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Abstract

Peridotites from the Ulten Zone (Upper Austroalpine Domain, Central-Eastern Alps, Italy) derive from a mantle wedge
environment and record a complex metamorphic history. This study focuses on amphibole—spinel peridotites and chlorite—tremolite
peridotites. Chlorite is generally closely intergrown with Cr—spinel, indicating that it grew at the expense of former Al—spinel.
No garnet relics or chlorite pseudomorphs after garnet have been found. Moreover, amphibole and chlorite trace element patterns
display no fractionation in HREE, suggesting that these chlorite peridotites never equilibrated in the garnet stability field.

On the basis of textures, bulk rock and mineral major and trace element compositions three stages of metasomatism are
documented in the mantle rocks. We propose that the earliest stage represents melt impregnation at plagioclase peridotite conditions
and is unrelated to subduction. The metasomatism leading to spinel— and chlorite—amphibole peridotites is related to the
progressive influx of a fluid with crustal signature, derived from neighbouring subducted continental crust as the mantle wedge
peridotites approach the slab. The observation that garnet peridotites and chlorite peridotites, which never equilibrated in the garnet
stability field, are hosted within the same gneisses, suggests that slices of mantle wedge peridotite with different P-T trajectories
can be sampled by subducted and exhumed crust.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction mediated element transfer in a crust-mantle system at
great depth. Of particular interest are garnet peridotites, as

Peridotite boudins enclosed within crustal rocks a minimum pressure of 1.5 GPa is required to stabilize
provide an excellent natural laboratory to study fluid- garnet in lherzolitic compositions (O’Neill, 1981; Robin-

son and Wood, 1998; Klemme and O’Neill, 2000). The

incorporation of garnet peridotites in crustal rocks is a
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mantle into the garnet peridotite field. Such gamet
peridotites often display clear evidence of a prograde
metamorphic evolution and are associated with rocks such
as rodingites, which clearly formed at shallow conditions
(Evans and Trommsdorff, 1978; Trommsdorff et al.,
2000); 2) sampling of mantle wedge peridotites by
subducted crust followed by exhumation of both. These
garnet peridotites preserve evidence of a high-temperature
mantle evolution prior to their incorporation into the crust
(Brueckner, 1998; Brueckner and Medaris, 2000; Nimis
and Morten, 2000). Generally, the country rock gneisses
of garnet peridotite lenses do not provide unambiguous
evidence for ultra-high pressure metamorphism and hence
it is not clear where the peridotites were assembled with
the crust.

The Ulten Zone peridotites are one of the best exam-
ples of trapped slices of mantle wedge peridotite within
continental crust (Morten and Obata, 1990; Nimis and
Morten, 2000; Rampone and Morten, 2001; Tumiati
et al., 2003; Marocchi et al., 2005; Marocchi, 2006;
Scambelluri et al., 2006). In the Ulten Zone numerous
small lens-shaped peridotitic bodies are included within
high-grade garnet—kyanite gneisses and migmatite
basement rocks belonging to the Upper Austroalpine
domain (Tonale Nappe). The peridotites represent a
portion of the Adria subcontinental mantle wedge,
which underwent metasomatic enrichments (i.e. C—O—
H fluid influx) during the subduction and likely during
the late exhumation of a crustal slab. Seven mineral
associations have been described (Morten, 1993;
Morten and Trommsdorff, 2003) and related to a com-
plex metamorphic P-T evolution from high-7 spinel
peridotites to relatively low-7" garnet peridotites. The
transition from spinel peridotites (P=1.5 GPa, T=
1200 °C) to garnet (+amphibole)-peridotites associated
with an increase in pressure and concomitant cooling
(P=2.7 GPa, T=850 °C) has been interpreted as the
result of corner flow within the mantle wedge followed
by the incorporation of peridotites in a downgoing con-
tinental slab (Nimis and Morten, 2000). Within such an
evolution, the chlorite—amphibole-bearing peridotites
were interpreted by Obata and Morten (1987) as retro-
gressed garnet peridotite and were as such related to the
exhumation of the peridotites (Morten and Tromms-
dorff, 2003). We have attempted to test this hypothesis
with in situ trace element analyses of porphyroblastic
minerals.

The main aim of this paper is to investigate in detail the
metasomatic imprints recorded in chlorite—amphibole
peridotites from the Ulten Zone. Previous studies of trace
element characteristics of bulk-rocks and of main mineral
phases revealed that the Ulten peridotites underwent

multi-stage metasomatic events. An early metasomatic
event led to Light Rare Earth Elements (LREE) and some
Large Ion Lithophile Element (LILE) enrichment in spinel
peridotites and has been interpreted to reflect interaction
of subduction related magmas with peridotites at
temperatures of ~ 1200 °C (Scambelluri et al., 2006).
Extensive metasomatism at much lower temperatures of
~ 850 °C but higher pressures of ~2.7 GPa is documented
at the transition from anhydrous spinel peridotites to
hydrous amphibole—garnet peridotites. This metasoma-
tism is well documented in LILE and LREE enriched
amphibole and has been interpreted to reflect the influx of
an aqueous fluid related to subducted continental crust
(Morten and Obata, 1990; Rampone and Morten, 2001;
Scambelluri et al., 2006).

In this study we report bulk rock major and trace
element compositions of chlorite—amphibole peridotites
and compare them to garnet peridotites to evaluate
whether or not these rocks derive from the same proto-
lith and share a common history of metasomatism. In
situ trace element patterns of chlorite and amphibole in
these peridotites provide constraints on the composition
of the fluid phase that was present during exhumation.
We compare the trace element composition of such
amphiboles with amphiboles formed in equilibrium with
garnet, to evaluate whether or not significant changes in
fluid composition took place during the retrograde
evolution of the peridotites. Furthermore, we will dis-
cuss the importance of the new data to better constrain
the incorporation of peridotites into the country rock
gneisses.

2. Geological setting and sample location

The Ulten Zone (Tonale Nappe, Upper Austroalpine
Domain) forms a NNE striking belt, which is about
12 km long and 2—-3 km wide. It is bounded to the NW
by the Val Clapa Line and to the SE by the Rumo Line
(Morten et al., 1976) (Fig. 1). The Ulten Zone is made of
massive and foliated garnet—kyanite-bearing granulitic
gneisses, migmatites, orthogneisses including small
pods of eclogitic metabasites and small bodies of peri-
dotites (Obata and Morten, 1987; Godard et al., 1996).
The area has been the subject of several tectono-
stratigraphic and petrological works (Morten et al., 2004
and references therein); the reader is referred to the
above review paper for a more thorough description.

Most of the peridotite outcrops are lens-shaped bodies
(boudins) with the major axis generally at least three
times as long as the minor one. The peridotitic bodies,
a few to ten metres thick and a few tens to hundreds
metres long, form a discontinuous horizon between the
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Fig. 1. Geological sketch map of the central-eastern Alps (A) and enlarged in (B) detailed geological map of the Ulten Zone with location of chlorite

peridotite samples.

underlying garnet—kyanite gneisses (Fig. 2A) and
the overlying migmatites and orthogneisses. Chlorite-
bearing peridotites occur everywhere in the Ulten Zone
terrane. Peridotites of this study have been sampled in
the area between M. Ometto (MandelSpitz) and Buca di
Cloz (Clozner Loch) and around M. Slavazzaie, M.ga
Masa Murada and M.ga Preghena di Sopra (Fig. 1). The
rocks are fine-grained and weakly to intensely deformed.
The foliation is marked by the preferential orientation of
amphibole, chlorite and opaque minerals. Shear zones
with an intense foliation are common in the chlorite
peridotites (Fig. 2B). The foliation is generally concor-
dant with the main foliation of the country gneisses.
Occasionally discordant chlorite veins occur in the
chlorite peridotite lenses. The contact between the peri-
dotitic bodies and the country rock gneisses is rarely
exposed. In a few cases the contact zone is characterised
by a narrow transition zone, consisting of phlogopite,
talc, chlorite, anthophyllite and tremolite, which is partly
overprinted by later serpentinization.

3. Petrography

Table 1 reports a summary of the mineral assem-
blages of 11 selected samples of chlorite peridotites.
Obata and Morten (1987) classified the Ulten peridotites
into two different textural types: coarse-type and fine-
type. Chlorite-bearing peridotites display a tabular or
mosaic equigranular texture (Fig. 3A) and belong to the
“fine-type” group (Table 1). They consist of olivine,
orthopyroxene, amphibole, chlorite and spinel relics
included in chlorite porphyroblasts. Olivine is present
as porphyroclast relics or as medium-sized crystals,
sometimes arranged in mosaic polygonal textures.
Orthopyroxene occurs either as smaller crystals or as
porphyroclast relics in some of the samples, the latter
often being kinked and fractured. The rocks have been
strongly deformed, and widespread shear zones are
characterised by the presence of secondary phases such
as serpentine, opaque minerals and, in one case, talc.
Two amphibole types are recognised: a pale-green,
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Fig. 2. (A) Outcrop photo of migmatic gneiss and (B) chlorite—
peridotite showing a strong foliation.

euhedral calcic amphibole (Amph 1) and a late colour-
less and elongated tremolite (Amph 2). Calcic amphi-
bole is euhedral and in textural equilibrium with olivine
and orthopyroxene (Fig. 3B). Tremolite occurs as elon-
gated crystals (Fig. 3C), often associated to chlorite to
form aggregates. Occasionally, Amphibole 1 relics are
preserved in the cores of tremolite.

