N, 9829006·20 0E 60·6 0·5 6·4 27·5 5 — 90

SUP-4� Spl. Plg. Per. Lower Platta 46831038·20 0N, 9837044·60 0E 58·9 0·9 3·3 30·4 6·5 — 60

SUP-5� Spl. Plg. Per. Lower Platta 46831036·20 0N, 9837042·50 0E 58·1 0·6 4·2 29·5 8·4 — 80

STP-1� Spl. Plg. Per. Lower Platta 46829048·00 0N, 9837007·00 0E 59·9 0·7 6·1 26·2 9 — 80

STP-3� Spl. Plg. Per. Lower Platta 46829043·10 0N, 9837018·60 0E 60 0·5 4·8 29·8 4·9 — 60

CRP-1 Spl. Plg. Per. Lower Platta 46828007·80 0N, 9837040·60 0E — — — — — — 90

LUM-217� Spl. Per. Malenco 46817016·90 0N, 9848006·10 0E 70 1·4 7 21·6 — — 20

LUM-226� Spl. Per. Malenco 46817016·90 0N, 9848006·10 0E 71 1 4 24 — — 50

LUM-228� Spl. Per. Malenco 46817016·90 0N, 9848006·10 0E 68 1·5 7·6 22·9 — — 10

Or-UM 201� Spl. Per. Malenco 46817004·40 0N, 9848029·60 0E 61 2 9·3 27·7 — — 50

Or-UM 234� Spl. Per. Malenco 46817002·00 0N, 9848031·50 0E 66 1·5 8 24·5 — ti-hbl 40

Or-UM 235� Spl. Per. Malenco 46817002·00 0N, 9848031·50 0E 71 1·8 7·7 19·5 — — 25

Or-UM 236� Spl. Per. Malenco 46817002·00 0N, 9848031·50 0E 68 1·8 6·5 23·7 — ti-hbl 30

Or-UM 309h� Spl. Per. Malenco 46817002·00 0N, 9844031·40 0E 73·6 1·6 1·5 23·3 — ti-hbl 50

LUM-109� Spl. Per. Malenco 46818011·60 0N, 9849043·60 0E 68·5 2·2 6·6 22·7 — — 20

LUM-111� Spl. Per. Malenco 46818011·60 0N, 9849043·60 0E 68·7 2·2 6·3 22·8 — — 20

B-UM201� Serp. Per. Malenco 46816055·50 0N, 9849048·00 0E 46·1 1·1 10·0 42·8 — — 90

P-UM 16� Serp. Per. Malenco 46817044·40 0N, 9847031·50 0E 53·5 2·0 17·5 27·0 — — 80

P-UM 18� Serp. Per. Malenco 46817044·40 0N, 9847031·50 0E 59 1·9 10·3 28·8 — — 60

P-UM 24� Serp. Per. Malenco 46817049·40 0N, 9847028·60 0E 60·2 1·9 10·0 27·9 — — 80

P-UM 116� Serp. Per. Malenco 46817047·40 0N, 9847038·30 0E 57·5 1·8 13·2 27·5 — — 80

(continued)
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Table 1: Continued

Sample no. Rock type Unit Location ol spl cpx opx plg other % alteration

D-UM 24� Serp. Per. Malenco 46817043·40 0N, 9847031·50 0E 55·8 1·7 4·7 37·8 — — 90

D-UM 15� Serp. Per. Malenco 46817043·40 0N, 9847031·40 0E 57·0 1·5 6·4 35·1 — — 90

C10-5 Serpentinite Malenco 46814045·60 0N, 9848023·60 0E — — — — — —

P7-1 Serpentinite Malenco 46814028·30 0N, 9845024·10 0E — — — — — —

P56-57 Serpentinite Malenco 46814030·10 0N, 9845024·10 0E — — — — — —

P111-111 Serpentinite Malenco 46814044·90 0N, 9846055·40 0E — — — — — —

C19-10 Serpentinite Malenco 46814020·50 0N, 9846043·60 0E — — — — — —

P115-119 Serpentinite Malenco 46814021·10 0N, 9845033·90 0E — — — — — —

P61-63 Serpentinite Malenco 46814021·40 0N, 9845018·00 0E — — — — — —

P60-62 Serpentinite Malenco 46814028·10 0N, 9845019·10 0E — — — — — —

P49-50 Serpentinite Malenco 46814046·60 0N, 9845012·80 0E — — — — — —

P43-41 Serpentinite Malenco 46815000·80 0N, 9845023·70 0E — — — — — —

T88-83 Serpentinite Malenco 46814048·80 0N, 9844046·20 0E — — — — — —

P67-66 Serpentinite Malenco 46814033·80 0N, 9844037·80 0E — — — — — —

C85-81 Serpentinite Malenco 46814059·30 0N, 9844036·20 0E — — — — — —

P73-73 Serpentinite Malenco 46814059·30 0N, 9844035·40 0E — — — — — —

C55-54 Serpentinite Malenco 46814059·00 0N, 9844035·80 0E — — — — — —

P70-69 Serpentinite Malenco 46814043·30 0N, 9844028·30 0E — — — — — —

�Modal composition calculated by least-squares regression (Mannor, written by P. Ulmer) using bulk-rock compositions,
assuming Fe3þ¼ 0, Tschermaks-in-pyx¼ 0·05. All other modes are visual estimates based on thin-section observations; no
data are provided for Mg-65 (antigorite serpentinite, with relics of primary cpx), VSP-6 (fine-grained peridotite mylonite) or
for all the samples labeled serpentinite (almost no mantle relicts were found). Per cent alteration includes partially
serpentinized mantle minerals and altered plagioclase.
ySpinel peridotite with pyroxenite layers.

Table 2: Major element compositions of clinopyroxenes from peridotites of the Eastern Central Alps

Sample: VEP-11 FAP-4� VEP-8� VEP-3 FAP-6 MSP-1� CRP-3/2� NAP-7/2�

Location: UPLT UPLT UPLT UPLT UPLT LPLT LPLT LPLT

n: 8 2s 6 2s 10 2s 5 2s 4 2s 5 2s 9 2s 6 2s

SiO2 51·72 0·41 51·17 0·21 51·87 0·41 51·51 0·65 50·78 0·97 50·48 0·61 51·30 0·59 49·43 1·32

TiO2 0·61 0·09 0·80 0·07 0·53 0·04 0·47 0·03 0·66 0·25 0·66 0·13 0·72 0·04 0·84 0·06

Cr2O3 0·98 0·16 0·58 0·11 0·95 0·22 0·74 0·03 0·78 0·15 1·14 0·07 1·12 0·07 0·83 0·04

Al2O3 6·45 0·58 6·42 0·48 6·19 0·36 6·40 0·98 6·83 0·40 5·00 0·52 4·42 0·69 5·38 0·38

FeO 2·73 0·44 3·18 0·25 2·50 1·21 2·49 0·49 2·62 0·54 2·98 0·14 3·00 0·15 3·60 0·35

MnO 0·07 0·02 0·09 0·01 0·11 0·03 0·08 0·04 0·06 0·03 0·10 0·02 0·10 0·02 0·11 0·02

MgO 15·32 0·84 15·15 0·51 15·18 0·72 14·60 0·29 15·22 0·63 15·78 0·23 16·05 0·51 16·42 1·99

NiO 0·04 0·04 0·05 0·03 0·04 0·02 0·06 0·03 0·05 0·03 0·06 0·05 0·05 0·03 0·04 0·01

CaO 20·10 1·02 21·41 0·63 21·21 0·89 21·56 0·90 20·94 1·10 22·65 0·32 23·02 0·42 21·86 2·41

Na2O 1·65 0·22 1·41 0·21 1·46 0·51 1·70 0·48 1·41 0·37 0·43 0·06 0·65 0·08 0·62 0·11

� 99·8 100·2 100·1 99·8 99·5 99·3 100·5 99·1

Mg-no. 0·909 0·895 0·916 0·913 0·912 0·904 0·905 0·891

(continued)
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TiO2 contents from the lower Platta unit generally fall off

the trend described by clinopyroxenes from the spinel peri-

dotites. The highTi and Cr contents of many lower Platta

and Iberia samples is characteristic of plagioclase perido-

tites and has been interpreted as the result of either subsoli-

dus equilibration (Rampone et al., 1993) or refertilization

and melt^rock reaction with migrating liquids at shallow

pressures (Rampone et al., 1997; Mu« ntener & Piccardo,

2003). However, two samples from the lower Platta unit

are substantially lower inTiO2 and also in other incompat-

ible elements (see below).

The Sc^V relationships of the clinopyroxenes are dis-

played in Fig. 5, together with data for garnet pyroxenites

fromTotalp and Malenco (O. Mu« ntener, unpublished data).

Table 2: Continued

Sample: STP-5� STP-2� STP-7 STP-4 SUP-2 NAP-6 SUP-3 NAP-5

Location: LPLT LPLT LPLT LPLT LPLT LPLT LPLT LPLT

n: 10 2s 25 2s 6 2s 5 2s 4 2s 4 2s 3 2s 5 2s

SiO2 51·01 0·49 52·16 0·41 50·80 0·39 51·05 0·46 50·10 1·00 53·18 0·61 51·16 0·66 50·84 0·58

TiO2 0·89 0·06 0·24 0·04 0·76 0·12 0·93 0·07 0·94 0·02 0·23 0·11 0·76 0·02 0·86 0·12

Cr2O3 0·94 0·04 0·81 0·07 1·01 0·13 1·01 0·07 1·01 0·05 0·64 0·20 1·02 0·01 1·00 0·12

Al2O3 4·51 0·35 4·90 0·31 5·58 0·63 4·43 0·32 4·70 0·17 4·49 0·86 4·54 0·56 4·24 0·66

FeO 3·19 0·42 2·48 0·12 3·08 0·30 2·93 0·31 3·11 0·20 2·46 0·14 3·00 0·60 2·95 0·17

MnO 0·07 0·03 0·10 0·02 0·06 0·04 0·10 0·03 0·10 0·03 0·09 0·02 0·10 0·02 0·10 0·03

MgO 16·34 0·37 16·35 0·43 15·96 0·71 16·02 0·56 15·99 0·77 16·21 0·30 16·11 0·74 15·98 0·48

NiO 0·04 0·03 0·04 0·03 0·06 0·04 0·04 0·03 0·07 0·03 0·05 0·04 0·07 0·03 0·04 0·03

CaO 22·28 0·37 22·29 0·47 22·28 0·94 22·92 1·05 22·42 0·77 22·09 0·61 22·02 0·72 0·66 0·06

Na2O 0·59 0·04 0·69 0·04 0·70 0·11 0·59 0·06 0·70 0·02 0·76 0·14 0·58 0·08 0·01 0·01