Chlorite is always present in textural equilibrium
with olivine, orthopyroxene and amphibole. Chlorite

has been found in different textural sites, either as iso-
lated and oriented crystals in the matrix or as medium-
sized (3—4 mm) porphyroblasts with included spinel
relics. Occasionally, chlorite forms flakes gathered in
clusters together with amphibole and spinel (Fig. 3D,
E, F). Chlorite generally occurs closely intergrown with
Cr—spinel, indicating that it grew at the expense of
former Al-rich spinel. No garnet relics or chlorite pseu-
domorphs after garnet have been found in the inves-
tigated samples.

4. Analytical techniques

Bulk rock major and trace element compositions were
determined by ICP-MS at the “Centre de Recherches
Petrographiques et Geochimiques” (CNRS, Nancy).
Details on the analytical procedure can be found at
www.crpg.cnrs-nancy.fr. Major element compositions
were determined by ICP-AES and minor and trace ele-
ment compositions by ICP-MS. Loss-on-ignition (L.O.1.)
values were calculated after heating to 1000 °C.

Electron microprobe analyses (EMPA) were carried
out at CNR (IGG-Geosciences and Georesources
Institute), Padova, Italy, with a WDS (wavelength
dispersive spectroscopy)-CAMECA-Camebax Micro-
beam 799 with four spectrometers WDS operating at
15kVand 15 nA with a 10 s counting time both for major
and minor elements. X-ray counts were converted into
oxide weight percentage using a PAP correction program
(Pouchou and Pichoir, 1984). Mineral trace elements
were acquired in situ by laser ablation, inductively-
coupled plasma mass spectrometry (LA ICP-MS) at
the Research School of Earth Sciences (RSES), The
Australian National University. The LA ICP-MS tech-
nique employs an ArF (193 nm) EXCIMER laser coupled

Table 1

Description of chlorite peridotite samples from the Ulten Zone

Sample Locality Altitude Texture Petrography

519¢ Tricorno-Cima Lavazze 2200 a.s.l. Porphyroclastic ol+opx-+amph+spl+chl+tlc

544 M. Slavazzaie 2130 a.s.L Granoblastic ol+opx-+amph+spl+chl+serp
551a M. Slavazzaie 2400 a.s.L Granoblastic ol+opx-+amph+sp-+chl+serp

6lla Passo Cemiglio 2380 a.s.l. Porphyroclastic ol+opx-+amph+spl+chl

620 Masa Murada 1990 a.s.l. Granoblastic ol+opx-+amph+spl+chl

MR44 Monte Ometto 2200 a.s.l. Granoblastic ol+opx-+amph+spl+chl

MRS50B Monte Ometto 2300 a.s.L Granoblastic ol+opx-+amph+spl+chl

MR132 Buca di Cloz 2150 as.L Granoblastic ol+opx-+amph+spl+chl+tlc+serp
MR136 M.ga di Schongriibe 2214 as.l. Granoblastic ol+opx-+amph+spl+chl+tlc+serp
MR148 Malga Samerberg 2200 a.s.l. Granoblastic ol+opx-+amph+spl+chl+serp
MR207 Malga Samerberg 2100 a.s.l. Granoblastic ol+opx-+amph+spl+chl+tle

NBI1 Malga Preghena di Sopra 2084 a.s.l. Granoblastic ol+opx-+amph+spl+chl+serp

Mineral abbreviations after Kretz (1983).
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Fig. 3. Photomicrographs (transmitted cross-polarised light) of the Ulten Zone chlorite peridotites and representative rock forming minerals. (A)
Mosaic equigranular texture with coarse olivine and orthopyroxene grains cut by shear zones, sample 519c. (B) Euhedral calcic amphibole (Amph1)
in textural equilibrium with olivine and chlorite. (C) Photomicrograph showing amphibole textures: pargasite (Amph 1) is surrounded by elongated
tremolite (Amph 2), sample MR207. Chlorite textural occurrences are: (D) porphyroblasts where chlorite replaces Cr—spinel, (E) flakes of chlorite
forming clusters with spinel and amphibole and (F) oriented chlorite crystals scattered in the matrix. Length of bar 400 pm. Mineral abbreviations

after Kretz (1983).

to an Agilent 7500 quadropole ICP-MS. A spot size
of 187 pm was used and the counting time was 20 s for
the background and between 40-45 s for sample ana-
lyses. **Ca (for amphibole) and *°Si (for chlorite and
orthopyroxene) were employed as the internal standard
isotope, based on CaO and SiO, concentrations previ-
ously measured by electron microprobe. NIST-612 glass
was used as the external standard, assuming the com-
position given by Pearce et al. (1997). A NIST 610
and BCR-2G glass was used as secondary standard. A
detailed description of the technique is given in Buick
et al. (2006).

5. Results
5.1. Bulk rock compositions

Whole-rock major and trace element compositions
of the chlorite peridotites are listed in Table 2. The high
L.O.I. values (from 1.6 to 6.83 wt.%) support the
presence of hydrous phases in these samples (amphibole
plus chlorite) and are directly correlated to their modal
abundances. The peridotites display a variable range for
some major elements, e. g. Al,O5 (1.7-2.87 wt.%) and
MgO (38.9-43.28 wt.%).
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Table 2
Bulk-rock major (wt.%) and trace (ppm) element compositions of chlorite—amphibole peridotites
Sample Group 1 Group 2