� 99·8 100·1 100·3 100·4 99·1 100·2 99·4 99·6

Mg-no. 0·901 0·922 0·902 0·911 0·902 0·922 0·906 0·906

Sample: Mg-65 P-UM 117 Or-UM 224� LUM-216� LUM-400� LUM-112� To-7� Totalp-7�

Location: MAL MAL MAL MAL MAL MAL DAV DAV

n: 11 2s 17 2s 6 2s 5 2s 5 2s 4 2s 4 2s 5 2s

SiO2 50·43 0·18 50·97 0·36 52·24 0·22 52·98 0·22 53·33 0·23 53·35 0·11 51·35 0·36 51·51 0·29

TiO2 0·76 0·03 0·96 0·05 0·56 0·09 0·52 0·03 0·35 0·02 0·30 0·03 0·62 0·05 0·61 0·05

Cr2O3 0·80 0·03 0·83 0·07 0·95 0·04 0·89 0·04 0·98 0·07 1·22 0·08 0·77 0·04 0·78 0·06

Al2O3 5·86 0·16 6·97 0·40 6·58 0·21 6·90 0·19 5·49 0·06 5·33 0·09 7·07 0·31 6·91 0·28

FeO 3·32 0·19 2·61 0·06 2·29 0·08 2·45 0·08 2·17 0·12 2·11 0·07 2·35 0·06 2·40 0·13

MnO 0·10 0·02 0·09 0·02 0·07 0·01 0·09 0·03 0·07 0·01 0·08 0·03 0·04 0·05 0·06 0·03

MgO 16·35 0·49 14·22 0·50 14·54 0·16 14·76 0·43 15·63 0·23 15·21 0·13 14·10 0·27 14·52 0·14

NiO 0·05 0·02 0·04 0·02 0·03 0·01 0·03 0·03 0·05 0·02 0·05 0·03 0·03 0·02 0·03 0·04

CaO 22·36 0·65 21·82 0·35 21·04 0·16 20·84 0·67 21·42 0·28 21·42 0·12 21·91 0·27 21·64 0·30

Na2O 0·76 0·06 1·71 0·09 2·00 0·08 2·01 0·07 1·55 0·05 1·65 0·03 1·82 0·11 1·93 0·09

� 100·8 100·2 100·3 101·5 101·1 100·7 100·1 100·4

Mg-no. 0·898 0·906 0·919 0·915 0·928 0·928 0·915 0·915

Concentrations in wt %; MAL, Malenco peridotite; LPLT, lower Platta unit; UPLT, upper Platta unit; DAV, Davos
peridotite (for location see Fig. 1); n, number of analyses; 2s, standard deviation of the mean. Analytical conditions:
wavelength-dispersive spectrometers on a Cameca SX50 electron microprobe; 15 kV acceleration voltage, 20 nA beam
current, beam size of �1 mm, 20s counting time on peak and half that time on background position on either side of the
peak, 10 s for Na. A ZAF-type correction procedure was applied to the data. K2O50·01.
�Data from Müntener et al. (2004).
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Most spinel peridotites have relatively low Sc and V con-

tents, with the exception of some clinopyroxene from the

upper Platta unit where Sc is higher or lower for a given

V content. In accordance with textural observations

(Fig. 3), some of the upper Platta clinopyroxenes are inter-

preted to preserve a garnet signature, either by replacing

garnet (high Sc, lowV) or by preserving a signature (low

Sc, highV) that recalls equilibration with garnet. In con-

trast, plagioclase peridotites show a positive correlation

between Sc andV (Fig. 5), with the most enriched samples

approaching the composition of primitive N-MORB clino-

pyroxene (e.g.Vannucci et al., 1993a).

Table 3: Major element compositions of orthopyroxene from peridotites of the Eastern Central Alps

Sample: FAP-6 SUP-2 MSP-1 LUM-216 LUM-400 LUM-112 To-7 Totalp-7

Location: PLT PLT PLT MAL MAL MAL DAV DAV

n: 4 2s 4 2s 5 2s 8 2s 4 2s 7 2s 4 2s 3 2s

SiO2 55·83 1·11 54·52 1·12 54·69 0·75 55·28 0·14 55·48 0·17 55·13 0·22 54·16 0·83 55·09 0·84

TiO2 0·20 0·08 0·25 0·06 0·25 0·02 0·12 0·01 0·07 0·01 0·06 0·02 0·14 0·03 0·13 0·02

Al2O3 3·18 0·95 3·35 0·44 3·27 0·21 4·07 0·16 3·98 0·25 3·93 0·19 4·79 0·28 4·69 0·27

Cr2O3 0·22 0·05 0·61 0·03 0·70 0·12 0·36 0·04 0·48 0·03 0·57 0·03 0·34 0·05 0·32 0·04

FeO 6·08 0·51 6·68 0·98 6·81 0·54 6·17 0·17 5·60 0·14 5·84 0·16 6·65 0·17 6·40 0·15

MnO 0·15 0·03 0·15 0·03 0·18 0·01 0·13 0·04 0·13 0·01 0·12 0·02 0·13 0·05 0·12 0·03

NiO 0·08 0·05 0·09 0·03 0·08 0·04 0·09 0·03 0·08 0·01 0·10 0·02 0·09 0·03 0·09 0·03

MgO 33·97 0·58 32·87 0·45 31·83 0·35 33·21 0·14 33·51 0·16 33·89 0·16 33·02 0·46 33·81 0·16

CaO 0·55 0·10 1·01 0·58 1·67 0·38 0·51 0·07 0·57 0·05 0·42 0·03 0·52 0·09 0·45 0·08

Na2O 0·02 0·02 0·03 0·03 0·06 0·03 0·07 0·02 0·07 0·01 0·03 0·01 0·06 0·02 0·06 0·01

� 100·3 99·7 99·6 100·0 100·0 100·0 99·9 101·2

Mg-no. 0·909 0·898 0·893 0·906 0·914 0·912 0·898 0·904

Table 4: Major element compositions of olivine from peridotites of the Eastern Central Alps

Sample: Or-UM-224 LUM-216 LUM-400 LUM-112 To-7 Totalp-7

Location: MAL MAL MAL MAL DAV DAV

n: 3 2s 8 2s 4 2s 5 2s 5 2s 4 2s

SiO2 40·22 0·75 40·78 0·14 41·04 0·06 40·72 0·25 40·84 0·25 41·13 0·43

TiO2 50·01 0·01 0·01 50·01 50·01 0·00 0·01 0·01 0·01

Cr2O3 0·03 0·01 0·01 0·01 50·01 50·01 0·01 0·02 0·00 0·00

Al2O3 50·01 0·01 0·01 0·04 0·03 50·01 0·01 0·01 0·02 0·02

FeO 11·99 0·19 9·95 0·14 8·63 0·16 9·63 0·37 10·66 0·27 9·84 0·16

MnO 0·20 0·03 0·15 0·03 0·17 0·01 0·15 0·02 0·15 0·01 0·20 0·05

MgO 47·45 0·35 48·66 0·15 49·68 0·17 49·08 0·38 49·04 0·20 49·85 0·57

NiO 0·38 0·04 0·42 0·06 0·40 0·03 0·40 0·03 0·41 0·03 0·42 0·03

CaO 0·01 0·01 0·02 0·00 0·01 0·01 0·03 0·05

� 100·3 100·0 100·0 100·0 101·1 101·5

Mg-no. 0·871 0·897 0·911 0·901 0·886 0·894

Concentrations reported in wt %; MAL, Malenco peridotite; PLT, Platta peridotite; DAV, Davos peridotite; n, number of
analyses; 2s, standard deviation of the mean. Na2O50·03, K2O50·01. No olivine is preserved in samples from the Platta
nappe.
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Clinopyroxene REE patterns from spinel and plagio-

clase lherzolites are illustrated in Fig. 6. Most clinopyrox-

enes from spinel peridotites (Fig. 6a and c) have

moderately depleted trace element patterns with a weak

LREE to HREE fractionation (CeN/YbN: 0·25^0·78),

weak but variable positive and negative Sr anomalies and

no Eu anomaly. Based on their REE and other incompati-

ble element contents (Fig. 6b and d), the peridotites from

the lower Platta unit can be divided into three groups. (1)

Six out of nine samples show convex-upward REE patterns

with high middle REE (MREE) contents (GdN, 15^30;

GdN/YbN 4 1) and a significant negative Eu and Sr

anomaly, indicating equilibration with plagioclase. (2)

Clinopyroxene with a strongly fractionated REE pattern

(STP-2: CeN/YbN 5 0·01, GdN/YbN ¼0·66, Ti/Zr¼1470)

similar to that of depleted clinopyroxene from abyssal peri-

dotites (Johnson et al., 1990; Hellebrand et al., 2002) locally

occurs next to fertile plagioclase peridotite in the same out-

crop. Such a trace element pattern has been interpreted

by Mu« ntener et al. (2004) as the product of near fractional

melting in the garnet stability field, followed by an approx-

imately equal amount of melting in the spinel stability

Table 5: Major element compositions of spinel from peridotites of the Eastern Central Alps

Sample: CRP-3 Sup-2 MSP-1 STP-5 STP-1 NAP-5 FAP-6 SUP-3

Location: PLT PLT PLT PLT PLT PLT PLT PLT

n: 11 2s 6 2s 10 2s 6 2s 1 5 2s 5 2s 6 2s

SiO2 50·02 50·02 50·02 50·02 0·08 50·02 50·02 0·38 0·54

TiO2 0·90 0·42 0·58 0·13 0·63 0·18 0·58 0·08 0·69 0·37 0·16 0·08 0·02 0·53 0·01

Cr2O3 32·54 0·74 30·73 2·31 33·03 2·81 28·52 0·88 35·51 32·16 0·84 10·36 2·26 27·38 0·21

Fe2O3 30·44 0·31 31·74 2·54 29·81 6·78 34·74 1·02 28·05 31·00 1·31 56·91 2·55 35·85 0·86

Al2O3 5·71 0·88 6·15 0·79 4·28 6·00 0·73 6·33 6·71 0·56 1·35 5·07

FeO 15·65 0·50 15·22 1·36 18·44 1·52 15·75 1·05 17·62 15·84 0·68 10·33 0·68 13·39 0·05

MnO 0·61 0·07 0·31 0·02 0·14 0·03 0·34 0·05 0·37 0·40 0·02 — — 0·29 0·01

MgO 13·73 0·12 13·92 1·04 11·59 2·12 14·41 0·86 12·64 13·57 0·51 19·60 0·75 15·60 0·16

NiO 0·21 0·05 0·22 0·05 0·18 0·06 0·20 0·03 0·17 0·18 0·03 0·36 0·05 0·20 0·01

CaO 0·01 0·01 50·01 0·05 0·03 50·01 0·04 50·01 0·00 0·06 0·04 0·37 0·52

� 99·8 98·9 98·2 100·2 101·5 100·3 99·1 99·1

Mg-no. 0·540 0·544 0·481 0·548 0·491 0·525 0·763 0·608

Sample: LUM-216 LUM-400 LUM-112 To-7 Totalp-7

Location: MAL MAL MAL DAV DAV

n: 8 2s 3 2s 7 2s 4 2s 4 2s

SiO2 50·02 50·02 50·02 0·01 0·01 50·02

TiO2 0·18 0·03 0·11 0·10 0·04 0·02 0·06 0·01 0·04 0·01

Cr2O3 11·10 0·13 14·90 0·33 18·80 0·17 9·09 0·51 8·47 0·81

Al2O3 56·00 0·51 53·70 0·29 48·10 0·17 58·73 0·40 59·21 0·59

Fe2O3 1·43 0·44 1·87 1·06 0·54 1·77 0·28

FeO 12·20 0·31 11·70 0·84 14·50 0·21 10·40 0·69 10·23 0·37

MnO 0·16 0·02 0·17 0·01 0·31 0·02 0·10 0·01 0·12 0·01

MgO 18·40 0·22 18·60 0·39 16·00 0·09 19·86 0·47 20·11 0·27

NiO 0·36 0·05 0·32 0·05 0·23 0·05 0·40 0·05 0·44 0·03

CaO 50·01 50·01 50·01 0·01 0·01 0·01 0·02

� 99·8 99·9 99·9 99·6 100·3

Mg-no. 0·729 0·739 0·663 0·76 0·76

Concentrations reported in wt %; MAL, Malenco peridotite; PLT, Platta peridotite; DAV, Davos peridotite (for location
see Table 1); n, number of analyses; 2s, standard deviation of the mean. Na2O5 0·02 wt %.
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field. (3) One sample (NAP 99-6) has a concave-

downward REE pattern with (Ce/Yb)N 41, and no Eu

anomaly. Furthermore, this sample has ZrN/HfN 41 and

identical MREE to HREE contents to sample STP-2, but

shows essentially flat LREE to MREE and significant pos-

itive Nb and Ta anomalies. Such a trace element pattern

can be explained by post-melting metasomatism and trace

element enrichment as indicated by the presence of small

grains of phlogopite in this sample.

Orthopyroxene

Orthopyroxene (opx) porphyroclasts were analysed in

eight samples and show well-equilibrated and homoge-

neous core composition for most elements, as shown by

the small standard deviations (Table 3). The CaO content

of orthopyroxene in spinel peridotite is generally lower

than 0·6 wt %, indicating subsolidus equilibration. CaO

is significantly higher in two samples from the lower

Platta unit. The higher CaO and the lower Al2O3 content

are consistent with equilibration with plagioclase.

Chondrite-normalized orthopyroxene REE patterns are

illustrated in Fig. 7. Most of the samples show strong

LREE depletion, with (Ce/Yb)N5 0·1. One sample (FAP

6) shows evidence for being derived from garnet break-

down, as demonstrated by the symplectitic inter-

growth with pyroxene, spinel and plagioclase (Fig. 3).

This anomalous sample exhibits a steep REE pattern with

(Ce/Yb)N50·005, and high REE content.

Spinel

Spinel compositions unaffected by subsequent Alpine

metamorphism could be determined in 13 samples

(Table 5). They show a bimodal distribution of Cr-number

[¼ molar Cr/(Cr þ Al)], spinel peridotites being lower

than 0·22, and plagioclase peridotites (lower Platta unit)

varying between 0·35 and 0·47 (Fig. 8a). TheTiO2 content

of spinel is an additional monitor for the presence or

absence of plagioclase, elevated contents being a character-

istic feature of plagioclase peridotites (Dick, 1989). In the

lower Platta unit spinels with Cr-number 40·35 have

TiO2 contents well above 0·35 wt % (Fig. 8b). One

Ti-pargasite and phlogopite-bearing spinel peridotite from

Malenco reaches 0·18 wt % TiO2, indicating that its

spinel compositions might have been modified by migrat-

ing alkaline melts. The spinel data from this study are sim-

ilar to data from other areas of the Alps (Ligurides,

Lanzo) and overlap with spinel compositions from the

Iberia^Newfoundland margin. The variation extends to

lower Cr-numbers than Iberia and Newfoundland, indicat-

ing less depletion in the Alpine samples.

Table 6: Major element compositions of pargasite from peridotites of the Eastern Central Alps

Sample: SUP-2 STP-4 FAP-6 Or-UM LUM-216 LUM-400 LUM-112 To-7 Totalp-7

224

Location: LPLT LPLT UPLT MAL MAL MAL MAL DAV DAV

n: 3 2s 4 2s 3 2s 1 1 1 1 1 1 1 4 2s 1

SiO2 42·32 1·32 42·86 0·76 41·30 0·34 42·38 43·66 42·34 45·53 43·65 43·65 44·37 42·32 0·26 41·63

TiO2 3·52 0·38 3·33 0·36 5·60 0·65 3·65 5·58 5·08 3·25 3·81 3·37 3·28 3·72 0·20 3·21

Cr2O3 1·74 0·08 1·46 0·28 0·99 0·10 1·08 1·21 1·04 0·94 1·29 1·46 1·16 0·72 0·08 0·73

Al2O3 12·39 0·31 11·83 0·72 13·23 0·19 12·87 13·64 14·02 12·64 13·64 13·57 13·10 14·40 0·42 13·67

Fe2O3 0·71 0·42 0·14 0·89 0·00 0·00 0·41 0·00 0·00 1·15 0·72 1·25 0·89

FeO 3·63 0·98 4·15 0·49 3·99 0·40 3·20 2·66 3·19 2·26 2·45 3·49 2·36 3·62 1·06 3·36

MnO 0·06 0·01 0·04 0·01 0·04 0·04 0·12 0·05 0·12 0·03 0·08 0·11 0·06 0·05 0·01 0·00

MgO 16·92 0·34 16·94 0·71 15·97 0·41 18·00 18·59 17·35 18·59 18·18 17·39 18·10 16·86 0·26 16·84

NiO 0·13 0·03 0·11 0·01 0·10 0·05 0·12 0·04 0·12 0·07 0·08 0·06 0·13 0·11 0·03 0·10

CaO 12·13 0·49 12·55 0·22 11·83 0·24 11·84 12·26 11·88 12·30 12·62 12·03 11·96 11·92 0·27 12·29

Na2O 3·40 0·06 2·96 0·17 3·48 0·10 3·97 3·12 2·97 2·89 3·12 3·43 3·40 3·54 0·19 2·77

K2O 0·07 0·02 0·02 0·01 0·20 0·09 0·05 0·01 0·87 0·13 0·01 0·20 0·17 0·36 0·05 0·32

Cl — — — — — — 0·01 — 0·08 0·01 0·01 — — — — —

� 99·1 98·7 98·9 100·2 101·3 101·1 101·2 101·4 100·9 101·4 100·1 100·4

Mg-no. 0·876 0·870 0·874 0·889 0·926 0·894 0·926 0·930 0·899 0·905 0·915 0·915

Concentrations reported in wt %; MAL, Malenco peridotite; PLT, Platta peridotite; DAV, Davos peridotite; n, number of
analyses; 2s, standard deviation of the mean. Representative single spot analyses are indicated by n¼ 1.
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Table 9: Trace element compositions ofTi-pargasite

Lower Platta unit Malenco unit Totalp

FAP-6 SUP-2 LUM-216 LUM-400 LUM-112 To-7 Totalp-7

n: 1 3 2s 5 2s 5 2s 1 3 2s 1

Li (ppm) — 5·8 1·4 0·8 0·7 0·3 0·1 0·3 — —

B — — 4·7 1·1 3·6 1·0 51·79 — —

Sc 283 152 5·53 76 10 92 19 98 72 8 73

Ti 32418 21057 1560 22502 2171 8219 2172 11175 17595 2372 19920

V 1023 902 70 603 47 482 35 578 537 51 579

Cr 5375 11941 1173 7231 1362 7933 1398 8783 5276 653 6292

Co — — 38·6 3·0 32·1 2·2 34·0 —

Ni 682 — 949 70 719 149 856 837·2 24·1 —

Zn 11·1 — 8·6 1·9 7·8 2·4 6·6 8·4 0·4 13·6

Rb 1·984 50·151 50·131 0·13 0·03 0·123 5·5 2·5 4

Sr 42·2 30·5 4·3 228 22 56 23 104 118 7 143

Y 120·0 58·4 5·3 34·3 4·1 27·1 0·6 24·1 34·8 0·6 43·1

Zr 149·2 81·1 4·7 40·1 6·8 23·5 5·0 20·2 29·7 0·2 34·8

Nb 32·68 6·88 1·00 22·9 2·8 4·2 0·5 4·9 26·5 4·3 3·2

Cs — 0·21 0·06

Ba 36·36 0·91 0·17 3·15 4·03 2·65 1·18 1·56 153·55 62·72 27·96

La — 1·62 0·18 3·26 0·40 0·81 0·07 0·95 — 0·93

Ce 8·12 9·32 0·70 9·39 0·58 2·63 0·15 3·64 6·57 0·22 4·66

Pr 1·99 1·88 0·19 1·39 0·11 0·56 0·07 0·65 1·16 0·02 0·99

Nd 12·03 11·32 0·76 7·66 0·46 3·98 0·46 3·55 6·77 0·06 6·27

Sm 6·41 5·13 0·40 2·93 0·56 1·64 0·30 1·53 2·90 0·01 3·12

Eu 1·54 1·82 0·14 1·29 0·29 0·84 0·08 0·58 1·20 0·06 1·61

Gd 11·25 7·74 1·58 4·58 0·58 2·96 0·74 2·10 4·32 0·39 4·61

Tb 2·81 1·43 0·16 0·82 0·10 0·62 0·09 0·47 0·85 0·06 0·96

Dy 19·75 11·18 1·30 5·86 0·66 4·89 0·15 3·82 5·96 0·32 7·90

Ho 4·77 2·17 0·15 1·30 0·12 1·02 0·06 0·81 1·35 0·00 1·47

Er 14·17 6·93 0·83 3·57 0·79 2·98 0·35 2·25 3·72 0·27 4·24

Tm 1·84 0·80 0·08 0·57 0·11 0·43 0·03 0·34 0·57 0·04 0·63

Yb 12·68 5·37 0·55 4·15 0·89 3·09 0·47 2·81 3·70 0·08 4·85

Lu 1·58 0·74 0·07 0·58 0·12 0·43 0·04 0·38 0·50 0·02 0·68

Hf 4·669 2·605 0·130 1·089 0·412 0·747 0·162 0·533 1·147 0·120 1·570

Ta 1·315 0·291 0·030 0·922 0·224 0·091 0·051 0·112 0·654 0·076 0·080

Th 0·069 50·002 0·036 0·040 50·002 50·002 0·057 0·040 0·010

U 0·019 50·006 0·019 0·010 0·004 50·006 0·024 0·006 50·002

CeN/YbN 0·18 0·48 0·63 0·23 0·36 0·49 0·27

Zr/Hf 32·0 31·1 3·5 36·9 2·9 31·5 3·5 37·9 25·9 2·3 22·2

Nb/Zr 0·22 0·08 0·57 0·18 0·24 0·89 0·09

Nb/Ta 24·85 23·66 24·89 46·36 43·72 40·52 0·00 39·63

Nb/La 4·236 7·026 5·168 5·182 3·409

Mg-no. 0·874 0·876 0·926 0·926 0·899 0·915 0·915
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Table 11: Bulk-rock major and trace element compositions of the Malenco ultramafic rocks