519¢c 544 61la 620 MR44 551a MR50B  MRI132  MRI36A  MRI48 MR207 NBI
Major elements (wt.%)
SiO, 43.03 4226 4322 4363 4292 41.93 43.19 42.35 422 42.27 42.05 41.78
ALO; 1.82 1.7 1.65 2.36 2.4 2.87 2.05 2.82 2.4 2.25 1.74 2.26
Fe,05* 8.43 8.19 8.4 7.93 8.22 8.04 8.5 8.34 8.37 8.26 8.52 7.81
MnO 0.11 0.1 0.12 0.11 0.11 0.08 0.1 0.11 0.09 0.1 0.11 0.116
MgO 4236  41.16 4328 3924 4258 384 42.65 39.35 38.9 39.11 40.65 39.55
CaO 1.35 1.35 1.34 2.03 2.13 1.94 1.26 2.07 1.86 1.83 1.41 1.82
Na,O b.d.l b.d.L b.d.L b.d.l b.d.l. 0.16 b.d.l. b.d.L b.d.l. b.d.l. b.d.l. 0.12
K20 b.d.l b.d.l. b.d.L b.d.l. b.d.l b.d.l b.d.L b.d.L b.d.L b.d.l. b.d.L 0.06
TiO, b.d.l b.d.L b.d.L b.d.l b.d.l 0.05 b.d.l. 0.07 b.d.l. b.d.l. b.d.l. 0.03
P,0Os 0.04 0.04 0.06 0.05 b.d.l 0.06 b.d.L b.d.L 0.05 0.06 0.05 0.01
LOI 2.52 5.16 1.6 445 1.84 6.5 2.49 4.95 5.6 4.74 5.39 6.83
Total 99.66 99.96 99.67 99.80 100.20 100.03 100.24 100.06 99.47 98.62 99.92 100.38
Trace elements (ppm)
Rb 2.5 1.4 1.0 2.0 1.7 2.4 1.5 1.9 b.d.l. 0.8 2.1 2.0
Ba 19 15 27 17 32 32 22 30 20 28 21 8
Th 0.23 0.19 0.23 0.26 0.27 0.29 0.34 0.12 0.21 0.36 0.36 0.22
U 0.08 0.11 0.09 0.10 0.12 0.14 0.12 0.08 0.13 0.17 0.16 0.08
Nb 0.23 0.22 0.23 0.45 0.27 0.54 0.80 0.47 0.33 0.33 0.60 0.50
Ta 0.04 0.01 0.03 0.05 0.02 0.03 0.09 0.03 0.02 0.02 0.04 0.01
La 0.79 0.98 1.05 1.79 1.60 1.01 1.31 0.87 0.75 1.49 1.13 1.37
Ce 1.96 1.86 2.16 3.71 3.19 2.44 3.52 2.48 2.07 3.40 3.09 2.00
Pb 1.29 b.d.L 1.59 1.27 1.71 b.d.L 2.58 1.56 227 1.63 b.d.l. b.d.l.
Pr 0.23 0.19 0.24 0.37 0.33 0.33 0.48 0.36 0.29 0.41 0.41 0.17
Sr 8.5 9.5 17.0 16.9 12.9 10.0 14.1 10.4 7.7 14.6 10.4 16.0
Nd 0.78 0.64 0.84 1.14 1.12 1.43 2.03 1.54 1.21 1.59 1.65 0.51
Zr b.d.L b.d.L b.d.L 1.71 1.63 3.39 3.45 5.00 2.58 2.60 1.71 3.00
Hf b.d.l b.d.l b.d.l 0.05 0.05 0.11 0.10 0.16 0.08 0.07 0.04 0.09
Sm 0.12 0.11 0.15 0.15 0.15 0.38 0.39 0.33 0.26 0.30 0.31 0.09
Eu 0.05 0.04 0.05 0.06 0.06 0.09 0.08 0.16 0.08 0.09 0.08 0.04
Gd 0.10 0.09 0.12 0.11 0.12 0.35 0.30 0.33 0.28 0.25 0.24 0.13
Tb 0.02 0.02 0.02 0.02 0.02 0.06 0.04 0.05 0.05 0.04 0.04 0.02
Ti b.d.L b.d.l. b.d.L b.d.l b.d.l 299 b.d.L 419 b.d.L b.d.l. b.d.L 180
Dy 0.12 0.11 0.13 0.14 0.16 0.40 0.26 0.36 0.31 0.24 0.19 0.15
Y 0.77 0.68 0.68 0.90 1.06 2.29 1.52 2.07 1.82 1.48 1.18 0.90
Ho 0.03 0.03 0.02 0.03 0.04 0.08 0.05 0.08 0.07 0.06 0.04 0.03
Er 0.09 0.08 0.08 0.11 0.12 0.25 0.16 0.22 0.20 0.17 0.12 0.13
Tm 0.02 0.01 0.01 0.02 0.02 0.04 0.03 0.03 0.03 0.03 0.02 0.02
Yb 0.12 0.10 0.09 0.13 0.16 0.26 0.18 0.25 0.21 0.19 0.14 0.14
Lu 0.02 0.02 0.02 0.02 0.03 0.04 0.03 0.04 0.04 0.03 0.02 0.02
Euw/Eu* 0.18 0.17 0.29 0.27 0.28 2.08 1.83 1.74 1.17 1.15 1.20 0.21
LaN/YbN 224 0.80 1.39 2.63 0.81 0.57 2.17 0.55 0.49 0.62 1.06 0.50
LaN/GdN  6.88 9.05 7.55 14.08  11.69 2.54 3.83 2.30 2.29 5.29 4.03 9.14
GdN/LuN  0.61 0.68 1.00 0.57 0.57 0.99 1.31 1.05 1.00 0.92 1.44 0.60

* Total iron as Fe,Os.

Fig. 4 reports the variation of (a) AlL,O; wt.% and
(b) MgO wt.% vs CaO wt.% for chlorite-peridotite
samples, in relation to the compositions of Nonsberg
peridotites compiled from the literature. It is important
to note that the fields of chlorite peridotites overlap
with the compositional range of garnet—amphibole and
garnet-bearing peridotites.

The chemical trends are generally interpreted as nor-
mal trends of residua after variable degrees of partial
melting and melt extraction (Bodinier and Godard, 2004).
As outlined in previous works (Rampone and Morten,
2001), this major element variability is unrelated to the
different textures but rather reflects pre-metamorphic
heterogeneities, such as different degree of fertility of the
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Fig. 4. Bulk-rock major element compositions (data from Table 2) of
chlorite peridotites compared with Primitive Upper Mantle (PUM,
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mantle peridotite precursor. Chlorite peridotites plot along
the general trend of depletion, starting from the estimated
chemical compositions of the primitive upper mantle
(PUM; McDonough and Sun, 1995) and of the depleted
MORB mantle (DMM; Workman and Hart, 2005).
Chondrite-normalised (C1; Sun and McDonough,
1989) Rare Earth Element (REE) patterns are reported
in Fig. 5A, while incompatible trace element spider dia-
grams normalised to the Primitive Mantle (PM; McDo-
nough and Sun, 1995) are shown in Fig. 5B. Reference
values of the depleted MORB mantle (DMM) and of the
enriched DMM (EDMM) (Workman and Hart, 2005)
have been reported for comparison. Chlorite peridotites
have been grouped on the basis of main differences in
REE patterns (cf. Table 2). Group 1 is characterised by a
very steep decrease in Light (L)REE contents and Middle
(M) REE contents below unity and a slight increase in
Heavy (H)REE with increasing atomic number. Almost
all samples display a moderate positive Eu anomaly.
Group 2 displays higher MREE than Group 1 and a flat
HREE pattern. Only one sample within this group dis-
plays a small positive Eu anomaly; all the others have
either none or a small negative Eu anomaly. The HREE
contents correlate with the degree of depletion of the
peridotites: the samples of Group 1 (Fig. 5) are generally

more depleted both in HREE and in CaO and Al,O;
(Fig. 4). Bulk-rock compositions of Spl-peridotites and
Grt—Amph peridotites are reported from Scambelluri et al.
(2006). It is worth noting that patterns of Group 2 chlorite
peridotites are similar to those of Grt—Amph-peridotites
(Fig. 5A), whereas Group 1 REE patterns are quite pecu-
liar and have never been described before for the Ulten
peridotites.

The PM-normalised trace element patterns are re-
ported in Fig. 5B. The chlorite peridotites are char-
acterised by a strong enrichment in LILE (between 1 and
10xPM) from Rb to U, and well-marked positive
anomalies in U and Pb compared to the DMM (Fig. 5B).
The LREE and LILE enrichment is generally unrelated
to the depleted character of the sample in major com-
ponents Al,O3 and CaO, but more likely due to a later
addition of these elements to the peridotite system
through an external agent. These features have been
previously interpreted as the influx of a fluid derived
from a crustal source (Rampone and Morten, 2001;
Scambelluri et al., 20006).

10
= = &Rl
® % \\ s Spl-peridotites
= RS Grt-Amph peridotites
o
c
Q
<
Q10 =
o
Q
£
©
2] MM (A)
0.1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
100
GROUP 1
N GROUP 2
10
=
a V4
[0} r H
‘_El 1.0 -‘ —_—
© EDMM
w -~
0.1
DMM
0.01

RbBaTh UNbTaLaCePb PrSr Nd Zr HfSmEuTi Dy Y HoYb Lu

Fig. 5. Chondrite normalised REE (A) and Primitive Mantle (PM)
normalised trace element (B) compositions of chlorite peridotite
samples (data from Table 2). Shaded grey lines report compositions of
Depleted MORB Mantle (DMM) and Enriched DMM (Workman and
Hart, 2005). Group 1 and 2 refers to samples with positive and
negative Eu anomaly respectively. Bulk-rock compositions of the
Ulten Spl-peridotites and Grt-Amph-peridotites are reported from
Scambelluri et al. (2006). Normalising values after Sun and
McDonough (1989) for Chondrite and McDonough and Sun (1995)
for PM.



Table 3

Representative major element compositions (wt.%) determined by Electron Microprobe

Sample 544 551a MR136 MR207

Mineral 0Ol Opx  Amphl Amph2a Chl Ol Opx  Amphl Amph2a Chl Ol Opx  Amphl Amph2a Chl Ol Opx Amphl Amph2b Chl Spl  Spl
Location Rim  Core Rim  Core Core Core Core Core In chl Matrix
SiO, 40.54 56.64 47.09 5536 30.25 40.20 57.11 47.55 5853 30.65 40.24 57.22 4578 55.74 30.45 39.45 56.67 45.07 56.30  30.84 0.07 0.03
TiO, - 026 0.25 0.07 0.03 - 0.12  0.19 0.03 0.00 - 0.05 0.36 0.11 0.02 - bdl  0.55 0.09 0.04 024 0.06
Al,O3 - 1.78 1141 3.23 18.66 — 143 9.75 0.77 19.08 — 1.56 1195 242 19.24 — 1.90 12.64 2.02 18.44 13.09 38.88
Cr,03 - 0.10  1.01 0.60 134 - 0.19 1.04 0.07 125 - 0.19 1.36 0.44 1.02 - 0.18 0.66 0.21 222 47.61 2582
FeOtot 949  6.66 275 2.22 298 10.62 6.69 297 2.02 272 10.81 7.07  3.55 2.17 329 9.78 6.18 3.04 1.82 2.86 29.23 18.78
MnO 0.14 0.09 0.08 0.10 0.04 0.09 0.06 0.14 0.03 0.08 0.17 0.18 0.07 0.10 bdl 0.07 0.14 0.00 0.07 0.00 041 0.18
MgO 49.44 3450 19.53 2258 32.37 49.58 34.85 19.60 23.64 32.63 48.24 3425 1883 22.85 32.07 48.95 34.58 18.41 22.81 32.18 546 12.81
Ca0O 0.03 0.01 13.06 13.17 0.01 0.02 0.06 12.89 13.19 0.01 0.03 0.23 13.01 13.53 0.04 0.03 024 1298 13.21 0.05 0.01 0.00
Na,O - bdl 1.96 0.58 bdl - 0.03 1.62 0.08 0.03 - 0.00 2.25 0.41 bdl - bdl 225 0.39 bdl - -
K,O - - 0.73 0.11 0.02 - - 0.52 0.04 bdl - - 0.19 0.07 bdl - - 0.37  0.10 bdl - -
NiO 035 - - - - 034 - - - - 025 - - - - 035 -