Peridotite and serpentinized peridotite

L-UM112 L-UM216 L-UM217 L-UM226 L-UM228 Or-UM 201 Or-UM 234 Or-UM235 Or-UM236 L-UM109 L-UM111 LUM400 OrUM309h

SiO2 43·84 44·19 44·00 44·28 44·18 44·57 43·99 43·73 44·25 44·11 43·97 44·18 43·90

TiO2 0·04 0·14 0·04 0·03 0·06 0·09 0·06 0·05 0·05 0·04 0·04 0·05 0·07

Al2O3 1·49 3·14 1·96 1·27 2·14 2·96 2·55 1·99 2·10 1·84 1·87 2·29 1·09

FeO 8·08 8·13 7·91 7·96 7·83 8·11 8·50 8·09 7·82 8·03 8·59 7·84 9·09

MnO 0·11 0·12 0·13 0·12 0·12 0·12 0·14 0·13 0·12 0·14 0·14 0·12 0·14

MgO 44·34 41·08 43·39 44·55 42·93 41·08 42·00 43·40 43·29 43·42 43·11 42·97 44·67

CaO 1·40 2·50 1·82 1·04 1·97 2·35 2·05 1·82 1·68 1·71 1·62 1·73 0·39

Na2O 50·04 50·04 50·04 50·04 50·04 50·04 50·04 0·08 50·04 50·04 50·04 0·05 50·04

K2O 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02

P2O5 0·01 0·02 0·01 0·01 0·01 0·01 0·01 0·01 50·01 50·01 0·01 0·01 0·03

Cr2O3 0·31 0·35 0·38 0·36 0·39 0·37 0·37 0·34 0·34 0·34 0·31 0·39 0·22

NiO 0·37 0·32 0·37 0·36 0·35 0·34 0·33 0·36 0·35 0·37 0·35 0·36 0·38

LOI 1·74 1·74 2·36 7·54 1·68 6·11 5·46 2·67 4·50 3·16 3·35 0·52 6·06

Mg-no. 0·907 0·900 0·907 0·909 0·907 0·900 0·898 0·905 0·908 0·906 0·899 0·907 0·897

Trace elements (mg/g)

XRF

V 44 64 55 30 51 54 49 52 47 46 45 53 38

Cr 2377 2712 2928 2387 2960 2662 2634 2657 2501 2479 2180 2682 1471

Ni 2257 2008 2160 2071 2131 1893 1974 2118 2080 2087 2014 2205 2098

Co 105 98 90 86 99 84 97 100 97 96 98 134 129

Cu 51 4 51 51 51 4 1 51 51 51 51 18 17

Zn 35 43 39 40 41 41 44 40 41 45 48 47 49

Sc 10 12 12 6 11 9 9 12 8 10 8 9 5

S 550 550 550 550 550 550 550 550 550 550 550 550 457

ICP-MS 1 1 2 2 2 2 2 2 2 2 2 1 2

Rb 85 0·138 0·121 0·152 0·201 0·198 0·237 0·013 0·478 0·265 0·415 0·894 0·047 0·225

Sr 88 3·034 10·749 4·226 3·426 4·296 8·370 6·680 3·636 3·336 5·740 6·097 2·519 2·135

Y 89 0·944 2·496 0·918 0·337 1·114 2·380 1·900 0·994 0·945 1·355 1·203 1·181 0·583

Zr 90 1·311 4·836 0·557 0·480 1·208 1·028 1·078 1·478 1·098 1·417 0·547

Nb 93 0·028 0·173 0·000 0·025 0·012 50·005 0·014 0·007 50·005 0·026

Cs 133 0·007 0·007 — — — — — — — — — 0·003 —

Ba 138 0·476 1·588 0·142 0·231 0·346 0·192 0·199 0·216 0·276

La 139 0·047 0·264 0·044 0·064 0·059 0·077 0·086 0·098 0·078 0·055 0·125 0·034 0·105

Ce 140 0·153 0·828 0·155 0·178 0·221 0·304 0·286 0·294 0·222 0·276 0·380 0·112 0·367

Pr 141 0·032 0·134 0·027 0·027 0·038 0·057 0·055 0·041 0·032 0·049 0·055 0·025 0·060

Nd 146 0·176 0·721 0·137 0·129 0·203 0·389 0·332 0·187 0·154 0·286 0·286 0·164 0·357

Sm 149 0·069 0·232 0·053 0·043 0·073 0·153 0·147 0·065 0·058 0·108 0·081 0·070 0·094

Eu 151 0·028 0·097 0·020 0·023 0·032 0·068 0·068 0·033 0·025 0·034 0·056 0·033 0·009

Gd 157 0·113 0·359 0·082 0·049 0·120 0·242 0·215 0·106 0·095 0·150 0·169 0·143 0·099

Tb 159 0·022 0·067 0·018 0·008 0·023 0·051 0·043 0·020 0·019 0·032 0·030 0·027 0·015

Dy 163 0·160 0·454 0·164 0·057 0·204 0·373 0·314 0·176 0·164 0·227 0·211 0·207 0·103

Ho 165 0·037 0·104 0·040 0·013 0·047 0·088 0·076 0·042 0·040 0·055 0·050 0·048 0·023

Er 167 0·120 0·308 0·107 0·040 0·126 0·256 0·219 0·120 0·108 0·166 0·146 0·153 0·063

Tm 169 0·019 0·046 0·017 0·007 0·020 0·039 0·035 0·018 0·018 0·026 0·024 0·023 0·010

Yb 174 0·125 0·304 0·096 0·077 0·121 0·254 0·214 0·101 0·095 0·135 0·134 0·155 0·056

Lu 175 0·022 0·051 0·018 0·008 0·021 0·036 0·034 0·019 0·020 0·024 0·025 0·028 0·011

Hf 178 0·046 0·175 0·013 0·112 0·071 0·043 0·059 0·020

Ta 181 0·005 0·019 0·002

Pb 208 0·045 0·054 — — — — — — — — — 0·037 —

Th 232 0·004 0·012 0·035 0·036 0·001 0·003

U 238 0·001 0·004 0·001 0·010 0·010 0·002 0·001 0·001 0·001 0·001

(continued)
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Table 11: Continued

Serpentinite

B-UM201 PUM16 BUM320 P-UM1 P-UM16 P-UM18 P-UM24 P-UM116 P-UM117a DUM24 DUM15 C10-5 P7-1 P56-57 P111-111

SiO2 46·46 44·40 45·37 45·16 44·43 44·33 44·91 44·61 44·95 45·62 45·18 45·14 47·55 46·32 45·54

TiO2 0·12 0·15 0·12 0·12 0·15 0·13 0·10 0·10 0·14 0·10 0·14 0·05 0·03 0·05 0·03

Al2O3 3·57 4·04 3·68 3·58 3·83 3·41 2·88 3·18 2·36 3·07 3·18 4·10 1·53 1·71 2·19

FeO 8·02 8·62 7·67 7·92 8·66 8·69 7·46 8·85 8·67 8·29 8·03 8·75 7·18 7·30 9·22

MnO 0·15 0·18 0·11 0·12 0·18 0·15 0·12 0·15 0·09 0·09 0·14 0·15 0·15 0·10 0·13

MgO 38·40 37·46 39·65 39·13 37·68 39·93 41·32 39·00 40·88 40·94 41·01 39·78 42·95 43·02 42·15

CaO 2·58 4·48 2·71 3·30 4·38 2·64 2·57 3·39 2·27 1·23 1·66 1·30 0·00 0·89 0·00

Na2O 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04

K2O 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02

P2O5 0·01 0·02 0·02 0·02 0·02 0·03 0·01 0·00 0·01 0·02 0·03 0·01 0·01 0·00 0·01

Cr2O3 0·35 0·35 0·34 0·34 0·37 0·36 0·30 0·40 0·30 0·30 0·29 0·42 0·34 0·34 0·43

NiO 0·33 0·29 0·32 0·31 0·30 0·33 0·32 0·31 0·32 0·34 0·34 0·30 0·26 0·26 0·31

LOI 10·28 8·46 9·86 8·43 8·46 6·26 9·16 8·71 8·98 11·08 9·16 10·56 11·52 11·97 12·21

Mg-no. 0·895 0·886 0·902 0·898 0·886 0·891 0·908 0·887 0·894 0·898 0·901 0·890 0·914 0·913 0·891

Trace elements (mg/g)