Total 100.00 100.00 97.88  98.00 85.69 100.85 100.60 96.26  98.38 86.45 99.74 100.70 97.35 97.83 86.14 98.64 99.90 9597 97.02  86.62 96.14 96.57
Si 099 195 6.8 7.56 580 098 195 6.73 7.89 582 099 196 645 7.63 581 098 195 644 7.74 586 0.00 0.00
AL - 0.05 142 044 - 0.05 127 0.1 - 0.04 155 037 - 0.05 156 026

AIYD - 0.02 046 008 422" — 0.01 036 001 426" — 0.02 043 002 433" 0.03 057 007 413" 0547 136
Ti - 0.01  0.03 0.01 0.01 - 0.00  0.02 0.00 0.00 — 0.00 0.04 0.01 0.00 - bdl 0.06 0.01 0.01 0.01 0.00
Cr - 0.00 0.11 0.06 020 - 0.01  0.12 0.01 0.19 - 0.01 0.15 0.05 0.15 - 0.00 0.07 0.02 033 131 0.61
Fe** 0.14  0.03
Fe** 020 0.19% 0.32 0.25 0.48* 022  0.19* 035 0.23 0.43* 022 0.20% 0.42 0.25 0.53* 0.20 0.18* 0.36  0.21 0.46* 0.71 0.43
Mn 0.00 0.00 0.01 0.01 0.01 1.81 0.00 0.02 0.00 0.01 1.78 0.01 0.01 0.01 bdl 1.82 0.00 0.00 0.01 0.00 0.01 0.01
Mg 1.81 1.77  4.07 4.59 926 0.00 1.78 4.14 4.75 923 0.00 1.75 3.95 4.66 9.12 0.00 1.78 3.92 4.68 9.11 0.28 0.57
Ca 0.00 0.00 1.96 1.93 0.00 0.01 0.00 1.95 1.90 bdl 0.00 0.01 1.96 1.98 0.01 0.01 0.01 1.99 1.95 0.01 0.00 0.00
Na - bdl 0.53 0.15 bdl - 0.00 044 0.02 0.01 — 0.00 0.61 0.11 bdl - bdl  0.62  0.11 bdl - -

K - - 0.13 0.02 0.01 - - 0.09 0.01 bdl - - 0.03 0.01 bdl - - 0.07 0.02 bdl - -
Cation sum 3.00 4.00 1562 15.10 19.98 3.02 4.00 1549 1494 19.96 3.00 4.00 15.61 15.11 19.95 3.00 4.00 15.67 15.06 19.90 3.00 3.00

The structural formula of olivine was calculated on the basis of 4 oxygens. Orthopyroxenes are normalised on the basis of 4 cations and 6 oxygens. Calcic amphiboles are normalised on the basis of 23
oxygens with all Fe as Fe*". Chlorites are normalised on the basis of 28 oxygens. All Fe was assumed to be Fe*" for olivine and chlorite. =total aluminum as AI""; *=total iron as Fe*". Mineral

abbreviations as in Table 1. hd/=below detection limit.
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5.2. Major element mineral compositions

Selected microprobe analyses of olivine, orthopyr-
oxene, amphibole, chlorite and spinel are reported in
Table 3.

Olivine is generally unzoned and homogeneous in
composition (Fo% 88-90). Olivine compositions in
chlorite peridotites are comparable to those of other
Nonsberg peridotites (Fo% ranging from 89.4 to 90.5,
Obata and Morten, 1987) but the former have generally
higher NiO contents (i.e. 0.35-0.40 vs 0.22-0.25).
Orthopyroxene (Mg# 0.88—0.90) shows relatively homo-
geneous composition either in the porphyroclasts relics,
when present, or in the smaller orthopyroxene crystals.
Coarse orthopyroxene grains are more aluminous than
the smaller ones in the same sample (e.g. 1.29-2.18 vs
0.73-2.02 Al,O0; wt.%) and they generally have slight
zonation patterns for Al, Cr and Ca. In particular, Al
content is highest in the core of porphyroclasts (up to 2.18
Al,O5 wt.%). Chlorite composition is uniform, regardless
of'its textural position. Chlorite is mostly clinochlore with
a high Cr,0O5 content (Cr,O3 1.35-1.84), with the ex-
ception of a few samples in which chlorite contains
Si>6.2 atoms per formula unit (a.p.f.u.) and is thus clas-
sified as penninite. Interstitial spinel or spinel associated
to amphibole is Al-rich and Cr-poor (Cr/(Cr+Al)=0.25—
0.50) when compared to spinel within chlorite porphyr-
oclasts, which displays higher values (Cr/(Cr+Al)=
0.65-0.75). Two different generations of amphibole
(Amph 1 and Amph 2) have been detected. Amphibole
major element compositions are plotted in terms of atoms
per formula unit (a.p.fu.) for Si vs Cr and Ti (Fig. 6).
According to the classification of Leake et al. (1997), the
first amphibole compositionally ranges from Mg-horn-
blende, edenitic-hornblende or pargasitic-hornblende
cores to mainly edenite at rims (Si=6.3—6.9 cations per
23 oxygens formula unit). The second amphibole is
generally unzoned and has tremolite composition
(Si=7.1-7.8 cations per 23 oxygens formula unit). The
pargasitic-hornblende contains significant Cr and Al (up
to 1.57 wt.% Cr,0O3) (Table 3).

The Si-content per formula unit of amphibole appears
to be the compositional parameter most sensitive to
metamorphic grade, producing a continuous trend from
tremolite, through tremolitic hornblende, Mg-horn-
blende and pargasitic hornblende, to pargasite (Fig. 6).
Amphiboles from Nonsberg garnet—amphibole perido-
tites (Obata and Morten, 1987; Rampone and Morten,
2001) are reported for comparison: they are pargasites,
which generally display higher Cr and Ti contents if
compared to pargasites from chlorite-bearing peridotites

(Fig. 6).
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Fig. 6. Plot of Si vs Cr and Ti (atoms per formula unit) for amphiboles
of samples 544, 551A, MR136, MR207. Amphibole compositions
from Nonsberg garnet—amphibole peridotites are reported for
comparison (data from Rampone and Morten, 2001).

5.3. LA ICP-MS: trace element mineral compositions

Sample selection for LA ICP-MS analyses was done on
the basis of textural characters and whole-rock major
element compositions. We selected samples 551A-MR 136
and samples 544-MR207 representative of the more fertile
and depleted chlorite peridotites respectively (Fig. 4) and
covering all the chlorite textural occurrences. Mineral
analyses acquired by in situ LA ICP-MS for the chlorite
peridotite samples are reported in Tables 4 and 5 and
shown in Fig. 7.