XRF

V 49 82 73 68 69 57 59 61 51 60 51 75 26 37 44

Cr 2359 2676 2469 2337 2509 2518 1953 2677 1905 1869 1959 2659 2067 2091 2501

Ni 1812 1721 1814 1761 1537 1794 1690 1709 1732 1926 1788 1875 1441 1469 1852

Co 67 89 84 76 63 81 55 52 49 50 67 73 47 20 63

Cu 0 32 29 54 11 10 54 54 54 5 14 47 13 16 10

Zn 59 61 57 41 44 48 41 46 41 39 43 58 58 41 52

Sc 9 14 14 10 11 10 12 10 10 10 8 14 8 11 9

S 550 549 550 550 392 550 550 550 550 550 550 550 550 16 0

ICP-MS 2 1 1 2 2 2,4 2,4 3 3 3 3

Rb 85 0·224 — 0·042 0·056 — — — 0·125 0·182 0·145 0·211 — — — —

Sr 88 5·256 — 3·080 5·683 — — — 1·430 2·396 2·900 6·602 — — — —

Y 89 1·214 — 2·057 2·026 — — — 2·860 1·470 4·288 3·659 — — — —

Zr 90 2·348 — 2·827 3·523 — — — 2·289 43·880 22·980 — — — —

Nb 93 0·098 — 0·104 0·045 — — — — — — —

Cs 133 — — 0·001 0·007 — — — — — — — — — — —

Ba 138 0·349 — 0·098 0·287 — — — — — — —

La 139 0·107 — 0·104 0·141 — — — 0·075 0·088 0·106 0·159 — — — —

Ce 140 0·332 — 0·364 0·504 — — — 0·225 0·308 0·159 0·397 — — — —

Pr 141 0·056 — 0·072 0·089 — — — 0·057 0·065 0·036 0·078 — — — —

Nd 146 0·256 — 0·449 0·520 — — — 0·409 0·398 0·276 0·464 — — — —

Sm 149 0·089 — 0·181 0·175 — — — 0·176 0·153 0·114 0·207 — — — —

Eu 151 0·040 — 0·074 0·072 — — — 0·072 0·046 0·060 0·089 — — — —

Gd 157 0·160 — 0·279 0·269 — — — 0·285 0·223 0·171 0·269 — — — —

Tb 159 0·027 — 0·053 0·048 — — — 0·052 0·038 0·031 0·052 — — — —

Dy 163 0·219 — 0·379 0·338 — — — 0·373 0·264 0·213 0·365 — — — —

Ho 165 0·047 — 0·086 0·076 — — — 0·088 0·058 0·051 0·084 — — — —

Er 167 0·122 — 0·265 0·234 — — — 0·258 0·155 0·160 0·248 — — — —

Tm 169 0·020 — 0·039 0·037 — — — 0·040 0·023 0·025 0·038 — — — —

Yb 174 0·136 — 0·262 0·250 — — — 0·271 0·128 0·169 0·268 — — — —

Lu 175 0·020 — 0·046 0·044 — — — 0·043 0·020 0·031 0·043 — — — —

Hf 178 0·038 — 0·101 0·131 — — — 0·170 0·108 0·843 0·474 — — — —

Ta 181 — 0·005 0·004 — — — — — — —

Pb 208 — — 0·196 0·080 — — — — — — — — — — —

Th 232 0·001 — 0·008 0·007 — — — 0·038 0·017 — — — —

U 238 0·004 — 0·006 0·001 — — — 0·009 0·001 0·003 — — — —

(continued)
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Olivine

Primary olivine is preserved only in samples from the

Davos and Malenco peridotites, but is completely serpenti-

nized in the Platta samples (except within mylonites).

Overall, olivine is forsteritic in composition (Fo87^91) and

on average lower in forsterite content than abyssal perido-

tites (Dick, 1989). NiO averages 0·41 wt %, consistent with

mantle peridotite. Systematic co-variations of forsterite

and NiO contents are not observed.

Amphibole

The amphiboles analyzed are all interstitial grains, in

equilibrium with the mantle assemblage as indicated by

their high Mg-number (Table 6). They range from kaersu-

tite (Ti40·5 p.f.u.) to Ti-rich pargasite. Amphibole asso-

ciated with phlogopite is significantly higher in K2O at

similar Cr2O3. All amphiboles have a LREE-depleted

trace element pattern (CeN/YbN: 0·18^0·63) with (Nb/

La)41 and Nb/Ta ratios exceeding primitive mantle

values. Most amphiboles show a weak to positive Sr anom-

aly and only one sample displays a distinctive negative Sr

anomaly (Fig. 9). This latter characteristic is found in sam-

ples where spinel has high Cr-number and highTiO2 con-

tents, indicating that the negative Sr anomalies are caused

by equilibration with plagioclase. The strongly variable

Rb and Ba contents can probably be explained by equili-

bration with phlogopite in some cases. Niobium and Ta

(Nb/Ta: 24^46) are decoupled from other trace element

variations and are not correlated with Sr anomalies or the

REE content.

GEOTHERMOMETRY

Equilibrium temperatures for the various peridotites were

calculated based on mineral composition data reported in

Tables 2, 3, and 5, respectively. For the spinel peridotites,

Ca-in-orthopyroxene (Brey & Ko« hler, 1990), and the Cr^

Table 11: Continued

Serpentinite

C19-10 P115-119 P61-63 P60-62 P49-50 P43-41 T88-83 P67-66 C85-81 P73-73 C55-54 P70-69

SiO2 45·56 46·27 45·35 43·46 44·27 45·23 44·26 47·38 44·30 46·15 42·85 45·15

TiO2 0·11 0·03 0·09 0·13 0·02 0·03 0·02 0·05 0·08 0·12 0·13 0·14

Al2O3 3·63 2·14 2·93 2·77 1·80 2·75 1·39 2·38 2·73 2·66 2·32 3·30

FeO 8·82 7·57 8·72 9·40 8·30 8·18 8·26 7·29 8·20 8·01 8·18 8·52

MnO 0·10 0·13 0·14 0·13 0·16 0·11 0·12 0·10 0·14 0·10 0·16 0·14

MgO 40·30 43·22 41·95 40·92 44·09 40·52 45·06 41·32 41·11 40·77 45·48 38·20

CaO 0·74 0·00 0·08 2·51 0·53 2·37 0·01 0·82 2·71 1·50 0·31 3·37

Na2O 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04 50·04

K2O 50·02 50·02 50·02 50·02 50·02 50·02 50·02 50·02 0·07 50·02 50·02 0·44

P2O5 0·01 0·01 0·01 0·00 0·00 0·00 0·01 0·00 0·01 0·01 0·01 0·02

Cr2O3 0·40 0·39 0·38 0·37 0·45 0·42 0·44 0·32 0·33 0·37 0·29 0·42

NiO 0·33 0·24 0·35 0·32 0·38 0·37 0·42 0·35 0·32 0·32 0·29 0·30

LOI 10·76 11·57 11·52 13·40 10·38 11·93 4·62 7·15 6·92 4·76 5·33 3·57

Mg-no. 0·891 0·910 0·895 0·886 0·904 0·898 0·907 0·910 0·899 0·901 0·908 0·889

Trace elements (mg/g)

XRF 3 3 3 3 3 3 3 3 3 3 3 3

V 65 35 50 49 27 37 42 41 46 61 33 79

Cr 2514 2268 2217 2265 2680 2491 3142 1329 2336 2683 1962 3092

Ni 1954 1318 1944 1603 1827 1989 2407 2084 1822 1923 1654 1847

Co 74 19 65 87 58 63 105 94 98 80 105 97

Cu 7 14 9 20 18 6 14 17 12 13 9 13

Zn 46 51 54 40 49 40 49 53 48 48 54 49

Sc 14 7 12 13 10 2 10 7 13 13 10 13

S 550 550 550 762 415 550 124 335 66 550 550 418

1, ICP-MS analysis performed at Montpellier, following the procedures described by Ionov et al. (1992); 2, ICP-MS
analysis performed at EMPA Dübendorf (Switzerland), following the procedures described by Müntener (1997);
3, whole-rock XRF analyses from Paglia (1996); 4, whole-rock analysis from Reber (1995).
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Al exchange between orthopyroxene and spinel (Caroll

Webb & Wood,1986) were applied, whereas for plagioclase

peridotites only Ca-in-orthopyroxene could be used. The

Ca-in-orthopyroxene thermometer is based on mutual sol-

ubility of the diopside and enstatite molecules in coexisting

orthopyroxene and clinopyroxene, and requires an esti-

mate of pressure, as the solvus is weakly pressure depen-

dent (�58C/0·1 GPa, e.g. Brey et al., 1990). We have chosen

a pressure of 1·5 GPa for spinel peridotite and 1·0 GPa for

plagioclase peridotite. The Cr^Al exchange between

orthopyroxene and spinel requires equilibrium between

olivine, Cr^Al spinel and orthopyroxene, and cannot be

applied to plagioclase peridotites. The average tempera-

ture range for the spinel peridotites is 870^9508C, and the

average difference between the thermometers of Brey &

Ko« hler (1990), Caroll Webb & Wood (1986) and

Witt-Eickschen & Seck (1991) are about 308C. This sug-

gests that orthopyroxene, clinopyroxene and spinel

approached equilibrium at temperatures close to 9208C.

These results are significantly lower than those calculated

for the plagioclase peridotites, which vary between 1030

and 11808C (at 1·0 GPa). Similarly high temperatures

were also calculated by applying the TSc thermometer

based on Sc partioning between orthopyroxene and clino-

pyroxene (Seitz et al., 1999). Although the higher tempera-

tures in the plagioclase peridotites are somewhat

uncertain because of the scarcity of preserved

Ext. Lig.

Ext. Lig.

Int. Lig.

Lanzo

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

N
a

2
O

 (
w

t%
)

Cr2O3 rC)%tw( 2O3 (wt%)

Malenco
Upper Platta 
Lower Platta 
Totalp
Tasna

(b)(a) SWIR

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Galicia

1068

Newfoundland
1070

897

T
iO

2
 (

w
t%

)

Iberia
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restricted to ‘subcontinental peridotites’ and ‘metasomatic harzburgites’, whereas low-Na clinopyroxenes are found in depleted peridotites and
those that equilibrated with plagioclase. (b) TiO2 vs Cr2O3 (wt %). Grey field encompasses clinopyroxene from spinel peridotites. Simple melt-
ing models predict decreasing TiO2 and increasing Cr2O3 for clinopyroxene in residual peridotites. Data from South West Indian Ridge
(SWIR; Hellebrand et al., 2002) and Newfoundland (Mu« ntener & Manatschal, 2006) represent residues of high degrees of partial melting.
Most clinopyroxenes from Iberia do not fall into this field and are enriched in both Cr2O3 and TiO2. Data for Liguria are from Rampone
et al. (1995, 1996) and Montanini et al. (2006); for Lanzo from Boudier (1978), Ernst (1978), Pognante et al. (1985) and Kaczmarek & Mu« ntener
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orthopyroxene in the samples, trace element partitioning

between orthopyroxene and clinopyroxene is qualitatively

consistent with the calculations (see below).

BULK-ROCK CHEMISTRY

Figure 10 illustrates the variation of a range of major and

trace elements against Mg-number and Al2O3 in

bulk-rocks. Although dunites from Malenco are not

included, major and minor elements in bulk-rocks from

both Platta and Malenco display a wide range of variation

from refractory (e.g. 45·1 wt % MgO and 1·39 Al2O3) to

fertile compositions (35·9 wt % MgO and 4·45 Al2O3).

Some of the samples from the upper Platta unit display

even higher Al contents. This feature reflects the presence

of millimeter-scale deformed websterite layers that are

common in the upper Platta unit (Fig. 3). Calculated

Mg-numbers of most peridotites fall within the range of

0·88^0·91. On average, the Malenco rocks are more

depleted than the upper Platta rocks. The major and

minor element covariation trends, most notably the V,Yb,

TiO2 and Al2O3 variations (Fig. 10), are similar to those

of mantle peridotite suites worldwide [see, e.g. Bodinier &

Godard (2003) and Canil (2004) for a more complete com-

pilation of literature data] and seem, at first glance, com-

patible with the interpretation of variable degrees of

melting.

Similar to the majority of orogenic peridotites, the peri-

dotites from the Platta and Malenco peridotites display a

narrow range of Cr contents for widely varying Al2O3
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contents (Fig. 10c), in contrast to cratonic peridotites

(Canil, 2004). Figure 10f illustrates the covariation of

Al2O3 vs Yb for the analyzed peridotites. Although the

general trends for the Platta and Malenco peridotites are

similar, there is a tendency for the Platta peridotites to be

higher in Al2O3, closely corresponding to the 1·5 GPa melt-

ing trend (Canil, 2004). However, as discussed in detail

below, our alternative interpretation is that the Al-rich

peridotite of the lower Platta unit represents peridotites

refertilized by a basaltic melt that was produced at shallow

levels.