Textural observations combined with electron micro-
probe analyses have shown that the hornblende (Amphl)
and the tremolite (Amph 2) are often intergrown. These
two amphiboles show distinct TiO, and Al,O3 contents
(Table 3) and we have used Ti and Al contents measured
with the LA ICP-MS to relate trace element patterns to the
two amphibole generations. Amphiboles from all samples
are generally characterised by spoon-shaped REE pat-
terns, with a variable degree of enrichment in LREE
compared to MREE (Lan/Gdy=1.18—10.88). Amphibole
1 is characterised by enrichment in LREE and by a large
LREE/HREE fractionation (Fig. 7A). The full trace
element pattern normalised to primitive mantle displays
a high LILE content with characteristic Bay>Rby and



Table 4

Trace element compositions (ppm) of amphibole determined with LA-ICP-MS

Sample 544 551a MR136 MR207

Amph Amph  Amph Amph Amphl Amphl Amphl Amphl Amph Amphl Amphl Amphl Amphl Amphl Amph Amph Amphl Amph Amph Amph
type 1 2a 2a 2a 2a 2a 2b 2b 2b

Li 0.73  0.40 1.33 1.67 1.79 2.14 2.02 1.52 0.38 0.85 0.20 0.46 0.16 0.10 0.23 280 294 1.21 1.57
Be 0.71 0.31 0.37 1.32 1.30 1.44 1.52 0.62 1.23 1.05 1.25 1.39 0.78 041 033 1.88  0.84 0.99 1.15
Cs 0.12  0.14 0.38 1.93 0.50 0.78 0.58 0.19 0.18 0.19 0.35 0.36 0.28 0.08  0.03 045  0.19 0.17 0.17
Rb 16.65  3.09 5.56 10.97 17.02 1635 2423 3.90 4.92 3.50 5.79 5.88 3.89 1.27  0.69 2077 244 1.50 4.77
Ba 331 21 49 402 711 505 592 30 520 240 630 643 320 33 8 802 20 16 59
Pb 1428 098 2.37 2.11 8.30 3.28 3.05 1.08 4.74 2.30 3.45 5.79 3.58 291  0.88 13.53  0.89 1.33 1.42
Th 1.51 0.68 0.78 1.24 1.90 1.64 1.65 0.77 0.88 0.82 1.01 1.12 0.69 036 0.30 0.86  0.54 0.71 0.81
U 1.11 0.37 0.37 0.53 0.77 0.65 0.67 0.27 0.37 0.33 0.43 0.46 0.27 0.10  0.10 095 0.14 0.22 0.23
Nb 3.54 081 1.12 4.08 6.43 5.06 5.65 1.63 4.71 2.73 4.39 5.18 3.21 1.14 083 14.02  3.11 3.60 4.09
Ta 0.21 0.03 0.06 0.20 0.36 0.27 0.32 0.07 0.21 0.13 0.21 0.24 0.16 0.05  0.04 0.64 0.16 0.21 0.18
P 30.82  27.31  30.19 814  107.6 81.7 115.5 34.8 79.0 66.5 84.3 87.4 54.6 309 275 793  47.6 40.3 36.9
La 13.79 434 5.90 5.69 13.09 8.92 9.90 2.09 10.75 6.23 10.65 11.72 7.57 2,67  2.02 17.87  6.44 7.70 8.39
Ce 2484 819 1190 1576 2392 1928  21.01 6.63  26.10 1643 2560 2833 19.32 936 6.73 5231 2059 2541  25.82
Pr 2.64  0.78 1.21 232 2.84 2.44 2.63 1.03 3.32 2.15 3.21 3.56 2.56 1.41 1.03 7.02  2.80 3.60 3.57
Sr 216.5 408 57.7 81.1 164.0 115.6  130.0 34.8 149.2 76.3 150.9 175.2 94.6 222 222 372.1 25.4 37.7 53.6
Nd 9.53 249 4.19 10.74 11.83 10.66 11.00 5.00  13.60 896  13.11 14.52 10.88 638 485 29.14 1192  15.60 15.37
Zr 10.86  2.96 4.14 20.48 2478 2191 22.96 9.62 1592 12.99 17.06 18.43 12.33 6.46 595 1632 824 9.70  10.20
Hf 037  0.09 0.16 0.74 1.27 0.97 1.00 0.28 0.60 0.42 0.63 0.66 0.48 020  0.19 0.51 0.22 0.30 0.26
Sm 1.50  0.35 0.64 2.47 2.31 2.27 2.28 1.35 2.37 1.79 2.33 2.58 2.16 1.48 1.24 436 242 3.00 3.14
Eu 043  0.17 0.24 0.73 0.64 0.65 0.63 0.37 0.72 0.63 0.70 0.76 0.64 0.53 041 098  0.57 0.79 0.80
Ti 1811 684 773 2237 3333 2880 3343 1165 2453 1985 2296 2782 1967 1127 852 1495 575 699 781
Gd 1.37  0.35 0.61 2.48 2.13 2.14 2.17 1.48 2.07 1.92 2.12 2.29 2.20 1.78 1.49 2.66  2.02 2.45 2.75
Tb 0.20  0.06 0.09 0.40 0.27 0.32 0.30 0.26 0.30 0.32 0.31 0.34 0.35 030  0.26 030  0.28 0.34 0.40
Dy 142 043 0.72 2.75 1.68 2.03 1.81 1.90 1.89 2.34 2.06 2.14 2.34 217 1.88 1.70 1.83 2.13 2.72
Ho 0.30  0.10 0.17 0.60 0.30 0.41 0.33 0.43 0.38 0.51 0.41 0.43 0.48 048 042 0.31 0.37 0.43 0.56
Y 7.83 2.8l 4.39 15.72 7.61 10.67 8.73 11.22 9.88 13.75 10.82 11.05 12,12 1243 10.74 829 9.89 1148 1490
Er 0.91 0.37 0.55 1.92 0.82 1.26 0.93 1.39 1.13 1.68 1.26 1.27 1.38 1.52 1.28 0.88 1.12 1.31 1.75
Tm 0.14  0.06 0.09 0.29 0.11 0.19 0.14 0.22 0.17 0.27 0.19 0.20 0.20 023  0.19 0.12  0.17 0.20 0.26
Yb 1.00  0.51 0.69 2.16 0.77 1.34 1.01 1.51 1.27 2.00 1.51 1.43 1.46 1.60  1.30 0.87 1.24 1.46 1.87
Lu 0.15  0.09 0.12 0.34 0.12 0.22 0.16 0.23 0.20 0.32 0.24 0.23 0.22 024  0.19 0.13  0.19 0.21 0.28
Sc 92.1 55.0 63.4 83.1 52.9 61.8 51.8 62.2 56.6 71.7 65.4 64.8 64.1 70.0  54.0 91.6  58.6 78.4 90.8
Th/U 1.36 1.84 2.09 2.35 2.46 2.52 2.47 2.81 2.39 2.48 2.35 2.46 2.58 3.67 299 090  3.95 3.17 3.53
Rb/Ba 0.05  0.15 0.11 0.03 0.02 0.03 0.04 0.13 0.01 0.01 0.01 0.01 0.01 0.04  0.08 0.03  0.12 0.09 0.08
Lan/Gdy 8.70 10.88 8.38 1.99 5.34 3.61 3.95 1.23 4.49 2.82 435 4.44 2.98 130  1.18 583 277 2.72 2.65
Gdn/Luy 1.11 0.47 0.65 0.90 2.26 1.20 1.67 0.79 1.26 0.73 1.10 1.25 1.21 092  0.96 2.61 1.29 1.43 1.21

Amph type refers to different amphibole generations.
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Table 5
Trace element compositions (ppm) of chlorite, orthopyroxene and olivine determined with LA-ICP-MS
Sample 544 551a MR136 MR207
Mineral Ol (4) 0Ol (2) Chl (3) Ol (5) Chl 0Ol (2) Opx1 Opx2 Opx3 Opx4
Li 3.15 3.92 1.13 3.18 bdl 4.63 2.43 5.18 0.82 1.21
Be bdl bdl 0.06 0.01 0.04 bdl 0.13 0.03 0.16 0.12
Cs bdl bdl 0.07 0.02 bdl bdl 0.19 0.05 0.12 0.08
Rb bdl bdl 0.18 0.06 0.20 bdl 0.41 0.09 0.29 0.14
Ba 0.04 0.03 1.32 1.95 1.85 0.12 0.51 1.68 2.76 0.66
Pb 0.06 0.01 0.06 1.27 0.27 0.01 0.07 0.18 0.87 0.02
Th bdl bdl 0.09 0.01 0.03 bdl 0.03 0.04 0.03 0.01
U bdl bdl 0.01 0.00 0.01 bdl 0.01 0.01 0.01 0.01
Nb 0.02 0.02 0.15 0.03 0.22 0.07 0.04 0.09 0.03 0.02
Ta bdl bdl 0.01 bdl bdl 0.00 0.00 0.00 0.00 0.00
P 29.0 64.6 9.01 60.7 10.42 52.0 21.5 63.7 7.7 7.7
La 0.01 0.01 0.17 0.03 0.16 0.01 0.12 0.16 0.12 0.04
Ce 0.01 0.02 0.44 0.07 0.48 0.01 0.29 0.42 0.16 0.06
Pr bdl 0.00 0.06 0.01 0.06 0.00 0.03 0.05 0.01 0.01
Sr 0.05 0.01 0.63 0.53 1.25 0.04 0.21 1.07 1.42 0.16
Nd bdl 0.01 0.25 0.03 0.25 bdl 0.12 0.17 0.04 0.02
Zr 0.01 bdl 0.31 0.02 0.50 0.01 0.15 0.03 0.20 0.22
Hf bdl bdl bdl bdl bdl bdl 0.01 bdl 0.01 0.01
Sm bdl bdl 0.06 bdl 0.05 bdl 0.02 0.03 0.01 0.01
Eu bdl bdl 0.02 0.00 0.02 bdl 0.01 0.01 0.01 0.00
Ti 18 21 193 21 284 17 110 18 144 153
Gd bdl bdl 0.06 0.01 0.06 bdl 0.02 0.03 0.01 0.01
Tb bdl bdl 0.01 bdl 0.01 bdl 0.00 0.00 0.00 bdl
Dy bdl bdl 0.07 0.01 0.08 bdl 0.02 0.03 0.01 0.01
Ho bdl bdl 0.01 0.00 0.02 bdl 0.00 0.00 0.00 0.00
Y bdl 0.02 0.36 0.03 0.54 0.00 0.12 0.10 0.08 0.05
Er bdl bdl 0.05 0.01 0.06 bdl 0.01 0.01 0.01 0.01
Tm bdl bdl 0.01 bdl 0.01 bdl 0.00 0.00 0.00 0.00
Yb bdl bdl 0.05 0.01 0.08 bdl 0.04 0.02 0.03 0.01
Lu bdl bdl 0.01 0.00 0.01 bdl 0.01 0.01 0.01 0.00
Sc 2.74 1.94 4.66 2.90 9.96 2.85 10.16 4.75 12.46 10.82

Trace element compositions of chlorite and olivine are expressed as averages. In brackets is the number of analyses included in the average.
Mineral abbreviations as in Table 1. bd/=below detection limit.