Figure 11 shows bulk-rock trace element diagrams for the

analyzed samples. Chondrite-normalized REE data from

the Malenco peridotites show moderately fractionated

REE patterns (LREE/HREE: 0·2^0·8) at overall lower

absolute REE concentrations than the samples from the

lower Platta unit (Fig. 11a and e). One sample from the

upper Platta unit displays HREE values that are substan-

tially higher than those of primitive mantle (Fig. 11c),

which is probably the result of small, disrupted pyroxenite

veins within the mantle peridotite. Bulk-rock REE data

from the lower Platta unit display mostly fertile composi-

tions, with (Ce/Yb)N40·5 and HREE42 (Fig. 11e and f).

The elements Sr and Eu display random positive or nega-

tive anomalies on primitive mantle normalized trace ele-

ment variation diagrams (Fig. 11f) that are most probably

related to serpentinization processes. Surprisingly, many

samples from the lower Platta unit display positive Eu

anomalies, whereas Sr is consistently negative (or below

detection limit). The exceptions to the overall trend are

two samples with strongly fractionated MREE^HREE

[e.g. (Sm/Yb)N50·2] coupled to enriched LREE patterns

with (La/Nd)N 4 1 (Fig. 11f). One of these samples has

an extremely depleted Nd isotope composition (Mu« ntener

et al., 2004). The enriched LREE pattern coupled with

a positive Eu anomaly could result from post-melting

crystallization of plagioclase.

Comparison of U vsTh distributions in primitive mantle

normalized trace element patterns of the Malenco rocks

(Fig. 11b) suggests no systematic variation for peridotites,

whereas most of the Platta samples display systematic pos-

itive anomalies for U compared with Th (Fig. 11d and f),

a feature that is common for strongly serpentinized

peridotites (e.g. Bodinier & Godard, 2003).

DISCUSS ION

Rather than discussing mantle melting and refertilization

as stand-alone processes the exposures of the Eastern

Central Alps offer the opportunity to integrate these in a

spatial context. The geochemical trends observed in the

Totalp^upper Platta^Malenco (spinel peridotites) and

lower Platta peridotites are comparable with the spatial

variations observed in drill cores along the Iberia^

Newfoundland rifted margins. The similarities seen in

datasets from Iberia^Newfoundland and the Alpine ophio-

lites suggest that the underlying igneous and geodynamic

processes are comparable with each other. Given the pau-

city of spatially controlled compositional data on perido-

tites from present-day ocean^continent transition zones,

the observed spatial variations represent the best-

constrained dataset with which to discuss the thermal evo-

lution of extensional, magma-poor systems.

We first evaluate orthopyroxene^clinopyroxene trace

element partition coefficients for spinel and plagioclase

peridotites. We then discuss the generation of the mineral

major and trace element variations by melting and referti-

lization processes.We consider a combined near-fractional

melting model in the garnet and spinel stability fields to

explain the chemistry of those peridotites with no signs of

syn-rift refertilization. Then, we discuss refertilization

models, which might account for the fertile signature of

the plagioclase peridotites. Consequently, this study

addresses the implications of refertilization on the contrast-

ing thermal histories of different mantle segments during

continental break-up and their relationship to the genera-

tion of ocean^continent transition zones.

Trace element distribution between
clinopyroxene, orthopyroxene and
hornblende

Very different orthopyroxene^clinopyroxene trace element

partition coefficients may be anticipated for equilibration

under different thermal regimes. As illustrated in Fig. 12a,

the spinel peridotites show orthopyroxene^clinopyroxene

partitioning that is systematically lower than that of the

plagioclase peridotites of the lower Platta unit. The
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Fig. 11. Trace element compositions of Malenco and Platta ultramafic rocks. (a, b) Malenco, (c, d) upper Platta, (e, f) lower Platta.
Chondrite values are from McDonough & Sun (1995); primitive mantle values from Sun & McDonough (1989).
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uncertainties for the spinel peridotites are small (as indi-

cated by the error bars), and the consistency of our data

and those from Ronda (Garrido et al., 2000) and the

Gakkel Ridge (Hellebrand et al., 2005) suggests that these

datasets are reliable, even for the highly incompatible ele-

ments. There is a first-order difference between the

K
opx=cpx
d between spinel and plagioclase peridotites in our

samples, with the Kd for the plagioclase peridotites being

generally higher. This is true not only for the studied sam-

ples but also for plagioclase peridotites from the Lanzo

and Chenaillet ophiolites (based on our own unpublished

data). The consistent slope, but variable absolute values of

K
opx=cpx
d suggests that orthopyroxene and clinopyroxene

crystallized or recrystallized concurrently, close to

K
opx=cpx
d equilibrium. Pyroxene thermometry, presented

above, indicates equilibration temperatures of 920

(�30)8C for the spinel peridotite samples, which are sub-

stantially lower than those calculated for the plagioclase

peridotites (1050^11708C). This suggests that trace element

K
opx=cpx
d values are strongly temperature dependent, as

suggested previously (Seitz et al., 1999; Witt-Eickschen &

O’Neill, 2005) based on studies of spinel peridotite xeno-

liths. The potential of trace element partitioning for evalu-

ating thermal regimes beneath ocean^continent transition

zones and mid-ocean ridges is further discussed below.

In striking contrast to the temperature-dependent

K
opx=cpx
d , trace element partitioning between hornblende

and clinopyroxene is much less variable and most elements

have Kd values between one and two, except for Sr andTi,

and especially Nb andTa (Fig. 12b).Within error, many of

the K
opx=cpx
d values for spinel peridotite and plagioclase

peridotites are similar, indicating no obvious temperature

dependence. Vannucci et al. (1995) concluded that hornble-

nde is a common mineral in subcontinental peridotites

and that, in most cases, trace element equilibrium is

reached between hornblende and clinopyroxene.

Degree of melting: garnet involved?

It has previously been shown that spinel Cr-number

coupled with HREE abundance can be used as a quantita-

tive melting indicator for plagioclase-free spinel peridotites

(Hellebrand et al., 2001). Spinel Cr-number can vary from

0·09 to 0·2, indicating less than about 6% of melting of a

fertile spinel peridotite source, consistent with the elevated

HREE contents. However, rare relics of strongly

LREE-depleted clinopyroxene from the lower Platta unit

are similar to those from abyssal peridotite (Fig. 6).The rel-

atively low MREE to HREE ratios coupled with high

YbN are consistent with a combination of initial melting

in the garnet stability field followed by further melting in

the spinel peridotite field (Mu« ntener et al., 2004). The

authors calculated that about 4% melting in the garnet

field followed by an additional 4^6% melting in the spinel

field best reproduces the MREE to HREE pattern of

sample STP-2. In addition, sample STP-2 has a strongly

fractionated (Zr/Hf)N ratio (50·2), significantly lower

than those of clinopyroxene from the Malenco and Totalp

spinel peridotites (Fig. 6d). A strongly fractionated (Zr/

Hf)N ratio combined with fractionated (Sm/Yb)N and

highYbN thus seems consistent with a component of frac-

tional melting in the stability field of garnet. A low clino-

pyroxene (Zr/Hf)N ratio is also characteristic of a second

clinopyroxene sample from the lower Platta unit (NAP

99-6), which has an identical MREE to HREE pattern to

STP-2, but with essentially flat LREE pattern and

enriched Nb andTa (Fig. 6d). It is likely that this peridotite

represents a refertilized variant of STP-2, as shown by the

presence of small phlogopite grains. Similar variations

at lherzolite^harzburgite contacts have been described

for the Lherz massif (J.-L. Bodinier, personal

communication).

The Na contents of clinopyroxene from the Eastern

Central Alps peridotites provide important constraints on

the partial melting or refertilization conditions of these

rocks. Sodium concentrations in clinopyroxene from many

spinel peridotite from Malenco and Totalp are higher

than for depleted MORB mantle (Workman & Hart,

2005) and close to estimates for the primitive mantle

(McDonough & Sun,1995) (Fig. 4a). Sodium is an element

of particular importance, as its abundance in basaltic

melts is sensitive to the degree of melting and hence it

shows significant variation in MORB (Langmuir et al.,

1993). Its incompatibility is considered to be similar to

that of Nd at low pressure, but at high pressures sodium is

less incompatible (Blundy et al., 1995) whereas Nd is more

incompatible (Salters et al., 2002). Partial melting at high

pressures in the garnet peridotite stability field should

quickly decrease the Nd/Na ratio in residual clinopyrox-

ene, whereas this ratio remains approximately constant

during melting in the spinel stability field. It is thus likely

that Na-rich, but relatively Nd-poor clinopyroxenes are

the residues of high-pressure partial melting, whereas

Na-poor clinopyroxenes are the residues of low-pressure

melt extraction, as evidenced by abyssal peridotites (e.g.

Johnson et al. 1990). Alternatively, Na-rich clinopyroxene

might be formed by refertilization at higher pressure in

the spinel peridotite stability field, as inferred for the

Lherz and Ronda peridotites (Le Roux et al., 2007;

Bodinier et al., 2008).

We tested these hypotheses by calculating three simple

partial melting scenarios, with variable partition coeffi-

cients for Na, but a constant one for Nd (D
cpx=1
Nd ¼0·2).

Garnet peridotite melting modes were taken from Walter

(1998), spinel peridotite melting modes are from Kinzler

(1997), and the source mineralogy for spinel peridotite is

fromJohnson (1998). For consistency the source mineralogy

of the garnet peridotite was calculated from the spinel

peridotite mineralogy, using the equations of Johnson
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et al. (1990). The most important findings are summarized

in Fig. 13a. We evaluated a fractional melting model for

spinel peridotite (model A in Fig. 13a) to show that the

Na^Nd fractionation is not sufficiently extreme to explain

samples that plot to the right of the model curve, even

though we adopted a sodium-rich subcontinental clinopyr-

oxene as the starting composition. The Na/NdN ratio in

the garnet peridotite model quickly leads to low NdN con-

centrations as illustrated by model B in Fig. 13a, which

can better explain many of the Na-rich, Nd-poor clinopyr-

oxenes. Our model, however, might be extreme by choos-

ing D
cpx=1
Na ¼ 0·5; because of the subcalcic nature of

clinopyroxene at pressures exceeding 3·0 GPa (e.g.Walter,

1998), it is likely that D
cpx=1
Nd values are lower than 0·2 (see

Salters et al., 2002). Thus applying lower D
cpx=1
Na distribution

coefficients the residual cpx quickly depletes in NdN, if

high-pressure D
cpx=1
Nd values are adopted.

Finally, we performed additional ‘polybaric’calculations,

with 4% of initial melting in the garnet stability field, con-

version of the modes into a spinel peridotite assemblage,

and then continuing melting in the spinel stability field.