Un>Thy, and a distinct positive anomaly for Pb
(Fig. 7B). The HFSE elements display a negative anomaly
with respect to REE of similar compatibility and there is a
marked negative Li anomaly. Interestingly amphibolel
displays a negative Sr anomaly. Amphibolel is more
abundant in the more fertile samples (551, MR 136) but
relics have been found also in the other samples. In sample
544, there is a gradual decrease in REE from hornblende
(Amph 1) to tremolite (Amph 2). Tremolite in this sample
and in MR 136 (Amph 2a in Fig. 7C-D) is characterised
by much lower LILE contents and the disappearance of
the positive Ba anomaly. Uy is similar to Thy and there is
a much smaller positive Pb anomaly. The negative Sr
anomaly in tremolite has increased with respect to the
hornblende. In sample MR207 tremolite (Amph 2b in
Fig. 7C-D) displays similar features to what is observed
in the other samples, apart from Pb that shows a negative

anomaly. Also the negative Sr anomaly is most accen-
tuated in this tremolite.

Further discrimination diagrams for the two amphi-
bole types are presented in Fig. 8 and compared to
amphibole data from garnet—amphibole peridotites re-
ported by Scambelluri et al. (2006). On the basis of the
(a) Bay vs Dyyn/Luy and (b) Sr vs Pb compositions it is
clear that hornblende and tremolite plot in different
fields. The pargasitic amphiboles from the garnet peri-
dotites have high LILE content and the strongest HREE
fractionation, the hornblende from spinel-amphibole
peridotites has high LILE contents but no HREE
fractionation whereas the tremolite displays the lowest
LILE values. Therefore the change in metamorphic
conditions from garnet—amphibole peridotites to am-
phibole-chlorite peridotites, which is documented in
a change in major element composition of amphibole
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(Fig. 6), is also mirrored in changing trace element
characteristics of amphibole.

Chlorite contains very low concentrations of the in-
vestigated trace elements; nevertheless it features LREE
enrichment and contains some large-ion-lithophile ele-
ments (Rb and Ba) as well as Li. Full REE and trace
element compositions were measured for chlorites in
samples 551A and MRI136 and are presented in
Fig. 9A—B. Chlorite displays a sub-chondritic REE
pattern, characterised by weak LREE enrichment (Lay/
Gdny=1.35-2.88) and rather flat HREEs (Gdy/Luy=
0.66—1.09). LILE patterns in chlorite are similar to those
of tremolite, but at much lower concentrations (Fig. 9B).

REE and trace element compositions have been
measured for orthopyroxene in one of the samples
(MR207). Orthopyroxene is characterised by a steep
LREE pattern with decreasing contents with increasing
atomic number and an opposite trend in HREE. All
analyses display a positive Eu anomaly. LILE are all
detectable in orthopyroxene and there are positive spikes
in normalised Li and Pb abundances (Fig. I0A-B).

Olivine occurs as rare kinked porphyroclasts and as
abundant small neoblasts arranged in granoblastic poly-
gonal texture. Olivine has very low trace element con-
tents (Table 5), except for some elements like Li and P. P
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Fig. 9. Chondrite normalised REE (A) and Primitive Mantle (PM)
normalised trace element (B) compositions of chlorite. Normalising
values after Sun and McDonough (1989) for Chondrite and
McDonough and Sun (1995) for PM.

and Li concentrations in olivine of all the analysed sam-
ples display a positive correlation. Therefore, we suggest
a coupled substitution such as [VIMg?"+IVIgi*" =
(VILi* 4+ BVIPS* that could be responsible for the incor-
poration of Li in olivine. Our data is in agreement with Li
data reported by Scambelluri et al. (2006) who observed
that the lithium content in olivine progressively increases
from Spl-lherzolites to Grt-peridotites to Chl-peridotites.

6. Discussion

6.1. Trace element constraints on the metamorphic
evolution of chlorite peridotites

Garnet and amphibole are commonly found in peri-
dotites from the Ulten Zone (Obata and Morten, 1987,
Rampone and Morten, 2001) and are known to coexist in
Alpine-type peridotites from other localities, for exam-
ple the Erzgebirge Crystalline Complex (Schmadicke
and Evans, 1997). Previous studies (Morten and
Trommsdorff, 2003; Morten et al., 2004) consider
chlorite peridotites as the result of recrystallization and
transformation of HT coarse spinel lherzolite via coarse
HP garnet peridotite to fine-grained amphibole and
chlorite—amphibole peridotites. This work outlines some

textural and geochemical features that are not in
agreement with this assumption.

In other studies, a high-pressure garnet peridotite
stage has been proposed on the basis of garnet pseu-
domorphs, i.e. very fine-grained intergrowths of ortho-
pyroxene, spinel and clinopyroxene and/or Al-bearing
hornblende aggregates enclosing fine-grained spinel
(Tsai et al., 2000). The association of tremolite and
chlorite has also been observed in pseudomorphs after
garnet in the lherzolite body from Cima di Gagnone
(Evans and Trommsdorff, 1978), invoking re-equilibra-
tion under amphibolite facies conditions. The inter-
growth of chlorite with Cr-rich spinel in the samples
investigated in this study suggests that chlorite partly
replaces former Al-rich spinel. Textural evidence of
garnet is lacking in the chlorite—amphibole peridotites,
such as chlorite pseudomorphs after garnet, pyroxene-
spinel symplectite or aggregates of clinopyroxene+
orthopyroxene+spinel. However, deformation might
have obliterated such textures and hence additional
evidence is needed to decide whether or not garnet was
stable in these rocks.

Because garnet strongly fractionates REE, with
preferential incorporation of HREE, the investigation
of REE patterns of minerals assumed to have coexisted
with garnet can be used as fingerprint for the presence or
absence of garnet during the history of the rock. Amphi-
boles coexisting with garnet in the Ulten peridotites are

1
Orthopyroxene
o
§0.1L\"
2 W
o
(@]
(A)
ool v . v v v . v oo o,
10LaCePrNdSmEquThDyHoErTmeLu
1
=
.
50.1
o
0.01 Xy
(B) v
0l001|||11|||||||||||l||IIIIlI

Cs Ba U Ta La Pb Sr 2Zr Sm _Ti_ Y Yb Sc
Rb Th Nb Li Ce Pr Nd Hf Eu Dy Ho Lu

Fig. 10. Chondrite normalised REE (A) and Primitive Mantle (PM)
normalised trace element (B) compositions of orthopyroxene. Normal-
ising values after Sun and McDonough (1989) for Chondrite and
McDonough and Sun (1995) for PM.
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characterised by a steep HREE pattern with decreasing
HREE contents with increasing atomic number and Luy
well below unity (Scambelluri et al., 2006). On the other
hand amphiboles that replace garnet mimic the garnet
trace element pattern and display increasing HREE
contents with increasing atomic number (Scambelluri
et al., 2006). This provides evidence that some spinel—
amphibole peridotites derive from retrogressed garnet—
amphibole peridotites. The flat or slightly enriched
HREE character of all amphibole generations investi-
gated in this study (Fig. 7) indicates that amphibole did
neither equilibrate with nor grew at the expense of
garnet. In particular, both geochemical signatures of the
older hornblende (Amphl) (Fig. 7A-B) and orthopyr-
oxene (Fig. 10), which can be assumed as stable phases
in the precursor peridotite, do not point to coexistence
with garnet. Also chlorite does not show any HREE
enrichment and thus is unlikely to have replaced former
garnet. The trace element data thus suggest that the relic
minerals formed in the amphibole—spinel peridotite field
whereas the main equilibration occurred in the chlorite—
amphibole peridotite field.

There are two different hypotheses why garnet did
not form in the investigated peridotites. 1) The rocks
passed through the garnet peridotite field but for
chemical or kinetic reasons no garnet formed. 2) The
rocks never entered the garnet stability field. Chlorite
peridotites cover the full compositional range of the
Nonsberg peridotites in terms of major element
compositions (Fig. 4). It is therefore unlikely that the
apparent absence of garnet is related to a very depleted
nature of the protolith. It is worth noting that some of the
chlorite peridotites are among the most depleted
peridotites of the Ulten Zone as also documented by
the depletion in MREE and HREE. However, a sig-
nificant portion of peridotites overlap in CaO, MgO and
Al,O3 with samples that contain garnet (Fig. 4). It is
therefore unlikely that bulk-rock composition could
have prevented garnet formation. The activity of H,O is
another parameter that needs consideration when the
stability fields of garnet and chlorite peridotites are
compared. Obata and Thompson (1981) showed that
the assemblage Olivine+ Orthopyroxene+ Amphibole +
Chlorite can be stable at high pressures provided that
activity of H,O is high enough. However, a recent
experimental study on the stability of chlorite peridotites
under water saturated conditions (Fumagalli and Poli,
2005) showed that for the inferred peak pressure
conditions of the Nonsberg peridotites (7=850 °C,
P ~2.7 GPa) chlorite is not stable. The last alternative
explanation is that some of the chlorite peridotites
represent coarse-grained spinel peridotites that escaped

garnet—amphibole formation due to the lack of fluids.
Such spinel peridotites are extremely rare and no
transitional stage between spinel peridotites and chlorite
peridotites has been observed. In summary, we cannot
find any justified argument that the lack of garnet is
related to chemical reasons and therefore the presented
data can better be explained with the second hypothesis,
that the investigated rocks never entered the garnet
stability field.

6.2. Metamorphic evolution and metasomatism
recorded in amphiboles

On the basis of textures, major and trace element
compositions, two generations of amphibole can be
distinguished. Major element compositional features of
hornblende cores (Amph 1) are comparable to those of
pargasitic hornblende from the Nonsberg fine-type
peridotites (Obata and Morten, 1987) and of calcic
amphiboles from a variety of alpine-type peridotites
(Schmadicke and Evans, 1997). Amphibole in the Ulten
chlorite peridotites is the most abundant metasomatic
mineral and is the main host for trace elements. As such,
amphibole can provide information about the origin and
the timing of the metasomatic processes since its trace
element composition is dependent on the nature and the
trace-element composition of the agent which promoted
its crystallization.

Fig. 11 shows the comparison of the average trace
element pattern of amphiboles stable in the garnet field
(Scambelluri et al., 2006) with the average trace element
patterns of relic hornblende (Amph 1) that was stable in
the spinel peridotite field, and tremolite (Amph 2),
which formed during ongoing decompression.

In sample ULTI12, representative of the eclogite-
facies hydration, the HREE-depleted pattern indicates
full equilibrium with garnet. The variable LILE-enriched
character (Sr, Ba and Rb spikes) coupled with very low
HFSE (Nb, Ta, Zr and Hf) concentrations in the Ulten
amphiboles indicates that an aqueous fluid or a hydrous
melt derived from subducted crustal rocks is the most
likely metasomatic agent that infiltrated the cooled
mantle wedge peridotites (Rampone and Morten, 2001;
Scambelluri et al., 2006). The trace element pattern for
the relic hornblende in the chlorite amphibole peridotites
is very similar to the amphiboles from garnet—amphibole
peridotites in terms of LREE and LILE enrichment. This
observation implies that the fluids fluxing the garnet—
amphibole and spinel-amphibole peridotites were
sourced from a similar reservoir. A similar LILE-
enriched, HFSE-depleted signature in amphibole has
also been documented in peridotites from Finero and
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Fig. 11. Comparison of trace element patterns of amphiboles in chlorite peridotites (Amph 1-Amph 2) with amphibole from garnet—amphibole
peridotite (ULT12), representative of the eclogite-facies hydration reported by Scambelluri et al. (2006).

interpreted as the product of metasomatism by hydrous
melts (Zanetti et al., 1999), as well as in mantle xenoliths
or mantle rocks contaminated by crustal-derived meta-
somatic agents (Dupuy et al., 1991; Piccardo et al.,
1993). Nevertheless, there are some significant differ-
ences between amphibole from garnet—amphibole
peridotites and spinel—amphibole peridotites. The horn-
blende (Amph 1) displays a negative Sr anomaly where-
as ULT12 has a positive Sr anomaly (Fig. 11). Also the
overall Sr and Pb content of the hornblende is smaller
than what is observed in amphiboles that formed in
coexistence with garnet (Fig. 8). The tremolite has
significantly lower LILE and LREE contents than the
hornblende. The positive Ba and Pb anomalies that are
present in the hornblende disappear in the tremolite and
the negative Sr anomaly increases. The observation that
amphiboles with different trace element patterns occur
within one sample indicates that the trace element
characteristics are related to formation of the amphibole
and are not affected by diffusion during later retrograde
equilibration. ULT 12 formed at conditions of 7=850 °C,
P~2.7 GPa (Nimis and Morten, 2000), whereas the
hornblende in the spinel-(chlorite)-amphibole peridotites
likely formed at T ~750 °C, P<1.5 GPa, and the trem-
olite in the chlorite—amphibole peridotites formed at 7=
650-700 °C, P<1.5 GPa (Marocchi, 2006). Hence the
observations provide evidence that the character of the
fluid phase that metasomatised the peridotites changed
with changing metamorphic conditions of the mantle
wedge.

Using published amphibole-fluid partition coeffi-
cients the composition of the metasomatising fluid can

be approximated. Brenan et al. (1995) determined fluid/
amphibole partition coefficients for six elements at
900 °C, 2 GPa. The resulting fluid composition nor-
malised to primitive mantle displays high values for
fluid mobile elements such as Ba, Pb and U whereas Th,
Nb and surprisingly Sr have much lower values
(Fig. 12A). The fluid in equilibrium with tremolite has
overall lower values and particularly the Ba/Th ratio is
significantly different. It must be noted that the experi-
mental temperature is significantly higher than what is
expected for the formation of tremolite, and thus we
have calculated a second set of fluid compositions
at lower temperature. There is no direct experimental
amphibole/fluid partitioning available for 700 °C.
However, Green and Adam (2003) published clinopyr-
oxene/fluid partitioning determined at 3 GPa and 700 °C
in a basaltic composition. This partitioning can be com-
bined with amphibole/clinopyroxene partitioning from
a metasomatised mantle wedge peridotites given by
Hermann et al. (2006b), which are very similar to the
samples studied here, to obtain an amphibole/fluid par-
titioning. We have used the clinopyroxene I in run 1912
of Green and Adam (2003), which contains a compa-
rable low jadeite component to the peridotitic clinopyr-
oxene, and the average clinopyroxene and amphibole
compositions of the first retrogression stage reported by
Hermann et al. (2006b). Using this approach, the fluid
composition for 12 elements has been calculated
(Fig. 12B). The overall concentration of elements is
significantly lower than what has been calculated using
the Brenan et al. (1995) data. However, the pattern of the
fluid composition is quite similar with positive spikes of
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Fig. 12. Primitive Mantle (PM; McDonough and Sun, 1995) normalised trace element patterns of the estimated fluid calculated on the basis of
amphibole-fluid partition coefficients from (A) Brenan et al. (1995) and (B) from a combination of clinopyroxene/fluid partitioning (Green and
Adam, 2003) and amphibole/clinopyroxene partitioning (Hermann et al., 2006b). Amph 1 derive from averages from sample 551A and MR136,
respectively; Amph 2 derive from averages from sample 544 and MR207, respectively.

fluid mobile elements. The most important difference is
that Sr displays a positive anomaly with respect to
LREE and Nb. The enriched LILE signature provides
strong evidence that the fluid is sourced from subducted
continental crust. The decrease in Sr and the decreasing
Sr anomaly in the fluid concomitant with the cooling
and decompression of the mantle wedge peridotites
could be explained with the appearance of plagioclase as
a stable phase in the subducted crust from where the
fluid is sourced. Another observation is that the fluid
composition in equilibrium with tremolite (Amph 2),
which formed at relatively lower pressure and temper-
ature, is much more dilute than the fluid in equilibrium
with the higher-grade amphiboles (Amph 1 and ULT12).
At the approximate P-7 conditions where the tremolite—
chlorite peridotites formed, it is likely that a diluted
aqueous fluid is stable in the associated subducted
crustal rocks (Hermann et al., 2006a). In contrast, at
metamorphic conditions similar to what the amphibole—

spinel peridotite and garnet peridotite experienced, the
fluid phase in equilibrium with the subducted crust is
likely a hydrous felsic melt (Hermann et al., 2006a).
Such a hydrous felsic melt could directly react with the
mantle wedge peridotites to form trace element-rich
amphibole as experimentally demonstrated by Rapp
et al. (2000). Alternatively, the melt might react with
peridotites to form garnet-orthopyroxenites at the slab-
mantle interface and a residual trace element rich
aqueous fluid that is able to metasomatise more internal
parts of the mantle wedge (Malaspina et al., 2006). In
any case the observed evolution from garnet—amphibole
to spinel-amphibole to chlorite—tremolite peridotite
provides evidence that the metasomatising fluid is
getting more diluted during exhumation of the mantle
wedge peridotites.