This model equally fits many of the data. The sodium con-

tent of sample STP-2 is closely matched by this ‘polybaric’

fractional melting model, and is thus consistent with the

results from REE modelling, which suggest that this

sample requires an equal amount of garnet and spinel peri-

dotite melting. The garnet-field signature suggests that the

onset of melting occurred at a depth exceeding �80 km,

and the limited spinel peridotite facies melting indicates

that the final depth of melting is deep compared with

slow-spreading ridges. This is in striking contrast to the

other samples from the lower Platta unit. Their relatively

constant Na2O contents, coupled with increasing NdN
(Fig. 13), MREE to HREE ratios41 and a consistent nega-

tive Sr and Eu anomaly (Fig. 6), indicate the presence of

plagioclase. Below we evaluate possible liquids that match

the clinopyroxene compositions of the plagioclase

peridotites.

Refertilization of peridotites in the
plagioclase peridotite stability field

Refertilization of depleted spinel peridotite has been pro-

posed as an explanation for the formation of plagioclase

peridotite (Dick, 1989; Rampone et al., 1997; Dijkstra et al.,

2001; Mu« ntener & Piccardo, 2003) and for the formation

of Na-rich spinel peridotite (Elthon, 1992; Bodinier et al.,

2008). Based on textural evidence from the plagioclase

peridotites, we tested the refertilization hypothesis by mod-

eling basalt^peridotite mixtures. The model simulates

crystallization of small amounts of trapped melt in perido-

tite, followed by recrystallization and equilibrium trace

element distribution in the plagioclase peridotite field. By

varying the modes of the plagioclase peridotite and the

composition of the infiltrating liquid, we tried to match

the Na content, the REE, and the Zr^Sr composition of

the clinopyroxene. This simple approach, however, does

not account for eventual chromatographic fractionation of

small melt fractions.

Figure 13b illustrates the results of the refertilization cal-

culations using three liquids [a 4% fractional melt (1) and

a 10% batch melt (2) derived from a spinel peridotite

source, and (3) a primitive T-MORB basalt (FAB-1,

described by Desmurs et al., 2002)]. The starting mode

was a lherzolite derived by 4% near-fractional melting of

peridotite in the garnet and spinel stability field, respec-

tively (see above). The entrapment and crystallization

leads to a rapid increase in Na and Nd, and the Na/NdN
ratio is similar for all models. However, the necessary frac-

tion of liquid added for a given NdN is different, as indi-

cated in Fig. 13b.

We further tested if the REE pattern of clinopyroxene

from the plagioclase peridotites could be reproduced by

addition of either batch or fractional melts. The reason for

this simple modeling is that the bulk-rock compositions do

not indicate any clear ‘cumulate signature’. Figure 14 illus-

trates REE refertilization calculations using the same

batch and fractional liquids as above, together with the

residual sample STP-2, and ‘refertilized’ samples MSP-1

and an average of five samples from the lower Platta unit

that are similar in their trace element content.The crystal-

lization mode and the clinopyroxene/plagioclase ratio of

the crystallizing liquid strongly determine the shape of

the REE pattern and the negative Eu anomaly. We evalu-

ated different clinopyroxene/plagioclase ratios and found

that a ratio of 9/4 matches our data best. It should be

noted that, assuming considerably lower or higher amounts

of plagioclase in the crystallizing assemblage, the model

fails to reproduce the Eu anomalies and the clinopyroxene

trace element abundance of the samples.We conclude that

�10^12% addition of a 4% fractional melt reproduces the

clinopyroxene concentrations and slopes of the LREE,

similar to most of the Platta samples (Fig. 14). However,

sample MSP-1 is more consistent with addition of about

4^6% batch melt produced in the spinel stability field

(Fig. 14), to fit both the lower absolute REE content and

the significantly less fractionated LREE.

It has been proposed that the Sr^Zr behavior of clino-

pyroxene in spinel and plagioclase peridotite might be

used as a proxy for monitoring the subsolidus spinel to pla-

gioclase transition in mantle peridotites (Rampone et al.,

1993). However, based on textural evidence and the obser-

vation that plagioclase peridotites are systematically more

fertile compared with spinel peridotites in Alpine ophio-

lites, it has been proposed that melt infiltration and reac-

tion might be the dominant process of plagioclase

formation (Mu« ntener & Piccardo, 2003), similar to obser-

vations from mid-ocean ridges (Dick, 1989). In an attempt

to test the latter hypothesis, we plotted the clinopyroxene

Sr and Zr content, together with melting and
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Fig. 13. (a) Na2O vs NdN in clinopyroxene from the Eastern Central Alps peridotites and other peridotites from ocean^continent transitions.
(a) Three melting models have been calculated assuming a primitive upper mantle source (PUM) from McDonough & Sun (1995). Model A:
fractional melting of a fertile spinel peridotite (PUM) with D

cpx=1
Na of 0·3; model B: fractional melting of a garnet peridotite with Dcpx/l of 0·5;

model C: a ‘polybaric’melting model with 4% of melting of a garnet peridotite (D
cpx=1
Na ¼0·5) followed by additional melting in the spinel peri-

dotite field (D
cpx=1
Na ¼0·3). It should be noted that the higher initial Na content of the clinopyroxene in garnet peridotite is a consequence of the

conversion of spinel peridotite to garnet peridotite mineralogy. Spinel peridotite has higher modal clinopyroxene at a given bulk-rock composi-
tion and thus sodium in clinopyroxene is more ‘diluted’ in spinel peridotite that in garnet peridotite. Additional calculations with residual poros-
ities of 0·1 and 0·5% do not significantly change our results, compared with variations in the partition coefficients. (b) Refertilization models
(in steps of 1%) at low pressure in the plagioclase stability field, assuming a LREE-depleted source (4% near-fractional melting in the garnet
stability field, followed by an additional 4% melting in the spinel stability field). The refertilizing agent is a 10% batch melt (1), 4% fractional
melt (2) and aT-MORB composition (3) from Desmurs et al. (2002), respectively. Refertilization model partition coefficients for Na are from
Blundy et al. (1995), REE partition coefficients are from the compilation of Suhr et al. (1998), except for plagioclase, which is from McKenzie &
O’Nions (1991). þ, Lena trough peridotites (Hellebrand & Snow, 2003); S, CIR peridotites (Hellebrand et al., 2002); *, External Ligurides
(Rampone et al., 1995); open crosses: Internal Ligurides (Rampone et al., 1996). �, plagioclase peridotites; g, spinel peridototes
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refertilization models using the same source composition

as in Fig. 14 to test a possible origin by melt infiltration. It

is well known that Sr is compatible in plagioclase, but the

mineral^liquid Kd strongly depends on the An content

(Blundy & Wood, 1991). A further difficulty in choosing

an appropriate KSr
d for clinopyroxene and plagioclase is

that none of the available experimental studies simulta-

neously determined clinopyroxene, plagioclase and liquid.

We adopt to the partition coefficients of McKenzie &

O’Nions (1991) for Zr and Sr, which result in a D
cpx
Sr /D

plg
Sr

of 0·0335. Figure 15 demonstrates that Zr and Sr are simi-

larly incompatible during batch or fractional melting in

the spinel peridotite field. After less than 10% near-

fractional melting, Zr and Sr concentrations approach

abyssal peridotite compositions (e.g. Johnson et al., 1990),

whereas batch melting models require 420% melting to

achieve low Sr and Zr contents. It should be noted that

most samples from the Eastern Central Alps peridotites

approach or even exceed recent estimates of the depleted

MORB mantle (DMM) reservoir of Workman & Hart

(2005), supporting the fertile composition of most of the

studied peridotites.

Clinopyroxenes from plagioclase peridotites have very

high Zr/Sr ratios that cannot be explained by any simple

melting model of either spinel or garnet peridotite.

For illustration purposes, we used the same input parame-

ters (e.g. source composition, infiltrating agent and crystal-

lizing phase proportions) as in Fig. 14, to model

refertilization in the Sr^Zr variation diagram. The referti-

lization trends critically depend on the crystallization

mode, as Sr is compatible in plagioclase. If the crystalliza-

tion mode is held constant (e.g. as above, clinopyroxene/

plagioclase ratio is 9:4), the variability between the

models is controlled by the composition of the refertilizing

melt. As illustrated in Fig. 15, the results are similar for

different refertilization agents, produced by 4% near-

fractional melting (curve 2) and 10% batch melting

(curve 1).

By combining the different results from REE, Na, Sr and

Zr modeling, we conclude that adding between 5 and

12% near-fractional and/or batch melts to a previously

depleted peridotite, followed by equilibrium trace element

distribution in the plagioclase peridotite field best explains

the data from the lower Platta plagioclase peridotites.

Addition of even small amounts of melt dramatically

changes the trace element ratios in clinopyroxene.We con-

clude that the typical concave-upward clinopyroxene

REE pattern with Gd/YbN41 can be explained by referti-

lization of peridotites by MORB-type magmas in the pla-

gioclase stability field. Similar results were obtained for

the Lanzo and Corsica peridotites (Rampone et al., 1997;

Piccardo et al., 2007).

It is important to realize that bulk-rock compositions do

not indicate any clear ‘cumulate signature’ from the process

of refertilization. We conclude that the composition of

some lower Platta peridotites (coupled with the ‘weak
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Fig. 14. Simple REE refertilization models with the most depleted clinopyroxene (sample STP-2) as the starting composition for the calcula-
tions. Dotted lines indicate addition of 2% increments of liquids followed by equilibrium trace element distribution among the phases. The
near-fractional model has been obtained by adding 2% increments of a melt derived from 4% fractional melting of an N-MORB source.
The batch melt model was calculated by adding increments of 2% MORB derived from10% batch melting of peridotite to the depleted perido-
tite STP-2. This model displays a better fit to the composition of MSP-1. clinopyroxene^melt partition coefficients as in Fig. 13.
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positive Eu anomaly’) requires the addition of a basaltic

component (refertilization) to the peridotites. Together

with the thermometric calculations that indicate substan-

tially higher temperatures of equilibration (see above),

this strongly suggests that the boundary between the refer-

tilized peridotites (the plagioclase peridotites of the lower

Platta unit), and the peridotites that are unaffected by

refertilization in the plagioclase field (the peridotites of

the upper Platta unit, Malenco, and Totalp) represents a

boundary separating two units with a fundamentally dif-

ferent thermal history.