The occurrence of dolomite as metasomatic minerals,
reported in the Ulten peridotites by Obata and Morten
(1987), suggests that the metasomatic fluids must also
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have had a CO, component (Rampone and Morten,
2001). Equilibrium temperatures calculated with THER-
MOCALC (Powell and Holland, 1988) for chlorite
peridotites vary from 650° to 780 °C, for aH,O 0.4-0.7
(Marocchi, 2006). Estimated temperatures and the aH,O
range are consistent with the nature of the fluid as a
H,O-fluid containing other volatile components, among
which CO; is likely to occur.

6.3. Origin of positive Eu-anomaly

The Group 1 peridotites (Fig. 5), which show sig-
nificant depletion because of low HREE contents, are
characterised by a strong enrichment in LREE and par-
ticularly by a positive Eu anomaly. This type of REE
pattern has not been previously reported for the Ulten
peridotite (Fig. 4A) and its origin remains enigmatic. The
detailed mineral trace element study of the transition from
anhydrous hot spinel peridotites to cool hydrous garnet—
amphibole peridotites by Scambelluri et al. (2006)
revealed that there are two distinct stages of metasoma-
tism recorded in the Ulten peridotites. There is a “hot”
metasomatism caused by interaction of peridotites with
melt that led to a pronounced LREE enrichment of the
rocks followed by a “cold” metasomatism by aqueous
fluids sourced from subducted crust as discussed above.
In the investigated samples there is also evidence that the
observed enrichment in LREE and the positive Eu
anomaly in bulk rock and minerals are related to an
earlier metasomatic event. The trace element signature of
orthopyroxene relics displays flat Th—U indicating that
they formed prior to the subduction related metasoma-
tism. The REE patterns of orthopyroxene in this sample
are strongly LREE-enriched and display a positive Eu
anomaly. This indicates that the LREE and Eu enrichment
are the results of interaction with a LREE-enriched agent,
most likely a melt phase. We suggest that the protoliths of
such chlorite peridotites could have been mantle rocks
metasomatised by melts at low pressures in the
plagioclase stability field, and the positive Eu anomaly
originates from crystallized plagioclase (e.g. Miintener
et al.,, 2004). Retrogressed garnet peridotites from the
Eastern Alps are characterised by significant positive Eu
anomalies (Janak et al., 2006). Incompatible elements and
REE patterns of these peridotites are comparable to those
ofthe Nonsberg chlorite peridotites, but the latter are quite
different in other respects, i.e. lower Al,O5, CaO, higher
MgO contents and higher LREE and LILE enrichment.
The timing of this pristine metasomatic event, leading to
the strong enrichment in LREE and the positive Eu-
anomaly in the investigated chlorite peridotites, is uncon-
strained and could be related to a pre-Variscan event.

6.4. Implications on entrapment of peridotites within
the crust

It is generally assumed that mantle wedge peridotites,
which now occur as lenses within gneisses, have been
entrapped at peak metamorphic conditions within sub-
ducted continental crust and then were brought back to
the surface together (Brueckner, 1998; Brueckner and
Medaris, 2000; Brueckner and Van Roermund, 2004).
Similar ages for the peridotites and country rock gneisses
led Tumiati et al. (2003) to conclude that this is also the
case for the Ulten Peridotite. Also, Rampone and Morten
(2001) suggested that the LILE enrichment observed in
garnet—amphibole peridotites occurred during incorpo-
ration of the peridotites into the crust. This interpretation
was not fully supported by the recent findings of
Scambelluri et al. (2006), who noted that the absence
of any pyroxenite rind around the peridotite body is
inconsistent with peridotite—gneiss interaction at the
conditions recorded in the garnet amphibole peridotite
(800 °C, 3.0 GPa). Instead, Scambelluri et al. (2006)
suggested that the incorporation of peridotite lenses into
the crust occurred during exhumation. Models by Ranalli
et al. (2005) claim that exhumation and cooling of the
garnet peridotites was due to extrusion of the Ulten slice
along the subduction channel during continuing sub-
duction and consisted of two exhumation stages. A first
fast exhumation stage, as observed in Alpine UHP
crustal rocks (Rubatto and Hermann, 2001), driven by
the upward buoyancy of crustal material, was followed
by a slow stage related to slab break-off with consequent
lithospheric extension. The model favours entrainment
of the peridotites into the crust at peak metamorphic
conditions but does not account for any further
incorporation of mantle rocks slices during exhumation.

Our new data put additional constraints on the
incorporation of peridotites into the crust. Textures and
trace elements of minerals in chlorite—amphibole
peridotites investigated in this study provide evidence
that these rocks never equilibrated in the garnet
peridotite field. This observation suggests that at least
some of the peridotite lenses were incorporated into the
crust during exhumation. This hypothesis is in agree-
ment with the metasomatic history of the peridotites as
documented in the amphiboles. The changing pattern of
pargasite in garnet peridotites to pargasite—hornblende
in spinel peridotites to tremolite in chlorite peridotites
indicates that decompression of the mantle rocks took
place within the mantle wedge where the rocks inter-
acted with crustal-derived fluids during exhumation. A
relatively late incorporation into the crust is supported
by the comparison of the P-T path of gneisses and
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mantle rocks. Braga et al. (2006) have recently proposed
a clockwise P-T path for the Ulten Zone metapelitic
gneisses, characterised by a near isobaric heating stage,
which led to dehydration melting of white mica
responsible for the origin of migmatites, followed by a
nearly isothermal decompression representing exhuma-
tion. Such a P-T evolution may be related to subduction
of continental crust as suggested by Nimis and Morten
(2000). However the range of pressure estimates by
Braga et al. (2006), i.e. 1.2—1.5 GPa at 520 °C and 1.0—
1.4 GPa at the peak T of 565—715 °C, contrasts with the
very high pressure (= 2.7 GPa) prograde path inferred by
Tumiati et al. (2003). On the basis of pressures estimated
using inclusion in kyanite and garnet, the metapelites
appear to share the same decompressional P-T path of
chlorite peridotites starting from 1.2—1.4 GPa. The new
findings indicate that slices of crust originating from
different crustal levels and mantle rock slices with
different P-T trajectories have been tectonically assem-
bled within the Ulten Zone during exhumation.

7. Summary and conclusions

In situ trace element analysis of hydrous phases is a
powerful tool to unravel different stages of metasoma-
tism within peridotites. Chlorite—amphibole peridotites
exhibit various degrees of metasomatic enrichment as
indicated by the trace element patterns of amphiboles
and by bulk-rock trace-element patterns. The observed
trace-element patterns are consistent with metasomatism
by different agents or combination of agents, which
have acted at different stages. We propose that the
earliest stage represents impregnation of peridotites by a
hydrous melt unrelated to subduction. This metasomatic
event produced LREE enrichment and, in some
samples, a positive Eu anomaly in bulk rocks. This
metasomatic imprint is preserved in porphyroclastic
orthopyroxene relics. The metasomatism leading to
spinel-amphibole peridotites and chlorite—amphibole
peridotites is related to the progressive influx of a
hydrous fluid with crustal signature derived from
neighbouring subducted continental crust. The trace
element characteristics of early formed hornblende in
spinel-amphibole peridotites indicate that the metaso-
matic agent contained high amounts of fluid-mobile
elements whereas tremolite in the chlorite—amphibole
peridotites formed from a diluted aqueous fluid.
Amphiboles formed during these metasomatic stages
display LILE enrichment but have flat HREE patterns
indicating that they never equilibrated with garnet.
Chlorite does not display any HREE enrichment as is
the case when chlorite forms pseudomorphs after garnet.

Additionally, the textures suggest that chlorite originates
from former Al-rich spinel. These observations suggest
that the investigated chlorite peridotites don’t represent
retrogressed garnet peridotites, but derive from spinel
peridotites that never equilibrated in the garnet stability
field. The observation that garnet peridotites and
chlorite peridotites are hosted within the same gneisses
indicates that slices of mantle wedge peridotite with
different P-T trajectories have been sampled by sub-
ducted crust.
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