Constraints on the origin and thermal
evolution of the studied peridotites

Two distinct exhumation mechanisms have been proposed

to explain the mineralogy and the thermal history of peri-

dotites in ocean^continent transitions. One option is that

the peridotites are passively exhumed and record subsoli-

dus processes (e.g. Rampone et al., 1993; Chazot et al.,

2005). In this scenario plagioclase peridotites form essen-

tially by subsolidus processes (e.g. by the generalized reac-

tion: pyroxenes þ spinel ! olivine þ plagioclase;

see Fig. 16). An alternative is that the plagioclase

crystallized (together with pyroxenes and/or olivine) from

melt migrating by porous flow in the thermal boundary

layer (Elthon, 1992; Mu« ntener & Piccardo, 2003). Given

the contrasting equilibration conditions for the studied

spinel peridotites (�9208C, �1·5 GPa) and plagioclase

peridotites (�1050^11708C,51·0 GPa) they clearly do not

follow one simple geotherm. The plagioclase peridotites

display an evolution of increasing temperatures and

decreasing pressure, whereas the spinel peridotites record

simple cooling and passive exhumation of mantle litho-

sphere. There are at least two possible interpretations to

explain these data. Either the peridotites originated from

different mantle domains with different geotherms that

were juxtaposed during continental break-up, and/or some

parts of the lithospheric mantle were infiltrated by and

reacted with migrating melt thus modifying an inherited

geotherm. Field relations indicate that at least some of the

spinel peridotites are subcontinental (Trommsdorff et al.,

1993; Mu« ntener & Hermann, 1996; Desmurs et al., 2001)

and that equilibration temperatures derived from pyroxene

thermometry represent a cooling history that is unrelated

to the geotherm at the beginning of continental break-up

(Mu« ntener et al., 2000). These peridotites provide no
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Fig. 15. Sr vs Zr in clinopyroxene from the Eastern Central Alps peridotites. Curves A and B represent the results of batch melting and perfect
fractional melting of a spinel peridotite source. It should be noted that batch melting alone cannot reproduce the low Zr and Sr contents of
many samples. Refertilization models 1, 2 and 3 are calculated using the same parameters as in Fig. 13.
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evidence for syn-rift melt migration and have been inter-

preted to follow a ‘cold exhumation’ path (Mu« ntener &

Piccardo, 2003). Conversely, temperatures calculated for

the plagioclase peridotites are much higher and approach

near-solidus conditions. It has been shown that many peri-

dotites from the Alps, Iberia and (ultra-)slow-spreading

ridges preserve textural and compositional relics of melt^

rock reaction (Cannat & Casey, 1995; Mu« ntener &

Manatschal, 2006; Seyler et al., 2007). The contrasting ages

for crystallization of mafic rocks (�160 Ma: Rampone

et al., 1998; Schaltegger et al., 2002; Kaczmarek et al., 2008)

and for peridotite partial melting as determined by model

ages calculated from Nd-isotopes (Rampone et al., 1998;

Mu« ntener et al., 2004) suggests that there are commonly

no simple melting^residue relationships. Instead we favor

the hypothesis of inherited subcontinental relics that are

partially overprinted and/or erased during refertilization

and subsequently equilibrated in the plagioclase peridotite

field. The idea of ancient mantle relics has recently also

become attractive to explain isotopic heterogeneity in the

oceanic mantle (e.g. Harvey et al., 2006; Goldstein et al.,

2008) and has led to a paradigm shift in studies of

mid-ocean ridges, away from a view that basalt formation

and mantle depletion are always genetically linked.

We conclude that the most common origin of the

plagioclase peridotites in Alpine ophiolites is refertilization

by migrating magmas and thermal erosion of ancient

lithosphere at some time during crustal thinning between

the late Triassic and middle Jurassic, but prior to

the emplacement of gabbro bodies and dikes, which are

dated to 166^158 Ma (see summary by Kaczmarek et al.,

2008).

The different pressure^temperature paths conceptually

illustrate the contrasting thermal histories of the

Malenco^upper Platta^Totalp and the lower Platta perido-

tites (Fig. 16). It follows that subcontinental peridotites

(‘cold exhumation’) and infiltrated peridotites (‘hot exhu-

mation’) are juxtaposed within a narrow zone where ther-

mal gradients are high. This is schematically illustrated in

Fig. 17, where the most important field relations and the

different peridotite types are shown. The infiltrated and

subcontinental domains are presumably separated by peri-

dotite mylonites. Such mylonites may act as permeability

barriers for migrating magmas, as inferred for a mantle

shear zone in the Lanzo peridotite (Kaczmarek &

Mu« ntener, 2008). In addition, the high-temperature mylo-

nites are cut by low-temperature brittle detachment faults.

These faults are similar to detachments described in oce-

anic core complexes (e.g. Tucholke et al., 1998; Ildefonse

et al., 2007).
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Geophysical consequences of melt
infiltration: a ‘lithospheric sponge’ and
inhibited subsidence of thinned
continental crust during extension

One of the more surprising results from the numerous ten-

tative reconstructions of the Iberia^Newfoundland mar-

gins is that extreme crustal thinning to less than 10 km

had to occur before the major episode of detachment fault-

ing became active (Manatschal et al., 2001). Another puz-

zling result in deep, magma-poor, rifted margins is that

extreme thinning does not appear to be associated with

normal high-angle faulting, nor strong syn-extensional sub-

sidence. This is not compatible with the ‘classic McKenzie

model’ that is widely used in geodynamic reconstructions

that assume a simple temperature-dependent density dis-

tribution in the mantle (McKenzie, 1978). This model does

not include compositional and pressure-dependent phase

changes. The effects of phase changes have been addressed

recently (e.g. Simon & Podladchikov, 2008). Given that

subsolidus phase transitions, in particular the spinel to

plagioclase transition with decreasing temperature, are

often incomplete and slow, we propose an alternative

mechanism. One possible idea to explain the anomalously

shallow depositional environment of syn-rift sedimentary

sequences along magma-poor rifted margins is that thin-

ning of the crust is associated with the emplacement of

hot and infiltrated lithospheric mantle beneath the future

continental margin. Thus we assume that during extreme

thinning of the continental crust early syn-rift melts are

trapped in the mantle lithosphere above the upwelling

asthenosphere. This ‘lithospheric sponge’ is, compared

with an efficient melt extraction system at fast-spreading

ridges or at segment centers within slow-spreading ridges,

compositionally buoyant and provides an additional driv-

ing force for rapid exhumation of impregnated peridotites.

Rapid exhumation would inhibit complete reequilibration

of the refertilized peridotites and could explain a variety

of petrological, tectonic and geophysical observations, as

follows. (1) The time required to erase the extreme compo-

sitional variations of spinel and pyroxenes in peridotites
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(Kaczmarek & Mu« ntener, 2008) is longer than the resi-

dence time of the ‘lithospheric sponge’ above the melting

region. (2) The equilibration temperatures of peridotites

from the Alps calculated by conventional major element

thermometry and more novel trace element thermometers

demonstrate that many plagioclase peridotites record

much higher temperatures (on average 1150^12008C) com-

pared with spinel peridotites. We argue that these high

equilibration temperatures are a fingerprint of syn-rift

refertilization of mantle peridotites. Because many

magma-poor rifted margins do not allow direct access to

such mantle exposures because of post-rift sedimentation,

we speculate that shallow-water syn-rift sediments may be

used as an indicator of subsidence retardation in

deep-water rifted margins and may be linked to mantle

refertilization at depth. Another effect of such refertiliza-

tion processes at depth might be anomalously high heat

flow, which has been observed in the Gulf of Aden

(Lucazeau et al., 2008), as an efficient hydrothermal cool-

ing system such as those observed on fast-spreading ridges

has not yet been established. (3) Considering a ‘normal’

intermediate- to fast-spreading ridge that is characterized

by efficient melt extraction, formation of robust oceanic

crust and a mean extent of melting of �10% in the asthe-

nosphere, a 10 km thick parcel of mantle rock would sepa-

rate into 9 km of residual peridotite and 1 km of basaltic

crust (Fig. 18). A seismic experiment would detect a clear

discontinuity in seismic velocities resulting in a well-

defined Moho. In constrast, if the 10% melt is not effi-

ciently extracted but more or less uniformly distributed in

the mantle parcel, the average density might still be suffi-

ciently different from residual peridotite to drive exhuma-

tion, yet a Moho would be difficult to identify

geophysically, and the melt would probably remain unde-

tected by seismic investigations. Whereas a gradational

increase of seismic velocities in areas of exposed mantle

can be attributed to variable degrees of serpentinization

in the upper 3^5 km (Minshull et al., 1998), anomalously

low seismic velocities beneath thinned continental crust

(e.g. Van Avendonk et al., 2006) might be explained by a

‘lithospheric sponge’ type of mantle.

CONCLUSIONS

Detailed investigations of spinel and plagioclase peridotites

representing a former ocean^continent transition show

OC

DM

10% infiltration in
10 % ‘true’ oceanic crust

90 % depleted mantle10 km thick mantle

no seismically seismically ‘visible’

visible Moho

reduced seismic

velocity structure

ocean-continent transition

slow spreading ridges

normal seismic

velocity structure

fast spreading ridges

(a) (b)

Moho

Fig. 18. Conceptual models on the importance of melt infiltration vs melt extraction at the top of the mantle lithosphere, which is largely gov-
erned by the thermal structure of the uppermost mantle. Perfect extraction leads to oceanic crust with a well-defined Moho (b), whereas refer-
tilization and stagnation would form a compositionally buoyant piece of mantle without a clear Moho (a). Model (a) might be important for
the formation of oceanic core complexes. Later serpentinization effects are neglected. This model could explain the widespread occurrence of
refertilized peridotite on the seafloor in ocean^continent transitions (Iberia^Newfoundland, Alps), in (ultra-)slow-spreading ridges and any
transitional stages between the two.
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that a chemical and thermal boundary between subconti-

nental and infiltrated mantle is well defined, and is charac-

terized by important changes in lithology and both major

and trace element composition of the constituent minerals.

The data from the Eastern Central Alps can be used to

constrain the processes of syn-rift melt storage in

present-day magma-poor rifted margins. The textures and

chemistry of the Malenco^Platta^Totalp peridotites are

similar to those of the peridotites of the Iberia^

Newfoundland margin, and we can use the spatial rela-

tionships to infer the distribution of ‘cold’ subcontinental

and ‘hot’ refertilized peridotites in ocean^continent

transitions.

Geochemical models using a variety of major and trace

elements demonstrate that the plagioclase peridotites are

unlikely to be residual after a low degree of partial melting.

Instead, the data are better fitted by refertilization of pre-

viously depleted peridotites. Quantitative estimates based

on simple trace element models indicate that both batch

and fractional melts percolated within the peridotites,

from which clinopyroxene and plagioclase precipitated.

Assuming a residue of fractional melting as the source

rock, the models show that up to 12% of melt might be

retained in the plagioclase peridotites. If this process can

be generalized, it can explain a variety of geophysical

observations from modern ocean^continent transitions,

such as high heat flow, subsidence retardation of ‘exten-

sional allochthons’ and poorly defined Moho reflections.

The data from the Eastern Central Alps peridotites indi-

cate that magma-poor rifted margins are not amagmatic,

but that most syn-rift melts crystallized at depth before a

robust melt extraction system was established.
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